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Spontaneous superconducting diode effect in non-
magnetic Nb/Ru/Sr2RuO4 topological junctions
Muhammad Shahbaz Anwar 1,2✉, Taketomo Nakamura1,3, Ryosuke Ishiguro4,5, Shafaq Arif6,

Jason W. A. Robinson 2, Shingo Yonezawa 1,7, Manfred Sigrist 8 & Yoshiteru Maeno 1,9

Non-reciprocal electronic transport in a material occurs if both time reversal and inversion

symmetries are broken. The superconducting diode effect (SDE) is an exotic manifestation of

this type of behavior where the critical current for positive and negative currents are mis-

matched, as recently observed in some non-centrosymmetric superconductors with a mag-

netic field. Here, we demonstrate a SDE in non-magnetic Nb/Ru/Sr2RuO4 Josephson

junctions without applying an external magnetic field. The cooling history dependence of the

SDE suggests that time-reversal symmetry is intrinsically broken by the superconducting

phase of Sr2RuO4. Applied magnetic fields modify the SDE dynamically by randomly changing

the sign of the non-reciprocity. We propose a model for such a topological junction with a

conventional superconductor surrounded by a chiral superconductor with broken time

reversal symmetry.
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D iodes are one-way electronic switches for charge flow, and
are a fundamental component in modern circuits.
Recently a superconducting diode effect (SDE) (i.e. non-

reciprocal flow of supercurrents) was observed in super-
conducting superlattices1,2, 2-dimensional materials3–5,
multilayers6 and Josephson junctions7–9. Such a dissipationless
SDE paves-the-way to the development of energy-efficient elec-
tronics and computation.

Broken symmetries in materials can produce new quantum
phenomena including magnetochiral anisotropy (MCA). On a
microscopic level the lack of inversion symmetry induces specific
forms of spin-orbit coupling (SOC). For instance, MCA in a
chiral conductor is described through the non-linear dependence
of the resistivity R(H)= Ro(1− γHI) for specific current
directions10,11, where γ is the MCA coefficient originating from
SOC, H is magnetic field applied perpendicular to the current
flow and Ro is linear resistance.

Non-reciprocity in superconductors is seen as a difference in
critical current for positive and negative flow of the current,
constituting a SDE. A recently discussed example are non-
centrosymmetric superconductors, where a lack of an inversion
center in the crystal lattice induces antisymmetric SOC and
influences the superconducting phase. Applying a magnetic field
to a non-centrosymmetric superconductor can give rise to SDE.
This effect is seen for systems that exhibit Rashba-type SOC due
to the absence of specific mirror symmetries in crystal lattice. A
magnetic field directed along such planes establishes a helical
phase with non-reciprocal in-plane supercurrents perpendicular
to the magnetic field12–16. An example includes Nb/Ta/V
superlattices with antisymmetric SOC; the SDE in such structures
is observed when the magnetic field is applied perpendicular to
the current flow, such that both inversion and time reversal
symmetries are broken. Insertion of ferromagnetic layers is
reported to serve a similar role as external magnetic field2. In case
of a magnetic field-free SDE2,8,17–19, broken inversion symmetry
at the interfaces may produce required SOC and presence of a
magnetic layer in the devices breaks time-reversal symmetry. This
may also be true for EuS/Nb/Pt multilayers6.

The SDE can also occur without an applied magnetic field in a
superconductor with spontaneously broken time-reversal sym-
metry and, as noted in Ref. 20, without SOC if inversion sym-
metry is violated. One of the first observations of this type of
“spontaneous” SDE was reported for Sr2RuO4 (SRO) but above
the bulk superconducting transition temperature where a fila-
mentary superconducting phase so-called 3-Kelvin (3-K) phase
exists21.

