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7.1. GENERAL INTRODUCTION

T
HE OXIDE Sr2RuO4 stands out among the unconventional superconductors

as one of the very few materials with spin-triplet pairing and broken time-

reversal symmetry [1, 2]. The tetragonal crystal structure allows five unitary

representations for a p-wave pairing symmetry [1, 3]. One of these is the chiral order

parameter, of the form px ±i py , which is strongly suggested by muon spin relaxation

[4] and high-resolution polar Kerr effect measurements [5] (see Section 2.2.3).This

equal-spin pairing state is attracting renewed attention due to the possibility that it

can host Majorana bound states, which in turn are of interest for topological quan-

tum computing [6–8]. A key property of the chiral state is its double degeneracy in

the orbital degree of freedom, with important consequences such as the emergence

of domains of different chirality and the existence of an edge current.

The major hurdle plaguing our understanding of Sr2RuO4 is that, although the chiral

state seems probable, domains or edges currents have not been observed directly [9].

Indications for their existence however have been found in transport experiments,

which utilize Ru inclusions to form proximity junctions between Sr2RuO4 and a con-

ventional s-wave superconductor (see Figure 7.1a-c). These systems exhibit highly

unconventional transport properties, which have been attributed to the presence of

chiral domains [10, 11]. Typical examples of this are presented in Figure 7.1. A com-

plication in the physics of Sr2RuO4 is that, by lifting the tetragonal crystal symmetry,

the Ru inclusions, or uniaxial strain in general, can induce a different superconduct-

ing state [12, 13] with an enhanced Tc ≈ 3 K. Recent studies suggest that this “ex-

trinsic” phase (also known as the 3 K-phase) may have an even-parity order param-

eter, and is most likely non-chiral (i.e. single-component)1 [14, 15]. The exact pair-

ing symmetry of this state is yet to be determined, however, this means that trans-

port experiments have so far been conducted on hybrids of S-Ru-Sr2RuO4(extrinsic)-

Sr2RuO4(intrinsic)-Sr2RuO4(extrinsic)-Ru-S. While such hybrids are fascinating on

their own merits, their capacity to directly inform us on the unspoiled chiral phase is

limited.

More importantly, the vast majority of studies of the past two decades have been

limited to bulk Sr2RuO4 crystals, typically hundreds of microns in dimension. This

is mainly due to the absence of thin superconducting Sr2RuO4 films. The domains,

however, are expected to be no more than a few microns in size, and to have an ar-

bitrary arrangement (presumably pinned by random defects in the lattice) [16, 17].

Moreover, the time-dependent “telegraph noise” which is in observed in transport

measurements suggests the domains are mobile [10, 11].

1In this chapter we refer to the superconducting phase at 1.5 K, which corresponds to the multi-
component (i.e. chiral) order parameter proposed for pure Sr2RuO4 as intrinsic, and the possible single-
component phase, characterized by a broad transition at T ≈ 3 K (strain-induced), as extrinsic.
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Figure 7.1: Examples from previous transport experiments. a Ru inclusions, used for making electrical
contact with Sr2RuO4. b a typical Sr2RuO4 crystal used in transport experiments. The dimensions are of
the order of a few millimeters. c schematic of a Sr2RuO4 proximity junction. d multistage R(T ) transitions,
typical for Sr2RuO4 proximity junctions. The characteristic feature of these systems is the broad transi-
tion observed around 2.5-3 K, corresponding to the extrinsic phase that forms around Ru inclusions. e,f
switching of voltage. The “telegraphic noise” appears under a d.c. current bias, and has been attributed to
current-excited chiral domain wall (ChDW) motion (a-f reproduced from Ref. [10]). g example of a hys-
teretic interference pattern, suggesting field-induced ChDW motion. h-i change of interference pattern
in the same device at different thermal cycles, suggesting the reconfiguration of ChDWs (g-i reproduced
from Ref. [11]).
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The stochastic arrangement of the domains, combined with the unavoidable pres-

ence of an extrinsic phase (around the Ru contacts), introduce an inherent uncer-

tainty in the analysis of such experiments. This also means that theoretical calcula-

tions cannot predict a unique outcome for a given transport measurement. We avoid

these restrictions by implementing a new approach to directly probe nanostructured

Sr2RuO4 crystals with a homogenous phase, that can be either extrinsic or intrinsic.

