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Evolution of supercurrent path in Nb/Ru/Sr,RuQ,4 dc-SQUIDs
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Phase-sensitive measurements of direct-current superconducting quantum interference devices (dc-SQUIDs)
composed of Sr,RuO,-Ru eutectic crystals have been performed to temperatures below a bulk Ru superconducting
transition temperature at 0.49 K. A SQUID with Nb/Ru/Sr,RuO, junctions fabricated on one Ru inclusion
exhibits two distinct transitions due to the Ru superconducting transition and competition of proximity-induced
superconducting gaps at the junctions. At sufficiently low temperatures, the SQUID interference patterns start
to collapse with large phase shifts of the Fraunhofer patterns. This result indicates the influence of magnetic
fluxes induced by large bias currents flowing in a strongly asymmetric supercurrent path. Such a large change in
supercurrent path suggests superconducting phase mismatch between the s-wave and chiral p-wave states at the

Ru/Sr,Ru0Q; interface.
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I. INTRODUCTION

The layered perovskite Sr,RuQ,4 has been attracting much
research interest because it is one of the strong candidates
of a spin-triplet chiral p-wave superconductor [1-3]. Nu-
clear magnetic resonance (NMR) [4,5], muon spin rotation
(uSR) [6], and Kerr-effect measurements [7] have established
an equal-spin triplet-pairing state with broken time-reversal
symmetry. These results propose a chiral p-wave state of
orbital wave function represented by k, & ik,. A Sr,RuO4-Ru
eutectic crystal is also an interesting material because it
exhibits an inhomogeneous superconducting phase below 3 K
(the 3-K phase), different from the bulk phase which appears
at 1.5 K [8]; the 3-K phase is expected to nucleate as a
single-component paring state kx conserving time-reversal
symmetry at the interface with Ru inclusion and evolves
into a state breaking time-reversal symmetry with decreasing
temperature [9]. Therefore this eutectic is helpful to understand
superconductivity of Sr,RuQy. Indeed, there are some reports
in both single and eutectic crystals supporting the chiral p
pairing symmetry, such as the observation of the Andreev
bound state [10-12], anomalous behavior attributable to chiral
domains [13-15], and the anomalous Josephson network [16].
However, the typical size of a chiral domain and the presence
of a spontaneous edge current have still been open questions
[17-19].

Josephson junctions provide a powerful means to investi-
gate the pairing symmetry of a superconductor [20] because
the Josephson coupling of the junction composed of an
unconventional superconductor is dependent on the junction
orientation: in the case of a singlet/triplet superconducting
junction, the lowest-order Josephson current density J; flowing
through the superconductors with an order parameter of v for
a spin-singlet state and d (k) for a spin-triplet state is expressed
by [21-26]

Js ~ (Ys(k x n) - d(k))Fs, ey
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where k is the wave number, n is the interface normal vector,
and angle brackets with a subscript FS denote the average
over the Fermi surface. The Josephson effect at a single
junction using Sr,RuQ, and different s-wave superconductors
has been investigated for over a decade [13,27-29]. Jin et al.
and Liu et al. confirmed the selection rule in the junction
orientation dependence, consistent with Eq. (1) [25], and the
novel temperature dependence of the Josephson critical current
[30], which was interpreted by the theory assuming the p-wave
pairing symmetry of Sr,RuOy4 [31,32].