This article investigates Josephson junctions based on SRO,
which exhibit an unconventional superconducting order para-
meter with spontaneous time-reversal symmetry violation22–24. A
eutectic single crystal of SRO with Ru metal inclusions shows two
phases of superconductivity, bulk with a transition temperature
(Tc) of 1.5 K (1.5-K phase) and a filamentary superconducting
phase at the Ru/SRO interface25 below 3 K (the so-called 3-K
phase26,27). It has been speculated that strain at the interface may
be responsible for the locally enhanced onset of superconductivity
in the 3-K phase28–30. Bulk superconductivity in SRO is sensitive
to impurities, consistent with an unconventional order
parameter31. Evidence for broken time-reversal symmetry in the
superconducting state originates from the observation of an
intrinsic magnetic field below Tc by zero-field muon spin
relaxation32,33 and Kerr rotation34 experiments. Furthermore,
electronic transport measurements of SRO junctions indicate
two-fold degenerate domains35–39. Among other experiments,
these observations suggest a two-component order parameter
with chiral symmetry, while the symmetry of the electron pairing
is still under debate33,40–47.

In this article, we report a magnetic field-free (spontaneous)
SDE in Nb/Ru/SRO Josephson junctions. Josephson currents are
observed below about 2 K with the SDE appearing below 1.4 K
when bulk superconductivity is established in SRO. The differ-
ence between the critical current for opposite current directions
increases below this onset and passes through a maximum
around 0.5 K, below which the Ru-metal inclusion becomes
intrinsically superconducting48. This SDE depends on thermal
cycles and is affected by applying magnetic fields parallel to the
basal plane of SRO.

Results
Junction fabrication and electronic characteristics. Nb/Ru/SRO
junctions were fabricated by depositing a 600-nm-thick Nb film
on the ab-surface of the SRO-Ru eutectic crystal covered by an
insulating mask of SiO2 with a hole such that the Nb film is in
contact with a single Ru-inclusion only (see Fig. 1a–c); details are
given in the “Methods” section. The μm-sized Ru-metal inclusion
is embedded in a single crystal of SRO such that the interface
between the two forms a Josephson junction. Assuming a con-
ventional s-wave superconducting phase within Ru (proximity-
induced by Nb and intrinsic below 0.5 K) and a chiral super-
conducting phase in SRO, this Josephson junction behaves as a
topological junction as it involves a winding of the Josephson
phase36–39,49–51. We have measured electronic transport prop-
erties through Nb/Ru/SRO junctions down to 0.3 K (electronic
setup is described in the “Methods” section). Figure 1d shows the
resistance vs temperature R(T) measured with a 100 μA dc cur-
rent. Note that the R was measured in delta mode and the average
value of R was measured with step-like current variations (posi-
tive and negative) with a frequency of 5 Hz. The drop of resis-
tance coincides with the onset of superconductivity in Nb at
≈9.2 K, followed by a further transition around 2.2 K corre-
sponding to the 3-K phase at the Ru/SRO interface. Zero-
resistance is achieved below 1.9 K which is above the bulk Tc of
1.4 K of SRO. Note that we observe some additional transitions
between 9.2 K (Tc of Nb electrode) and 2.2 K (onset Tc of SRO-
Ru) that may relate with the geometry of the junctions (narrow
parts at the corners of the junction, wider pads and leads). Such
transitions are common in these types of junctions.

Note that SRO single crystal is a good metal. At 4 K it exhibits
resistivity of 1 μΩcm along the ab-surface52, which yields the
resistance of ≈10 μΩ. In the normal state of the junctions (above
2.2 K) the resistance of the single crystal is ignorable compared
with the junction resistance at 4 K (30 mΩ for junction A and 7
mΩ for junction B). This means for electron transport the
junction resistance is mainly dominating over that of the single
crystal. On the other hand, we utilized Ru-SRO eutectic crystal to
fabricate the junctions. The eutectic single crystals contain a
number of Ru inclusions and a 3K phase develops around the
inclusions. A network of Ru inclusions can provide a connection
through 3K phase which can lead to the zero resistance V-lead53.