This enables us to examine each phase separately (in different samples), and com-

pare their behaviour. We show that the use of high-quality nanostructures, com-

bined with time-dependent Ginzburg-Landau (TDGL) simulations, provides a pow-

erful tool for the study chiral of superconductivity in a controllable manner, where

theoretical predictions can be directly verified by transport experiments.

7.2. INTRODUCTION

Mesoscopic structures of a chiral p-wave superconductor are expected to host mul-

tichiral states [18], where the two px ± i py chiral components of the order parame-

ter segregate into domains, separated by a chiral domain wall (ChDW). On the other

hand, the energy cost associated with a ChDW grows per area [17]. This makes meso-

scopic structures a promising platform to verify, and potentially control the domains.

Another remarkable aspect of a ChDW is that it can act as a Josephson junction [17]

by locally suppressing the condensate between the two chiral states, as shown in Fig-

ure 7.2. What makes this particularly significant is that, depending on its orientation

relative to the transport direction, a ChDW junction could have a nontrivial Joseph-

son phase φ, where 0 <φ<π [17].

Here we present the results of transport measurements on mesoscopic rings of

Sr2RuO4, prepared by focused ion beam (FIB) milling of single crystals. Homoge-

neous structures with an intrinsic phase, characterized by a sharp transition at 1.5 K,

show a distinct critical current oscillation—similar to that of the classical dc su-

perconducting quantum interference device (SQUID), with two artificially prepared

Josephson junctions. Despite the absence of conventional weak links, the oscilla-

tions persist over a surprisingly wide temperature range (well below Tc) while main-

taining their overall shape. Interestingly, this behavior is entirely absent in structures

that are in the extrinsic phase. These systems behave as standard superconducting

loops: they exhibit conventional Tc oscillations (i.e. Little-Parks) which can only be

observed near the transition [19]. We also present data from calculations of possi-

ble chiral configurations in the ground state of a p-wave superconducting ring, us-

ing the Ginzburg-Landau formalism. Experiments and calculations together make

a convincing case for two chiral domain walls being present in the two arms of the

ring, leading to the observed SQUID-like behavior.
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Figure 7.2: Schematic of a chiral domain wall. Ψ− and Ψ+ correspond to the chiral states px − i py and
px + i py , which meet at the ChDW. A Josephson junction is formed as the two chiral components overlap
over a finite distance L ∝ ξ, and induce a local suppression of the superconducting condensate. The
colour wheels represent the orbital phase of each chiral component.
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Figure 7.3: Falsed-color scanning electron microscope image of the ring yy146. a blue and yellow, re-
spectively, represent the Sr2RuO4 crystal and the silver epoxy used for making electrical contact. The ring
is connected to four transport leads, and is sculpted out of a 0.7 µm thick crystal by a Ga+ focused ion
beam. The surface of the crystal is protected by a 100 nm SiOx layer. b, close-up of the ring. The outer
radius is 1.1 µm, and the inner radius is at least 0.2 µm. The dark and yellow scale bars correspond to
2 µ m and 1 µ m, respectively.

7.3. RESULTS

7.3.1. BASIC TRANSPORT PROPERTIES

Single crystals of Sr2RuO4 were grown with the floating zone method [20] and struc-

tured into microrings using Ga-based FIB etching. Figure 7.3 show scanning electron

microscope (SEM) images of such a ring (called yy146), with an inner radius rin of

200 nm (minimum), an outer radius rout of 550 nm, and a thickness of 700 nm.