Sr,RuO4-Ru eutectic crystals are useful for fabricating a
topological superconducting junction [15,33] because Ru in-
clusions naturally created in bulk Sr,RuQO, provide very clean
Ru/Sr,RuQy interfaces and are good for contact with other
metals via Ru. The eutectic crystal also enables us to investi-
gate a competition between the s-wave state of Ru and the chi-
ral p-wave state of Sr,RuQ,4 below the superconducting transi-
tion temperature TX" of a Ru inclusion (0.49 K). A topological
mismatch between both phases is expected to cause Josephson
vortex nucleation in a Ru inclusion [34]: a frustrating coupling
of the order parameters between the s- and p-wave supercon-
ductivities induces a spontaneous magnetic flux distribution
at the interface of Ru inclusion, increasing with decreasing
temperature to form a single vortex at the Ru center. Maeno
et al. fabricated the superconducting/normal/superconducting
(S/N/S) topological superconducting junction using the eu-
tectic, revealing anomalous features of the Josephson current
due to a competition between the s-wave state and the chiral
p-wave state [15,33]. The mechanism of the anomalous
temperature dependence of the Josephson critical current has
recently been discussed using the theoretical model based on
the spontaneously induced magnetic flux [35,36]. However,
unambiguous evidence of the spontaneous vortex nucleation in
Ru has not been obtained experimentally. Also, systematic ex-
periments have not been performed at temperatures lower than
TRY except for tunneling spectroscopy measurements, which
revealed suppression of a p-wave gap in Ru inclusions [37].
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A tunneling measurement with a single lateral junction
is not necessarily sufficient to study the pairing symmetry
because it is sensitive mainly to the magnitude of the
superconducting gap. Phase-sensitive measurements using
superconducting quantum interference devices (SQUIDs) are
one of the effective devices to determine k dependence of the
order parameter of Sr,RuQ4 [20,22,26]. In fact, such SQUID
experiments using Sr,RuO4 and an s-wave superconductor
revealed the odd-parity pairing symmetry with 7 -phase change
[38]. This is consistent with Eq. (1), providing strong support
for the p-wave pairing state. Clarification of superconductivity
at the s-wave/chiral- p-wave superconducting junction requires
more profound phase-sensitive measurements using SQUIDs.
We have so far fabricated dc-SQUIDs with Nb/Ru/Sr,RuQOy4
junctions using Sr,RuO4-Ru eutectic crystals [39] and mea-
sured their transport properties [40]. In these studies, the
SQUID loops were made with two separate Ru inclusions.
In contrast, in the present device we used a single Ru
inclusion to form the SQUID loop. In this way, the SQUID
loop is made purely with s-wave superconductors, Nb and
Ru, below 0.5 K, and the loop is connected to SrpRuQOy4
surrounding the Ru inclusion. Such a configuration is expected
to maximize the phase competition between the s-wave and
p-wave superconductivities as the device forms the topological
Jjunction [33]. In this study, we investigate detailed properties
of the junction introduced in Ref. [41]. In particular, we reveal
an anomalous shift of the Fraunhofer interference patterns
attributable to phase competition between superconductivities
in Ru and Sr,RuQy.

II. EXPERIMENT

As shownin Fig. 1, the dc-SQUIDs used in this study consist
of Nb, SrpRuOy, and two Nb/Ru/Sr,RuQy junctions on the
ab-plane surface of a Sr,RuQO4-Ru eutectic crystal, cut from
a crystalline rod grown with a floating-zone method [8]. The
device was fabricated with the same technique used in previous
studies [39,40]: the eutectic crystal is coated with a SiO, layer
300 nm thick, and two small holes are made directly above a
selected Ru inclusion for contacting a niobium electrode using
photolithography and a reactive ion etching. The structure of
the present device is similar to the one in previous studies
[39,40], except that the two junctions are made on each edge
of the same Ru inclusion, as shown in Figs. 1(a) and 1(b). The
area of the Ru inclusion on the surface is about 1 x 21 um.
The effective junction width w, defined as the sum of the
inner separation of the Nb posts and the width of one post, is
20.9 um [Figs. 1(b) and 1(c)]. A SQUID loop should be formed
so that a bias current flows into Sr,RuQOy in the vicinity of the
Ru/Sr,RuQy interface, for example, as indicated by the red line
in Fig. 1(a). At temperatures below around 7 of the 3-K phase
down to TR, the Ru inclusion is in a weak superconducting
state due to the proximity effect of the superconducting Nb,
realizing Nb (S)/Ru (N)/Srp,RuQy4 (S) weak-link Josephson
junctions. When Ru undergoes a superconducting transition at
TRY, the junction structure changes from S/N/S to S/S/S. A
competition between the s-wave superconductivity of Ru and
the unconventional superconductivity of Sr,RuQy is expected
to affect junction properties of the SQUID.
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FIG. 1. (a) Configuration of a de-SQUID with Nb/Ru/Sr,RuO,
junctions. Two junctions are located on the same Ru inclusion. The
red line indicates an expected SQUID loop. (b) Schematic of the
SQUID. The effective width w is 20.9 um. dy, and dsio, indicate
the thickness of the Nb electrode (0.6 um) and SiO, (0.3 wm),
respectively. (c) Photograph showing the top view of the SQUID after
sputtering niobium electrodes. Other Ru inclusions isolated from the
Nb electrodes by the SiO, layer can also be seen.