Temperature effect on non-reciprocity. To investigate non-
reciprocity of the critical current we measured current voltage V(I)
characteristics between 0.3 and 2 K. Figure 1e shows a set of V(I)
curves at 0.3 K using the following current cycles: (i) zero to
positive (0–p), (ii) positive to zero (p–0), (iii) zero to negative (0–n)
and (iv) negative to zero (n–0). As there is no hysteretic behavior
visible in the V(I) curves, the junction is in the overdamped

regime. A fit based on V ¼ RðI2 � I2cÞ1=2 (dotted line) shows that
the critical currents Ic+ (positive direction) is higher than ∣Ic−∣
(negative direction). To compare opposite current directions for
different temperatures, in Fig. 1f we have plotted V(I) curves for
absolute currents and voltages, where solid (dotted) lines indicate
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the positive (negative) branch of the curve. At T= 1.5 K there is no
difference between Ic+ and ∣Ic−∣ (see also the inset of Fig. 1f),
ΔIc= Ic+− ∣Ic−∣ is non-vanishing at lower temperatures. Similar
behavior is observed for junction-B (see Fig. S2).

In Fig. 2a–c we have plotted the T-dependence of the critical
current for both directions and their difference. Both Ic+ (black

squares) and ∣Ic−∣ (red circles) decrease for increasing tempera-
ture and merge above 1.4 K (Fig. 2a). The SDE displayed in ΔIc
grows continuously below 1.4 K and shows a maximum around
0.5 K (Fig. 2b). The T-dependence below Tc follows
ΔIcðTÞ / ðTc � TÞ2, similar to the theoretical expectations for
non-centrosymmetric superconductors12,16.

Fig. 1 Junction geometry and electronic transport properties. a A scanning electron micrograph showing two junctions A (Left) and B (right). The brighter
areas are the two top Nb electrodes and the darker area is the SiO2/SRO substrate. b The SiO2 insulating layer is removed in small area covering the top of
a single Ru inclusion as shown in the inset (junction A). An analogous setup is realized for the junction B. c A schematic view of a Nb/Ru/SRO junction
fabricated by depositing 600 nm thick Nb layer on top of a SiO2 layer with a hole allowing direct contact of Nb to a single Ru inclusion of SRO-Ru eutectic
crystal (layer orientation with normal vector along the c-axis of SRO). d Resistance as a function of temperature of junction A. The first transition at 9.2 K
and the transition at 2.2 K correspond to the onset of superconductivity in the Nb electrode and in the SRO-Ru eutectic crystal, respectively. Zero
resistance is achieved at 1.9 K well above 1.5 K that indicates the Josephson coupling develops first through 3-K phase. There are two more transition at
8.5 K and 6.5 K, which corresponds to the geometry of the junction. Inset shows the R(T) at lower temperature. e A non-hysteretic V(I) curve measured at
0.3 K with current scans in the sequence of (i) zero to positive (0–p), (ii) positive to zero (p–0), (iii) zero to negative (0–n) and (iv) negative to zero (n–0).
The comparison with a symmetric theoretical V(I) curve (black dotted line) clearly shows non-reciprocity of the experimental junction: Ic+≠ ∣Ic−∣. f V(I)
curves for the absolute values of current and voltage at different temperatures. Solid and dotted lines mark the branches belonging to positive and negative
current direction, respectively. The difference between magnitudes of Ic+ and Ic− decreases with increasing temperature and disappears above 1.4 K (see
also inset with an V(I) curve at 1.5 K).

Fig. 2 Temperature dependence of the superconducting diode effect. a Critical currents Ic+ and ∣Ic−∣ vs T. The two critical currents are non-vanishing
below 2 K as a result of the 3K-phase and start to differ from each other below Tc≈ 1.4 K when SRO shows bulk superconductivity. Above Tc there is no
difference in the critical currents. ΔIc= Ic+− ∣Ic−∣ and Q defined as (Ic+− ∣Ic−∣)/(Ic++ ∣Ic−∣) are plotted against T in b, c respectively. The insets in both
panels show a distinct T-dependence close to the onset of the bulk Tc, which is ðTc � TÞ2 for ΔIc(T) and ðTc � TÞ1=2 for Q(T). Note that the standard
deviation in Ic for all temperatures is smaller than the data points.
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The efficiency of the diode effect can be scaled with the quality
parameter Q, defined as Q ¼ Icþ�jIc�j

IcþþjIc�j. For our junctions, we find

an increase in the Q with decreasing temperature, following
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Tc � T
p

(Fig. 2c), which is an expected behavior12,16. The Q
reaches a maximum of 0.34 (34%) at 0.5 K.