The temperature-dependent resistance R(T ) of this ring, presented in Figure 7.4 a,

shows a rather sharp superconducting transition.The high quality of the sample is
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Figure 7.4: Basic transport properties of sample yy146. a resistance as a function of temperature R(T)
measured with different d.c. currents. The insets show R(T) in a wider temperature range. The ratio
of residual resistivity (RRR) is 238. b current-voltage (I −V ) characteristics for the temperature range
between 2 K and 0.4 K, measured in steps of 0.1 K. The colours green, blue and red correspond to voltages
V <−0.1 µV, −0.1 µV <V < 0.1 µV and 0.1 µV <V , respectively. The curves are offset from each other for
clarity. At each temperature, the curve consists of multiple I −V traces, measured while sweeping the d.c.
bias in both directions as 0 → I+ → I− → I+ in repeated scans.

evident by its particularly high residual resistivity ratio (RRR = 238). Comparing Fig-

ure 7.4 a with the R(T ) measured before structuring the crystal, we find that the ring

maintains the same superconducting transition as the initial crystal (see Supplemen-

tary Figure 7.S1). We find no discernible changes in the overall transport properties

of the material, as might have been introduced by microstructuring the crystal. A set

of current-voltage (I −V ) characteristics, taken at different temperatures, is shown

in Figure 7.4 b. The critical current Ic develops around 1.7 K, and begins to saturate

below 0.8 K. We find the hysteresis in I −V around Ic to remain negligibly small, even

at temperatures far below Tc.

7.3.2. INSIGHTS FROM ORDER PARAMETER SIMULATIONS

Before presenting the results of transport measurements in a magnetic field, we ex-

amine the expected chiral-domain configuration in our structure. This is accom-

plished by performing detailed time-dependent Ginzburg-Landau simulations, un-

der the assumption of a chiral p-wave order parameter, for microrings with nanos-

tructured transport leads (similar to the one used in our experiments). The simula-

tions show that the ring can host single- or a multi-chiral domain states, depending

on the parameters rin/ξ and rout/ξ, which correspond to the inner and outer radius

of the ring, scaled by the (temperature-dependent) coherence length ξ.

In Figure 7.5 we present the key aspects of the simulations related to our particular

structure. However, the complete phase diagram of various ground states was also
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Figure 7.5: Ground state configurations of a chiral p-wave ring with nanostructured transport leads. The
colourmap represents the Cooper pair density. The bottom panels shows the Cooper pair density for each
chiral component separately. a,b simulated ground states in the absence of external fields, at tempera-
tures T ¿ Tc and T ≈ Tc, respectively. a corresponds to a state where the two chiral components are seg-
regated by a single domain wall, while for b the chiral components are overlapping with each other, and are
equally suppressed. c shows the behaviour of the chiral domain state in a under an applied out-of-plane
magnetic field. In all three states the ring hosts a multi-domain configuration, where the suppression of
the condensate results in the formation of a pair of parallel weak links, similar to a DC SQUID.

calculated as a function (rin/ξ,rout/ξ). Figure 7.5a shows the simulated ground state

of our ring for T ¿ Tc, obtained by setting rin/ξ ≈ 2.2 and rout/ξ ≈ 6.1, while set-

ting ξ(T = 0) ≈ 66 nm. This shows two distinct chiral domains, separated by a single

ChDW in each arm of the ring. The ChDW extends over a length of the order of ξ.

Within this region, the order parameter is reduced to about half of its amplitude in

the banks, resulting in the formation of two parallel Josephson weak links.

The chiral states in the other temperature limit, where for T ∼ Tc is presented in Fig-

ure 7.5 b. This corresponds to a state where ξ(T ) ∼ w , where w = rout − rin. We see

that the order parameter is suppressed over a significantly larger portion of the arms.

While this may appear as an extended ChDW, it corresponds to a different state,

which should be described as one of overlapping chiral domains. Intuitively, one

can picture this as a mixed state, where the two chiral components are both present

and equally suppressed over the entire ring. As they overlap with each other, their

amplitudes are reduced to about a third of the original value in the transport leads.

However, from the physics point of view, the suppression of |Ψ| still produces a pair

of stable weak links.

Figure 7.5 c shows the T ¿ Tc state in presence of a finite magnetic field applied

along the ring axis (Φ= 2.4Φ0). Pinned by the restricted dimensions, the ChDWs re-

main in the arms of the ring, though their positions are shifted away from the middle.