For four-terminal measurements, two Nb electrodes (I+
and V+) with a thickness of dy, = 0.6 um are directly linked
to the SQUID as shown in Fig. 1, and the other two (I— and
V—) are deposited on two other separate Ru inclusions [see
Fig. 1(a) in Ref. [39]]. The device was placed in a dilution
refrigerator or a *He refrigerator and cooled down below 1 K.
In the temperature range below 0.5 K, a considerably large
current up to an order of a milliampere needs to be applied
in order to measure a maximum Josephson current I, [41].
Thus heat generated by the current at the junctions and in
the electrical wires made of a normal metal connected to the
device is an inevitable problem. In fact, during the repetition of
the measurements of the IV characteristics at each controlled
temperature, we found a gradual decrease of I. due to heating.
In order to minimize such a heating effect, we set a wait time
of 5 to 15 min between each measurement, depending on
temperature.

III. RESULTS AND DISCUSSION

In the following, we describe the results and interpretations
featuring three temperature ranges: above 7, of Ru (Sec. III A),
just below T of Ru (Sec. III B), and below 0.40 K, where
peculiar interference is observed (Sec. III C).

A. SQUID interference patterns and SQUID zero-peak shifts

Figure 2(a) shows the maximum Josephson current I
as a function of external magnetic field woH normal to
the loop area at temperatures from 0.60 to 0.45 K, derived
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FIG. 2. (a) Maximum Josephson current as a function of external
magnetic field uoH in a temperature range of 0.45-0.60 K. (b)
Current-voltage characteristics of the SQUID at 0.55 K and zero
magnetic field. Maximum Josephson current /. is determined for both
current directions, as indicated by I and I, at which the voltage
exceeds ~1uV. (c) I7 and I as a function of external magnetic
field at 0.55 K. Arrows indicate the SQUID zero-peak shifts. The
zero peaks are located at symmetric positions.

from [V characteristics [Fig. 2(b)]. Here o represents the
vacuum magnetic permeability. . exhibits periodic SQUID-
interference patterns superposed on a broad envelope of a
Fraunhofer diffraction pattern, as observed in previous studies
[41]. This underlining Fraunhofer envelope originates from
the flux penetration in the junction area below each Nb
post. The period ABsq of the SQUID-interference patterns
is approximately 0.09 mT at 0.55 K. This corresponds to
the flux quantum &, (=2.07 x 1075 Wb) divided by the
effective SQUID-loop area A¢. In our device, a supercurrent
flows from a Nb lead to surfaces of the bulk Sr,RuQO4 (more
precisely, “near” surfaces because p-wave pair function is
considered to be suppressed at the top ab surface [25,42])
through the Nb/Ru/Sr,RuQy, junction, as indicated by the red
loop in Figs. 1(a) and 1(b). The depth of the Ru inclusion
is expected to be on the order of a micron or more [§].
However, it is anticipated that what contributes to the effective
SQUID-loop area A is the penetration depth of magnetic
flux into Sr,RuO4 (Asro) rather than the depth of the Ru
inclusion. This is because the Ru inclusion is fully surrounded
by superconducting Sr,RuQ, [Fig. 1(a)], which screens the
external field. Therefore the effective SQUID-loop area is
expressed by Ae(T) ~ wldnp/2 + dsioz + Asro(T)], where
the effective junction width is w = 20.9 um, the thickness of
the Nb electrode dnp, = 0.64m, and the thickness of the SiO,
dsiop = 0.3 pum [Fig. 1(b)]. Consequently, a SQUID period
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A Bsq is represented by
Dy