Effect of thermal cycle on non-reciprocity. After cooling to
0.3 K, the junctions are warmed to 10 K to reach the normal state.
The junctions are then cooled to ≈3 K and maintained at this
temperature for 30 min before cooling to 0.3 K. We observe that
with each cooling cycle our junctions randomly change the SDE
state among one of the three states, forward diode (ΔIc > 0; see
Fig. 3a), standard junction (ΔIc= 0; see Fig. 3b) and reverse diode
(ΔIc < 0; see Fig. 3c). The junction remains in its state persistently
down to the lowest temperature and at a fixed temperature within
one thermal cycle ΔIc remains almost constant (see Fig. S3). Note
that the standard junction behavior (ΔIc= 0) occurs rarely. For
12 thermal cycles, our junctions show about 60% forward diode,
30% reverse diode and 10% standard junction behavior. Thus, we
conclude that the SDE is dependent on the cooling cycle, a feature
not seen in non-centrosymmetric superconductors where the sign
of non-reciprocity depends on the direction of the applied mag-
netic field.

Effect of magnetic fields on non-reciprocity. We note that the
SDE in our junctions does not require an external magnetic field
nor the addition of a magnetic layer. Nevertheless, we have
investigated the effect of magnetic fields oriented parallel to the
ab-surface of SRO on the SDE. Such magnetic fields cause Ic of
the junctions to become unstable (see Fig. S6). After switching off
the magnetic field the junctions Ic are partially re-stabilized but
the magnitude and sign of the SDE is randomly changing.
Figure 4a–c shows the V(I) curves in zero magnetic field mea-
sured after an in-plane field cycle (±20 mT) at 0.3 K, showing that
all three states (defined above) are reached. Considering a num-
ber of field sweeps, Fig. 4d displays histograms of ΔIc at zero
magnetic field. This demonstrates a dynamical behavior stimu-
lated by the external magnetic field. We would like to emphasize
the ab-plane direction of the magnetic field would not couple to
the chirality of the superconducting order parameter in SRO,
thus, would unlikely reverse chirality. Similar behavior has been
observed in junction B (see Fig. S4).

Discussion
First, we discuss whether our results are intrinsic to the junctions
or related to the junction geometry. One might suspect that the
observed SDE is spurious due to structural artefacts in the
junction such as crystallographic defects inhomogeneous

interfaces and magnetic impurities that may lead to anisotropic
V(I) curves mimicking a SDE. However, effects triggered in this
way are unlikely to display a history dependence with cooling
cycles, but would rather remain persistent. This is clearly not the
case for the SDE observed in our junctions. The temperature
effect and dynamical behavior of SDE under magnetic fields
suggest that the SDE is a feature connected with the non-trivial
superconducting state of SRO.

Our junctions consist of non-magnetic materials (see Fig. S7),
apart from possible local magnetism of SRO for c-axis surface
attributed to an in-plane rotation of the RuO6

54,55, which may
also yield broken time reversal symmetry locally. According to
recent experimental studies the surface magnetism appears
already at temperatures below 50 K55, much higher than the onset
Tc of the 3K phase. Thus, it is very unlikely that the sharp onset of
the SDE at 1.4 K (SRO bulk Tc= 1.4 K for the single crystal used
to fabricate the devices) is induced by the kind of surface mag-
netism. Thus, the weak surface magnetism may not play any
significate role in emerging such a strong SDE in our junctions.

It has been demonstrated that vortices induced by applied and/
or residual magnetic fields may lead to the non-reciprocal elec-
tronic transport in a superconducting device, which can mimic
the SDE6,56,57. We believe that this is not the case for our devices,
as we observe SDE in a virgin state as well; a state before applying
any magnetic field and the devices are measured in a cryostat
shielded with μ-metal. On the other hand, vortices induced
because of a residual field of a superconductor magnet coil should
be persistent particularly at low temperatures. Therefore, SDE
originating from such a residual field must not change the sign
with a cooling cycle happening below 10 K. In this temperature
range only flux density may change but not the sign/
direction58,59.