This is because, depending on its direction, the applied field enlarges one chiral do-

main over the other. Nevertheless, the simulations show that a multi-domain state
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with parallel weak links, formed by ChDWs, is stable in our ring while performing

field-dependent measurements, to which we now turn.

7.3.3. CRITICAL CURRENT OSCILLATIONS

We examined the supercurrent interference properties of the ring by applying an

out-of-plane magnetic field Hz . Figure 7.6 presents the Ic measured for positive I+c
and negative I+c currents, at two different temperatures — representing T ∼ Tc and

T ¿ Tc regimes. For both temperatures we observe distinct critical current oscilla-

tions, with the period corresponding to fluxoid quantization over the ring area. This

distinct pattern strongly resembles that of the classical dc SQUID with two artificially

prepared weak links. Figure 7.6 also shows −I−c (−H) overlaid on its time-reversed

counterpart +I+c (+H) for comparison.
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Figure 7.6: Critical current as a function of magnetic field for positive (I+c ) and negative (I−c ) d.c. bias
measured at 0.78 K (T = 0.45 Tc) (a), and 1.5 K (T = 0.85 Tc) (b). −I−c (−H) represents the time-reversed
counterpart of I+c (+H).

To demonstrate the robustness of the SQUID behaviour, in Figure 7.6 we plot the

magnetoresistance signal, produced by the Ic oscillations over a wide range of tem-
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peratures. These are measured by applying a constant d.c bias while sweeping the

field. As the magnitude of Ic(Hz ) oscillates between Ic < I and Ic > I , the system is

driven out and back into the zero-voltage regime of the I −V curve. This produces

nonlinear variations in voltage, which we measure for +I and −I biases. We repre-

sent this as resistance, using the definition R = [V (I )−V (−I )]/2I .
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Figure 7.7: Magnetotransport over a wide range of temperatures. Non-linear variations in voltage, driven
by (SQUID) Ic oscillations, result in a periodic large-amplitude magnetoresistance signal R(H) (a,b) which
appears with the onset of the transition, and continues to be present at temperatures far below Tc. The
temperature steps are ≈ 50 mK, and the R(H) traces are offset from each other for clarity. c,d show how
the magnetovoltage from I± is converted to R(H).

Figure 7.7a,b show the results collected over a broad range of temperatures. These

reveal that the SQUID oscillations emerge together with Ic at the onset of the tran-

sition, and continue to be present for all T < Tc. In Figure 7.7c we account for the

shape of R(H), where in some cases the peaks can appear to be split or broadened.

This is due to a slight difference in the values of I±c , which causes the peaks in V (±I )

to appear asymmetrically.

The magnetovoltage signal and field-dependent I − V measurements are crucial

for resolving an issue regarding previous reports of unconventional behaviour of

Sr2RuO4 rings. Cai et al. have consistently observed magnetoresistance oscillations

with unexpectedly large amplitude [21, 22]. Their reported magnetoresistance oscil-
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lations are also stable over a wide range of temperatures, reaching far below Tc (see

Figure 3a in Ref. [21]). As Figure 7.7 demonstrates however, if the magnetovoltage

signal is divided by a constant dc bias, it produces the same type of magnetoresis-

tance as the ones reported by Cai et al. . Hence, what appears as large-amplitude

magnetoresistance is in fact the nonlinear variation of voltage, driven by an oscillat-

ing critical current.

7.3.4. RINGS WITH AN EXTRINSIC PHASE & TC OSCILLATIONS

To verify that the observed behaviour is an inherent property of the intrinsic phase of