ABgo =
ST A(T)

o)
wldnb/2 + dsioz + Asro(T)]

The period ABsg = 0.09 mT at 0.55 K leads to Asro(T =
0.55 K) ~ 0.50 um from Eq. (2). If the external field H
is parallel to the ab plane of the eutectic as in Fig. 1(b),
Asro should be the penetration depth along the ¢ axis of
Sr,RuO4 (~3 wm) [3]. However, the estimated magnitude
of Asro(T = 0.55 K) is rather close to the penetration depth
along the ab plane (~0.1 um) [43]. It can be attributed to the
alignment deviation of the eutectic crystal against the direction
of the applied field.

The I;f vs poH patterns in Fig. 2 exhibit a nonsinusoidal
modulation. In the case of the SQUID with the screening
parameter 8, = 2L1./ Py > 1, where L is a loop inductance,
magnetic fluxes induced by the bias current influence the
modulation pattern. The critical current modulation amplitude
isdeducedtobe Al /I. ~ 0.17 at 0.5 K from Fig. 2. Therefore
the screening parameter is estimated tobe §;, = I./Al, — 1 =
4.9 [44-46], which is large enough to cause the nonsinusoidal
I. vs uoH pattern seen in Fig. 2. The estimated value of
B leads to the inductance L ~ 1.7 pH. This inductance is
equivalent to a square SQUID loop with the inner side length
a = L/uy ~ 1 um, consistent with the micron-sized SQUID
shown in Fig. 1.

It should be noted that the above discussion about g is
just a rough maximum estimate; the present SQUID does not
consist of tunnel junctions (but S/N/S) and is not completely

symmetric (L't o prisht | pleft £ 7 "y These features also
influence the /. modulation. For the former, a phase slip of the
superconducting order parameter influences the phase-current
relation at the junctions [47]. For the latter, an asymmetry of the
junctions influences the modulation amplitude and the phase
offset of the SQUID pattern [44]. In fact, the field at which
IC+ takes a maximal value, as shown by arrows in Fig. 2(a), is
shifted to the negative direction from o H = 0 mT. Similarly,
the field with the maximal |/ | in Fig. 2(b) is also shifted
by almost the same amount but to the positive field direction,
as shown in Fig. 2(c). This offset (SQUID “zero-peak” shift)
indicates the presence of the asymmetry of the device structure.
Unconventional superconductivity of Sr,RuO4 can also
contribute to the /. vs o H modulation patterns. The current-
phase relation of the Josephson current is generally given by

Ii(¢) = Z[Iansin(w) + Ioncos(ne)], 3

12

@)

where ¢ indicates phase difference between the junctions.
When the superconducting order parameter conserves time-
reversal symmetry, I, vanishes, and I, sin(¢) is dominant
(Iy1 = I.). In contrast, the present SQUID junctions include
superconducting Sr,RuQ4 with a broken time-reversal sym-
metry (ky +iky), and hence it is possible that I;; =0 and
the contribution of other terms in Eq. (3) becomes dominant
[22,23]. Such a SQUID exhibits a nonsinusoidal /. modulation.