We believe that the understanding of the non-reciprocal
behavior of these junctions is connected with the mechanism
limiting the Josephson critical current between the Ru-inclusion
embedded in bulk SRO and the bulk SRO. The Ru-SRO interface
has been found to be atomically sharp and providing good con-
ditions for Josephson coupling between two superconductors
with order parameters of different symmetry25.

Through the Nb top electrode the Ru inclusion acquires con-
ventional s-wave superconductivity due to the proximity effect
and becomes intrinsically superconducting below T= 0.5 K. We
assume that the bulk superconductivity (1.5-K phase) of SRO has
a chiral order parameter whose phase varies under rotation
around the crystal c-axis. Under this condition, the in-plane
Josephson coupling between Ru and SRO is phase frustrated on a
closed interface like for an inclusion of cylindrical geometry
(closed surface), because the s-wave order parameter of Ru would
interact with a different phase for the chiral order parameter for

Fig. 3 Effect of thermal cycling on the superconducting diode effect. Three different V(I) curves with absolute values of current and voltage measured for
different cooling cycles; the black (red) curve shows the positive (negative) branch. a Junction A exhibits a forward diode effect with Ic+ > Ic−, b standard
junction behavior with Ic+= ∣Ic−∣ and c reverse diode effect with Ic+ < ∣Ic−∣. Insets show V(I) curves for junction B for equivalent thermal cycles.

ARTICLE COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-023-01409-4

4 COMMUNICATIONS PHYSICS | (2023)6:290 | https://doi.org/10.1038/s42005-023-01409-4 | www.nature.com/commsphys

www.nature.com/commsphys


different junction orientation49,51. Around the closed interface
the Josephson phase picks up a full 2π-phase winding going once
around the interface between Ru-SRO enclosing the c-axis. It has
been shown that this configuration induces a spontaneous mag-
netic flux distribution (c-axis oriented) along the interface with
one rather well localized vortex-like flux line in order to relax that
phase frustration49, as illustrated in Fig. 5a–c. Note that the total
magnetic flux of the interface vanishes, compensated by widely
spread flux of opposite sign (Fig. 5a and b). When a current flows
through the interface a Lorentz force acts on the vortex pushing it
along the interface (Fig. 5e and f). Thus, such a current only flows
without dissipation, as long as this vortex remains pinned and
does not move. It was shown theoretically that the depinning of
this spontaneous vortex would determine the limiting of the
Josephson current and defines the critical current51. In case of a

perfectly symmetric pinning potential (Fig. 5g) to move the
vortex left or right the depinning force has the same magnitude
for both directions of the current, which leads to the standard
junction behavior. In reality pinning potentials around a Ru
inclusion are generally asymmetric simply by the nature of pin-
ning defects and the irregular geometry of the inclusion. Conse-
quently, we find different limiting (critical) current for flow
direction into and out of the Ru-inclusion (Fig. 5e and f). Thus,
the origin of the non-reciprocal behavior in this case relies on
broken time-reversal symmetry (chiral order parameter in SRO)
responsible for existence of the spontaneous flux line and the
broken inversion symmetry for the asymmetric pinning potential.
Unlike in non-centrosymmetric superconductors the lack of
inversion symmetry is not a microscopic feature and, thus, not