Sr2RuO4, and a multicomponent order parameter, we examined a number of struc-

tures with a full or partial extrinsic phase. These are characterised by a noticeably

broader transition, which begins near 3 K (see Figure 7.8a). We recently reported ob-

servations of Little-Parks (LP) oscillations in such structures [19], and here we show

that those are of a completely different character than the Ic oscillations found in the

a pure (bulk-like) intrinsic phase.
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Figure 7.8: Comparing resistance transitions for the extrinsic & intrinsic phases of Sr2RuO4. a resistance
transitions in sample yy150. The R(T ) curve is divided into two separate regimes. i corresponds to the
superconducting transition in the loop itself, and also indicates the region where the Little-Parks oscilla-
tions are observed. ii shows the transition in the transport leads. The leads have a sharp transition around
1.5 K, which is associated with the intrinsic phase of Sr2RuO4. The ring itself however, exhibits a broad
transition with an onset at 2.6 K. This is a clear characteristic of the extrinsic phase, which appears under
uniaxial strain (e.g. see 7.1 d). b R(T ) measurements from sample yy146, shown here for comparison. The
bulk-like transition corresponds to a structure with a homogenous intrinsic phase.

In particular, we compare the above data (taken from sample yy146) with those of

a second ring called yy150. This ring was also fabricated from a bulk crystal with

a Tc of 1.5 K. After structuring however, the ring was found to have an enhanced

Tc, where the transition already starts at 2.6 K. As indicated in Figure 7.8a, the ring

itself is predominantly in the extrinsic phase, which was most likely introduced by

the fabrication process (probably due to a strain induced by FIB milling). Compared
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Figure 7.9: Simulated magnetoresistance for Tc oscillations. (a) sample yy146. The measurements signal
is dominated by a large-amplitude magnetovoltage, driven by the (SQUID) Ic oscillations. (b) sample
yy150. The absence of SQUID oscillations in a system with a dominant extrinsic phase allows us to observe
the small-amplitude magnetoresistance signal produced by the Φ0-periodic oscillations in Tc. The loop
exhibits standard behaviour, and the oscillations can be modelled by the conventional Little-Parks effect.

to yy146 (RRR= 238), this ring has a smaller ratio of residual resistance RRR = 129.

Nevertheless, the high RRR value still indicates strong and homogeneous metallicity.

In Figure 7.9, we show the R(Hz ) measurements for both rings, taken at temperatures

within the resistive transition. In both rings we find fluxoid-periodic oscillations,

which we compare with those simulated for the LP effect. This serves as a reference

for the standard behaviour of a homogenous superconducting loop. The LP effect

refers to the Φ0-periodic suppression of Tc, which appears as a small magnetore-

sistance oscillation for measurements taken at the resistive transition of a supercon-

ducting loop [23]. The change of the transition temperature due to the LP oscillations

is given by [24]:

Tc(Bz )−Tc(0)

Tc(0)
=

(πξ(0)wBzp
3Φ0

)2
− ξ2(0)

rinrout

(
n − πrinroutBzπ

Φ0

)2
(7.1)

where ξ(0) is the coherence length at 0 K, n is an integer, rin and rout are the inner

and outer radii of the ring, and w = rout − rin is the width. The first term of Equation

7.1 represents the effect of the Meissner shielding, and the second term represents

the effect of the fluxoid quantization. To convert the change of the transition tem-

perature to the resistance variation, we assume that the R(T ) curve does not change

its shape under magnetic field and shifts horizontally by∆Tc = Tc(0)−Tc(Bz ). The

simulations in Figure 7.9 were obtained using ξ(0) = 66 nm as the coherence length

of Sr2RuO4, and 2rin = 0.55 µm, 2rout = 1.1 µm for sample yy146, and 2rin = 0.7 µm,

2rout = 1 µm for yy150.

For sample yy150, both the period and the amplitude of the oscillations agree with
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those of the simulation. It is therefore clear that the oscillations are the result of stan-

dard the LP effect, and are driven by Tc oscillations. In contrast, for sample yy146, the

amplitude of the observed R(H) oscillations is substantially larger than what Tc vari-

ations can produce. This is because the oscillations in yy146 are driven by Ic(H).

As shown in Figure 7.7, the Ic oscillations produce non-linear variations in voltage,

which heavily dominate the signal resulting from Tc oscillations. Note that the LP

oscillations correspond to a linear I −V relation, whose slope gently attenuates by

fluxoid quantization, resulting in a small variation of (ohmic) resistance.