For a SQUID based on Sr,Ru0Qy4, the maximum Josephson
current at the external field uoH = 0 mT depends on the
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FIG. 3. Maximum Josephson current as a function of external
magnetic field within a temperature range of 0.30-0.50 K. Arrows
indicate the SQUID zero-peak shifts.

orientation between the two junctions on the ab plane [26]
because a chiral- p state of Sr,RuO,4 shows a phase winding in
the momentum space (k; + ik,). Actually, a previous SQUID
experiment [38] indicates that the symmetric SQUID with
junctions fabricated on opposite sides of a bulk Sr,RuOj4
exhibits 7-SQUID behavior. Although our present SQUID
has Nb/Ru interfaces positioned on the same ab surface of the
eutectic, in the present SQUID geometry it is plausible that
a supercurrent will flow through the Ru/Sr,RuO, interface
positioned perpendicular to the ab face [rn L ¢ axis || d, see
Eq. (1)] so that the current path makes the shortest loop, as
depicted in Fig. 1(a). Our results, exhibiting almost no phase
shifts of the interference patterns except for the influence by
self-induced flux, indicate that both junctions orient in the
same direction at the Ru/Sr,RuQy, interfaces.

B. SQUID patterns with Ru in the superconducting state

Figure 3 shows the temperature dependence of SQUID
interference patterns at temperatures lower than 0.50 K. The
responses of SQUID interference patterns reveal two distinct
transition temperatures, as shown in Figs. 4 and 5 [41]. One

0.14p. |
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ABg, (mT)

0.08
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0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
T (K)

FIG. 4. Temperature dependence of the SQUID period A Bgg.
Solid circles and triangles represent data obtained with different
cryostats. The thick solid curve shows the fitting line at temperatures
higher than 0.50 K, estimated from Eq. (2) with a penetration depth of
Eq. (4), in which T, of Sr,RuQy is chosen to be 1.5 K. Dotted and thin
solid curves show the period estimated from the London penetration
depth of Ru with TR* = 0.50 K (see text).
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FIG. 5. (a) Temperature dependence of maximum value in I}
modulation seen in Figs. 2 and 3. Different symbols indicate data
obtained using different cryostats. (b) Fraunhofer zero-peak shift By
as a function of temperature. Below 0.40 K, Ij (T) behavior changes,
and By shows a sign change as well as the enhanced magnitude.
Different solid symbols indicate the data obtained during different
cooling cycles, and the solid curve is based on the estimated values
from the data in (a) (see text).

is about 0.50 K, where the SQUID period A Bsq exhibits a
sharp increase. The other is about 0.40 K, below which the
SQUID pattern starts to collapse. This latter behavior will be
described in Sec. III C. The SQUID I. exhibits interference
behavior below about 1.45 K, and A Bsqg gradually increases
with decreasing temperature down to 0.50 K, as seen in Fig. 4.
According to Eq. (2), the increase of A Bgq is attributable to a
gradual decrease of the penetration depth of Sr,RuQOy4 Asro(T).
The temperature dependence of ABsq is well described by
Eq. (2), assuming Asgro(7') to be

_
M)y =2\ 1 — = )
(-%)
for the case of A(T) > &y near T, [48]. Here Ap indicates
the London penetration depth, and & indicates the coherence
length. The thick solid curve in Fig. 4 indicates the period
estimated from Eq. (2) using Eq. (4), in which T for Sr,RuQO4
is chosen to be 1.5 K. This curve fits well our data with a
fitting parameter Ap, of 0.43 pum.

Below 0.50 K, however, one can see an abrupt increase
of ABsq. The increase of the period indicates a decrease of
the effective SQUID-loop area A.¢. When the Ru inclusion
undergoes a superconducting transition, the Meissner screen-
ing in the superconducting Ru area leads to a decrease of
Acgr. Since the temperature dependence of Asro(7) is weak
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FIG. 6. Possible supercurrent paths in the device in the different
temperature ranges corresponding to «, 8, and y indicated in Fig. 5.
In o, the SQUID loop consists of S/N/S junctions shown by black
crosses. In B, there are two possible supercurrent paths: 8, where
the SQUID loop contains a superconducting Ru path and . is
limited by the Nb/Ru junctions (black crosses), rather than the
Ru/Sr,RuOy (SRO) junction (red cross), and $,, where the current
path is essentially the same as in « but the SQUID loop consists of
S/S/S junctions shown by black crosses. In y, the SQUID loop is
essentially the same as in f;, but [, is limited by the Ru/SRO junction
(black cross).