Fig. 4 Effect of in-plane magnetic fields on the superconducting diode effect. The effect of magnetic fields applied perpendicular to the c-axis is
investigated for junction-A using the following sequence: (i) the magnetic field is applied in the superconducting state (zero-field cooled state), (ii) the
magnetic field is switched off at 0.3 K after measuring some V(I) curves from 0 to+ 20 mT, back to− 20 mT and back to zero and (iii) V(I) curves are
measured in the zero field at the same temperature. The V(I) characteristic behave unstable as long as the magnetic field is switched on and does not allow
to determine critical currents reliably (see Fig. S1c and S1d). After switching off the magnetic field V(I) curves show relatively stable critical currents, but
the non-reciprocal component ΔIc is “random''; V(I) scans at different times sometimes show the behavior of a forward diode Ic+ > ∣Ic−∣, b standard
junction (Ic+≈ ∣Ic−∣) and c reverse diode (Ic+ < ∣Ic−∣). d Histograms of ΔIc for 34 sequential V(I) scans showing quantitative scatter of the SDE around
ΔIc= ± 20 μA. Blue, black and red bars indicate forward diode effect (ΔIc > 0), standard junction (ΔIc= 0) and reverse diode effect (ΔIc < 0). Note that
V(I) curves are measured successively at 0.3 K with a negligible time delay between measurements.

Fig. 5 Spontaneously induced vortex at the Ru/SRO interface. a A schematic illustration of the concentrated flux line (vortex) at the interface between a
non-chiral superconductor (Sc) and chiral Sc, which is Ru/SRO interface for our junctions. This appears below bulk superconducting transition temperature
of SRO. The magnetic flux of this vortex is compensated by a magnetic flux in opposite direction spread out over the remaining interface (here for a
cylindrically shaped Ru-inclusion embedded in SRO). b Flux distribution, where θ is the angle indicating the position on the interface around the inclusion.
c Illustration of pinning of the flux line at scattered pinning sites in zero field and d the flux line tilted under applied in-plane magnetic field. e Schematic
picture of Lorentz force on the flux line (red dot) for negative and positive current direction. Note that the force direction reverses for the superconducting
phase of opposite chirality in SRO. f Asymmetric pinning potential for the vortex which allows for easier depinning for motion to the right, leading to
forward bias diode effect. g Symmetric pinning potential that has no preferred depinning direction. There is no diode effect.
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related to SOC, but is connected with the lack of certain reflection
symmetries of the junction20.

It has been demonstrated that the Tc of bulk SRO is only
enhanced for the uniaxial strain along the [100] direction28. This
indicates that Tc of the emerged 3-K phase around a Ru in SRO-Ru
eutectic can be distributed non-uniformly around the Ru inclusion.
This non-uniform local Tc around the Ru-inclusion do not affect
our model as SDE is observed only below bulk superconducting
transition temperature (in the 1.5-K phase). In our model, we
mainly consider the interaction of bulk superconductivity of SRO
and induced s-wave superconductivity in a Ru inclusion. There-
fore, this model is valid for our experimental results.

The mechanism proposed here yields a behavior which can
depend on thermal cycling, because chirality is a feature of
spontaneous symmetry breaking and can have either sign equally
likely. For opposite signs the flux line would have opposite
magnetic flux reversing the Lorentz force and the sign of the
difference of the critical currents, i.e. ΔIc ≶ 0. Because there may
be several pinning positions along the interface, there can also be
a history dependence of the magnitude of ΔIc besides its sign.

In this context it is also not surprising that pinning conditions
change, when the superconductivity in Ru becomes intrinsic below
0.5 K. It is, however, not obvious why this would always lead to a
reduction of non-reciprocity as observed in the experiment. In-
plane magnetic fields would tilt or twist the spontaneous flux lines,
which likely leads to a change of the pinning conditions as well for
the flux line (Fig. 5d). The pronounced influence of the in-plane
magnetic field is not astonishing. A tilted flux line may remain
trapped in a metastable situation once the magnetic field is turned
off. Thus, the relaxation behavior of the flux line returning towards
a more c-axis oriented position would naturally impact the depin-
ning properties for a certain time after removing the magnetic field.

As a control experiment to test our model of vortex pinning
potential, we fabricated additional junctions in different config-
urations. A parallel junction, where two parallel Ru inclusions are
used to create Nb/Ru/SRO/Ru/Nb Josephson junction (see
Fig. S5). This junction shows an SDE. However, the SDE is not
observed in a tip junction where Nb is deposited only on half of
the Ru inclusion as shown in Fig. S5b. For a tip junction, 2π-phase
winding cannot be established because of half of the Ru inclusion.
A topological junction is not formed which is required to induce a
spontaneous vortex state at Ru/SRO interface. Therefore, this
shows standard behavior.