The contrast in the behavior of the two systems can be demonstrated more directly

by comparing their I −V characteristics at low temperatures. These are presented

in Figure 7.10 in the form of I −V traces, and their first derivatives. Unlike sample

yy146, the critical current oscillations are completely absent in yy150, the ring which

showed standard LP oscillations. We found this behavior to be common for all the

systems with a dominant extrinsic phase that were measured (see Supplementary

Figure 7.S2). While these systems vary in shape and dimensions, they consistently

showed standard Tc variations, which could only appear in the R(H) measured at

T ≈ Tc, but no sign of SQUID oscillations at any temperature.
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Figure 7.10: I −V characteristics as a function of magnetic field: extrinsic vs. intrinsic phases. a,b I −V
traces measured while scanning µ0Hz in steps of 0.1 mT at T ≈ 0.45 Tc for samples yy146 and yy150. a
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obtained from the I −V traces in a,b, demonstrating the contrast between the intrinsic and the extrin-
sic phase, corresponding to yy146 and yy150, respectively. c (d) shows the presence (absence) of the Ic
oscillations in the intrinsic (extrinsic) phase found in yy146 (yy150).
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7.3.5. ANOMALOUS CURRENT-VOLTAGE & IN-PLANE FIELDS

Figure 7.11a shows the anomalous I −V characteristic of sample yy146, which oc-

curs at 0.78 K for µ0Hz = 2 mT, where we observe a clear asymmetry with respect

to the applied current bias. While voltage variations show standard behaviour for

positive bias, the I −V traces split into two separate paths depending on the sweep

direction of negative bias. This results in an unusual hysteresis, where the −I (V =
0) →−I (V 6= 0) transition occurs at smaller currents than it does when sweeping I as

−I (V 6= 0) →−I (V = 0), which is a clear contradiction to the standard I −V hystere-

sis. This unusual I −V characteristic appears to be of a similar nature as the ones re-

ported for the so-called ϕ-junction, where the Josephson energy has a bistable zero-

voltage state with phases +ϕ and −ϕ, where 0 < ϕ < π [25, 26]. A similar scenario

can occur at the ChDW, depending on the relative configuration of the domains [17].

This is described in Section 7.4.2.

The unconventional I −V characteristics can be enhanced by applying rather small

in-plane fields (Hab < 3%Hc1). Figure 7.12 shows sets of I −V traces taken while

scanning the out-of-plane field. Prior to each set of measurement, the sample was

cooled through Tc under a constant in-plane field in the x-direction. While the pe-

riod and amplitude of the original Ic(Hz ) pattern (responsible for the SQUID behav-

ior) remains mostly intact, the in-plane field introduces a series of unusual non-zero

voltage states which occur at I < Ic. Unlike the previous reports of unconventional

I −V characteristics in (s-wave) superconductor-Sr2RuO4 hybrids (e.g. see Figure 7.1

e), the observed voltage anomalies are highly robust and stable. For a given combi-
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Figure 7.11: Anomalous I −V characteristic in the absence of external in-plane fields. a, asymmetric step-
like feature observed at µ0Hz = 2 mT. Inset is the close up of the voltage transitions that occur at negative
bias, with red and blue arrows indicating forward and reverse sweep directions of the applied current,
respectively. The I −V curve is measured by scanning I as 0 → I+ → I− → I+ → I− in two cycles. As
shown here, the anomaly is highly stable and reproducible in repeated measurements. b shows individual
I −V curves taken over a wide range of out-of-plane fields, in steps of 0.1 mT. A indicates the region where
the I −V anomaly is observed.
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A

A
A A

BB

a b c

Figure 7.12: Anomalous I −V characteristics & their relation with in-plane fields. Prior to each set of Hz
scan, the sample is heated to its normal state and then cooled down to 0.78 K under a constant magnetic
field, applied in x-direction. a, b and c correspond to field cooled measurements with µ0Hx = 0.5 mT,
1 mT and −1 mT, respectively. The I −V anomalies appear in two different forms, which are labelled as
A and B. A appears at I ≈ Ic, and is more pronounced near the minima of the interference pattern. B
takes place on the opposite side of the I −V curve, where there are no features near the Ic(Hz ) minima.
These are isolated non-zero voltage peaks, which appear deep within the zero-voltage regime I < Ic. The
anomalies show a direct relation with the sign and amplitude of Hx . As shown in c, switching the polarity
of Hx reverses the order in which A and B appear.

nation of Hx and Hz , the same I −V trace could be reproduced in multiple cooling

cycles, with no discernable changes in the size or position of the voltage anomalies.