at sufficiently low temperatures, it is expected that Asro(7)
in Eq. (2) is replaced by a penetration depth of Ru Ag,(7")
[Fig. 1(b)]. Therefore the effective loop area is expressed
by AL (T) ~ wldnb/2 + dsioz + Aru(T)]. The dotted curve in
Fig. 4 indicates the period estimated from the form A(T") /A, =
[1 — (T/T.)*1~'/? by the London theory in which Ay and T for
Ru are assumed to be ~0.1um and 0.50 K, respectively. The
thin solid curve shows the period estimated by Eq. (4). This
expression seems to be a better fit to our data. Although the
penetration depth of the Ru inclusion might not be completely
described by the London theory, these results confirm that
the observed abrupt increase of A Bgq indicates the reduction
of the effective SQUID-loop area due to the superconducting
transition of the Ru inclusion at 7** = 0.50 K.

Below TR, a superconducting path through the Ru inclu-
sion newly appears, and a supercurrent flows through the whole
Ru inclusion; that is, the SQUID structure changes from «
to B; in Fig. 6. Strictly speaking, the amplitude of the pair
function of the superconducting Ru y¥R" is still weak just
below TCRu = 0.50 K, and hence the device might maintain the
supercurrent path «, i.e., a Nb/Ru/Sr,RuOy (S/S/S) SQUID (8,
in Fig. 6), even below TR" [41]. In this case, as ¥ }" is gradually
enhanced with decreasing temperature, the transition from path
B2 to path B occurs at a temperature somewhat below TRY.

The maximum Josephson current /. gradually increases
with decreasing temperature down to 7.R%, as seen in Fig. 5(a).
This increase is attributable to a temperature dependence of
the superconducting gap of Sr,RuQy at the junction. Although
I does not exhibit any abrupt increase below TRY, it clearly
shows an excess increase. This indicates reinforcement of a
coupling of proximity-induced pair functions at the junction.

PHYSICAL REVIEW B 94, 054501 (2016)

Below TCR“, circuit B; or B, in Fig. 6 is formed. In the case of §,
the circuit consists of a series circuit with a superconducting
ring with Nb/Ru junctions and a single Ru/Sr,RuQy4 junction.
In this case, between two relevant critical currents, /. of the
Nb/Ru junctions (SQUID) and /. of the Ru/Sr,RuQy junction,
the smaller one is what is observed. Figure 3 shows that
the SQUID maintains its periodic modulation of I, even just
below TRY. Therefore it is the Nb/Ru SQUID junctions which
limit the circuit /. at this temperature range. On the other
hand, in the case of B,, the device maintains the SQUID
with Nb/Ru/Sr,RuQy4 (S/S/S) junctions, consistent with the
present results. In any case, creation of the Cooper pairs of a
Ru superconducting state reinforces a coupling with the pair
function of the superconducting Nb or Sr,RuQy at the junction,
resulting in the excess increase of Ic+ in Fig. 5(a).

In addition to the shift of the SQUID zero peak shown in
Figs. 2 and 3, the underlining Fraunhofer pattern also shows
a peak shift By. Here the Fraunhofer zero-peak shift By is
deduced from the envelope of the oscillating I.(H) [Fig. 2(a)].
Down to 0.60 K, By shifts in the negative direction with
decreasing temperature, as seen in Fig. 5(b) [49]. By is almost
symmetric between I and I, indicating the magnetic flux
induced by the bias current affects the field shift. This self-field
shift depends on the self-inductance per unit area /g of the
device and the maximum Josephson current [ , i.e., By = /..
The solid curve in Fig. 5(b) shows the self-field shifts estimated
from I in Fig. 5(a), assuming [ is constant at 0.02 H/m?,
which is obtained from By/I; at 0.8 K. The experimental
data By at high temperatures are in good agreement with
the estimated values; however, the magnitude of B, decreases
below around TCR“, deviating from the estimated values. This
indicates that /g decreases with decreasing temperature. It is
possible that, at temperatures from 0.50 down to 0.40 K, the
current path through the device gradually changes from g, to
B in Fig. 6, depending on temperature.