The sign of the non-reciprocity may not only be determined
solely by the direction of the chirality. Our model explains that
the non-reciprocity may have either + or − sign for a fixed
chirality as it depends also on the shape of the pinning potential
(see Fig. 5). Further experimental and theoretical studies are
required to establish the decisive relation of SDE and chirality
including also the formation of chiral domains and the chiral
domain wall motion.

In summary, we have demonstrated the existence of a field-free
superconducting diode effect in non-magnetic Nb/Ru/SRO
topological Josephson junctions prepared by using a SRO-Ru
eutectic single crystal. Non-reciprocal component ΔIc, the dif-
ference of the critical current in opposite directions, is observed
below 1.4 K, when the bulk superconducting phase of SRO is
established. ΔIc rises with lowering temperature and passes
through a maximum at around 0.5 K. The sign of ΔIc varies with
different cooling cycles and applied in-plane magnetic field
induces an increased variability in ΔIc. These effects are attributed
to the chiral superconductivity in the bulk SRO. The observed
non-reciprocal behavior is explained by a limiting mechanism of
the supercurrent in the topological Josephson junction with a
phase frustration. Such a junction is established between the
two superconductors with incompatible order parameters: a

conventional (non-chiral) in Nb/Ru and a chiral in bulk SRO.
The fact that the chiral superconducting phase spontaneously
breaks time reversal symmetry and the absence of inversion
symmetry due to the geometry of the interface are sufficient
conditions to enable the SDE in this type of junctions. This means
that no magnetic fields need to be applied and the SDE is a
signature of spontaneously broken time reversal symmetry in at
least one of the two superconductors. For this reason, the
observation of a spontaneous SDE may be a diagnostic tool to
detect time reversal symmetry violating superconductors. It
remains open whether this type of phenomenon might become
part of a building block for future dissipationless electronics.

Methods
Fabrication of junctions. Nb/Ru/SRO Josephson junctions were
fabricated from SRO-Ru eutectic single crystal using the floating
zone method60. The junctions were prepared by the following
protocol. (i) A 300-nm-thick SiO2 layer was deposited by RF
sputtering with a backing pressure of ≈10−7 mbar on a polished
ab-surface of a rectangular piece of SRO-Ru eutectic crystal with
dimensions of 3 × 3 × 0.5 mm3. (ii) Using laser lithography and
etching with CHF3 gas, a window was opened over a single Ru-
inclusion (see Fig. 1b and Fig. S1a). During this etching process, a
fluoride thin film may be generated on the surface of the sample.
Therefore, before removing the photo resist, O2 plasma cleaning
was preformed to etch away the fluoride film. (iii) A 600-nm-
thick top Nb electrode was deposited using a lift-off technique.
The Nb was deposited by magnetron sputtering with a base
pressure of ≈10−7 mbar. Note that the Nb top electrode deposited
by this protocol is not only in contact with Ru but also the ab-
surface of SRO. The ab-surface of SRO develops a poor contact
with other normal metals. It may happen because of atomic
reconstruction at the surface61 that avoids to develop super-
conducting coupling at Nb/SRO and no flow of critical current
through the interface between Nb and ab-surface of SRO.
Therefore, superconducting coupling mainly develops through
Ru metal.

Electrical measurements. Electronic transport properties were
investigated by measuring V(I) curves using a four-point current-
bias technique with two contacts on the Nb electrode and two
contacts on the side of the SRO crystal as shown in the schematic
diagram in Fig. 1c. The current is applied using a Yokogawa
current source (GS200) and the voltage is measured using a
Keithley 2182. The measurements were performed with a He-3
cryostat down to 300 mK. The cryostat was magnetically shielded
with high-permeability material (Hamamatsu Photonics, mu-
metal). Inside the shield, we placed a superconducting magnet
(with maximum field range of 1 T) to apply magnetic fields.

Data availability
The data that support the findings of this study are available from the corresponding
authors upon reasonable request.
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