The anomalies also exhibit a direct relation with the sign and amplitude of the ex-

ternal in-plane field. For instance, at µ0Hx = 0,0.5 mT and 1 mT (Figures 7.11b &

7.12 a,b) the distortion of I −V is highest near the Ic minima for I < 0 (labelled as A),

while the anomalies remain minimal for I+ (labelled as B). Remarkably, we find this

asymmetric trend to be fully reversible by switching the sign of the in-plane field, as

shown in Figure 7.11 for µ0Hx =−1 mT.

The asymmetric interference patterns also indicate the breaking of time-reversal

symmetry (TRS), as the condition I+c (+Hz ) = I−c (−Hz ) is violated. We attribute this to

the asymmetric orientation of the domains, which could induce an arbitrary phase

difference across the ChDW. As for the role of in-plane fields, there are a number of

possibilities related to spin polarization. These are discussed in Section 7.4.2.
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7.4. DISCUSSION

7.4.1. MECHANISMS FOR OSCILLATORY IC(H)

Before adopting ChDWs as the origin of the observed Ic oscillations, we consider

other known mechanisms for such oscillations. In a homogenous loop, Ic can be

modulated by the circulating persistent current Ip, which varies linearly with flux,

and switches its direction everyΦ0/2. This mostly results in a sawtooth-like modula-

tion of Ic [27], which cannot account for the non-linear form of the patterns shown in

Figure 7.6. Furthermore, the magnitude of Ip is inversely proportional to the kinetic

inductance Lk , which depends on the penetration depth Lk ∝ λ2(T ). If the oscil-

lations were driven by circulating currents, the amplitude of ∆Ic would grow larger

by lowering the temperature, since ∆Ic ∝ Ip ∝ 1/λ2(T ) [27]. In contrast, Figure 7.6

shows that ∆Ic ≈ 12µA for both temperatures.

As we noted above, the large magnetoresistance found by Cai et al. in their Sr2RuO4

rings is also a form of Ic oscillation, which they attributed to current-excited vortices

moving across the ring [21, 22]. Vortex motion can indeed result in magnetoresis-

tance oscillations with considerably larger amplitude. However, as demonstrated by

Berdiyorov et al. [28], the large-amplitude oscillations only occur over a finite tem-

perature range. While increasing the measurement current could shift the oscilla-

tions to lower temperatures than Little-Parks, the range for large-amplitude oscilla-

tions remains relatively narrow, usually no more than 5% below Tc (e.g. see Figure 5b

of Ref. [28] and Figure 2 of Ref. [29]). In contrast, the Sr2RuO4 rings with the intrin-

sic 1.5 K phase (including the ones reported by Cai et al. ) consistently yield a large

magnetoresistance signal for all T < Tc (see Figure 7.7 and Figure 3a in Ref. [21]).

The observed Ic oscillations can be understood in terms of the quantum interference

of macroscopic wavefunctions. With the exception of homogenous loops whose

dimensions are smaller than ξ(T ) [30] (i.e. not applicable here since r / 4ξ(T ) at

T = 0.78 K, such interference would require a pair of parallel Josephson junctions.

These correspond to well-defined weak links where (at least) two macroscopic wave-

functions can overlap, and yield a single-valued current-phase relation (CPR). Weak

links can be intrinsic to the material (e.g. cuprates, grain boundaries) or artificially

prepared (e.g. bridges, proximity effect in SNS and SIS junctions). In either case,

the suppression of the order parameter must be stable enough to produce a single-

valued CPR [31]. We also note that the junctions responsible for the observed SQUID

behaviour must be rather symmetric with respect to each other, since asymmetric Ic

values could not produce the distinct cusp-shaped minima of the interference pat-

terns in Figure 7.6.