C. Collapse of the SQUID pattern below 0.40 K

The second transition is unexpectedly observed at 0.40 K,
below which the temperature dependence of I. changes
quantitatively, as seen in Fig. 5(a). Concurrently, the SQUID
interference pattern starts to collapse along with large shifts of
the zero-peak By, which is clear in Fig. 3. It is surprising that
the sign of By reverses at 0.40 K, and its magnitude below 0.40
K depends on the cooling cycle, as seen in Fig. 5(b); when the
device was warmed up to above TR" and then cooled again, the
magnitude of By was not always reproducible. Such anomalous
characteristics were not observed for the previous SQUID with
two junctions connected to two different Ru inclusions [39,40].

The anomalous increase of By suggests the presence of
magnetic fluxes in the junction at zero field, such as a vortex
trapped in defects or impurities in a superconductor [50]
or a flux induced by a bias current due to the asymmetric
structure of the device [48]. Our results revealed no significant
hysteresis, as shown in Fig. 7, and the zero-peak shift By is
almost symmetric between I and I, as seen in the inset of
Fig. 7. These characteristics are not consistent with those due
to a trapped vortex. The By symmetry indicates that the large
By observed below 0.40 K is caused by self-induced magnetic
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FIG. 7. Modulation of I;" with up and down sweeps of external
magnetic field at 0.35 K. The inset indicates the up-sweep data of
It and I . Vertical solid lines show the field value at the Fraunhofer
zero peak. The shifts in the zero peaks are in the symmetric positions.

fluxes. The supercurrent path through the device appears to
change substantially below 0.40 K.

The change in I, vs T and the collapse of the SQUID
pattern suggest substantial a change in the junction property.
If the SQUID junctions still contain Sr,RuOj4 at 0.40 K, like
B> in Fig. 6, it is possible that the collapse of the SQUID
pattern could be attributed to a chiral p-wave state k, + ik,
of Sr;RuQy. If higher-order terms in Eq. (3) become more
dominant with decreasing temperature, such a change in the
current-phase relation at the junction might lead to a reduction
of the modulation amplitude in the I, vs uoH characteristics.
This scenario supports the unconventional superconductivity
of Sr,RuO,4. However, it cannot explain the change in the
supercurrent path to the extent that the magnitude of By
rapidly increases along with its sign change below 0.40 K,
as in Fig. 5(b).

If the supercurrent path g in Fig. 6 is formed at 0.40 K,
there is no contribution of the superconductivity of Sr,RuOj to
the collapse of the SQUID pattern. In this case, the collapse of
the SQUID pattern suggests that it is I of a single Ru/Sr,RuQO4
junction that is observed below 0.40 K. It is plausible that as
the amplitude of the pair function of Ru ¥RV is enhanced with
decreasing temperature, /. of Nb/Ru junctions becomes strong
enough to exceed that of the single Ru/Sr,RuQ; junction; as
for the latter, the rate of increase in /. is expected to be small
because of the phase mismatch between s- and chiral p-wave
states. Thus the SQUID structure collapses as it changes from
B1 to y in Fig. 6. In y, the superconductivity of Sr,RuO4
(especially a topological junction) is expected to influence the
junction property.

The poor reproducibility of By in Fig. 5(b) implies
the presence of multiple metastable current paths. Similar
behavior in I, was observed in the previous measurements
at temperatures higher than TCRu [15]. Anwar et al. [15] have
discussed the influence of the motion of chiral-domain-walls
pinned at the Ru/Sr,RuQy, interface. In our device, however,
we did not obtain remarkable evidence of the domain-wall
motion such as telegraphic noise in I, or hysteresis in the I vs
o H characteristics. This fact implies a different mechanism.
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We note in Fig. 5 that with decreasing temperature below
0.40 K, the self-field at the junction By continues to increase
rapidly, although I. does not change substantially. We also
note that the value of By shows poor reproducibility among
different cooling cycles. Such unusual behavior is ascribable
to the phase competition between the s-wave Ru and chiral
p-wave SroRuQy in the path y in Fig. 6. In our device, there
is a phase winding of Sr,RuO4 around the Ru inclusion,
which leads to frustration with the superconducting phase
of the Ru. As the pair amplitude in the Ru gets stronger
with decreasing temperature, the phase competition forces
the supercurrent to flow in a different path, avoiding chiral
domains and maximizing the critical current. Such a scenario
can explain the unusual temperature evolution as well as
poor reproducibility in By. Recent studies [34-36] show that
the increase in the s-wave pair amplitude with decreasing
temperature strengthens the Josephson coupling with p-wave
states, resulting in the asymmetric spontaneous supercurrent
profile at the Ru/Sr,RuQy interface. It is possible that such
a gradual change in the supercurrent profile induces the
magnetic fluxes leading to the large self-field shift in 1. vs
o H characteristics as in Fig. 5(b).

A spontaneous supercurrent induced by the phase mismatch
of s- and p-wave states at the Ru/Sr,RuQ; interface possibly
leads to a vortex nucleation in Ru [34]. However, our present
results show the absence of the vortex and only self-induced
fluxes, as can be seen from Fig. 7. Different from the theoretical
model [34], the Ru inclusion does not thread through the
crystal in our device, and conceivably, the generation of a
vortex in a Ru inclusion may not be energetically favorable.
It is necessary to devise a simpler SQUID to investigate a
spontaneous vortex nucleation. We have a technique to fabri-
cate a Sr,RuO,4 microsample using a focused ion beam and a
magnetization measurement device using a micro de-SQUID
[51-53]. It is useful to detect the magnetic flux induced by a
spontaneous vortex nucleation in a Ru inclusion of a eutectic
crystal.

Although we discussed the mechanism of the anomalous
interference based on the chiral p-wave symmetry of Sr,RuQy,
the possibility of helical p-wave symmetry has also been
pointed out as an alternative candidate recently [18]. Further
experimental and theoretical approaches are required to clarify
whether or not helical p-wave symmetry could also describe
our present results.

IV. CONCLUSION

We fabricated a de-SQUID with Nb/Ru/Sr,RuQy junctions
on one Ru inclusion of a Sr,RuO4-Ru eutectic crystal and
investigated its magnetic interference patterns down to 0.3 K.
The superconducting transition of the Ru inclusion and the
balance of the proximity-induced superconductivity of each
superconductor at the junction cause two transitions in the
interference patterns due to evolution of the supercurrent path.
At T > 0.50 K, the S/N/S-junction SQUID (« in Fig. 6) is
realized, while at T < 0.40 K, path y in Fig. 6 is formed.
From 0.50 down to 0.40 K, it is possible that the path
gradually changes from B, to B;. The Ru/Sr,RuQO, single
topological junction is formed at 7 < 0.40 K, and phase
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competition between the chiral superconductivity of Sr,RuQO4
and the s-wave superconductivity of Ru causes a change
in supercurrent profiles at the Ru/Sr,RuQ, interface. This
scenario provides a good interpretation of the collapse of
the SQUID patterns with large phase shifts of the Fraunhofer
patterns. Although there does not appear to be direct evidence
of spontaneous vortex nucleation due to the phase competition,
these experimental results support chiral superconductivity
of Sr,RuO4. A SQUID is a very efficient tool to investigate
unconventional superconductivity.
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