Geometrical constrictions (e.g. bridges and nanowires) are known to serve as Joseph-

son junctions, if their dimensions are comparable to ξ. It is well established that the
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CPR of such Junctions is defined by the ratio of ξ(T ) to the length of the weak link,

L. Since ξ(T ) varies with temperature, while L remains fixed, the CPR of such weak

links is known to be strongly temperature dependent. Generally, lowering the tem-

perature from Tc is known to transform a sinusoidal CPR into a sawtooth-like curve,

which ultimately turns into multivalued relations for L & 3.5ξ(T ) (corresponding to

the nucleation of phase-slip centres) [31–33]. The multivalued CPR manifests itself

as a hysteretic I −V relation, which is a highly common characteristic of constric-

tion junctions at T ¿ Tc [34, 35]. This is in direct contrast to the I −V measure-

ments presented in Figure 7.4 b, which show negligible hysteresis for temperatures

as low as 0.2 Tc, where L & ξ(T ). Furthermore, the patterns taken at T = 0.45 Tc and

0.85 Tc (Figure 7.6 a & b) have the same overall shape; which indicates that they most

likely correspond to the same CPR. Whereas for constriction junctions, the oscilla-

tions would have been heavily deformed by the pronounced difference in ξ(T )/L.

In case of ChDWs however, the size of the junction is determined by the coherence

length (see Figure 7.2). This means that, instead of having a fixed value, L has a simi-

lar temperature dependence as ξ(T ). Therefore, compared to constriction junctions,

the ξ(T )/L ratio of a ChDW remains unaffected by lowering the temperature. This

accounts for the lack of hysteresis in the I −V (Figure 7.4 b), and the unperturbed

shape of the interference patterns in Figure7.6.

In certain cases, phase-slip lines are also known to act as effective weak links. In a

homogenous loop, fast moving kinematic vortices crossing the arms can dynamically

form a pair of effective weak links, and operate as a SQUID. This mechanism however

is highly temperature sensitive. As demonstrated in Refs. [36, 37], phase slippage can

only yield a SQUID behaviour for a strictly narrow temperature range near Tc. Hence,

it cannot account for the Sr2RuO4 rings, where the Ic oscillations remain unchanged

for allT < Tc.

Lastly, we exclude the possibility of forming accidental proximity junctions by Ru

inclusions, or any other normal metal. Apart from their apparent absence in the

SEM images obtained while structuring the crystal, inclusions would have induced

an extrinsic 3K-phase, which is absent in our ring and the ones measured by Cai et

al. [21, 22]. Furthermore, the relative suppression of the superconducting gap in a

normal metal weak link would cause it to have a lower Tc than the superconducting

electrodes. This should appear as (at least) two distinct transitions in R(T ) measure-

ments: one for the electrodes; and one for the proximized material in the weak link,

which clearly is not the case here — as shown in Figure 7.4 a and Refs. [21, 22]. Tun-

nel junctions, which in some cases can form by grain boundaries or nanocracks, are

also not applicable here. This is evident by the strong metallicity of the rings, and the

exceptionally high values of RRR (Figure 7.4 a), which could not be produced in the

presence of insulating barriers.
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7.4.2. JOSEPHSON ENERGY OF A CHIRAL DOMAIN WALL

In this section we use the model developed by Sigrist and Agterberg (1999) [17] to

describe the Josephson energy of ChDW as function of its orientation. The energy

profile hosts stable and metastable states, whose phases are determined by the ori-

entation of ChDW, and can take on any values between 0 and π. We consider how

these states would appear in a sequence of bias current sweeps, and compare the

expected outcome with our own I −V measurements.
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Figure 7.13: Josephson energy of the chiral domain wall. a-c, energy profiles of a chiral domain wall
(ChDW) at various orientations relative to transport direction (θ). α is the phase difference between the
two sides of the junction. a, θ = 0, the junction has a stable phase at α = 0 and a metastable phase at
α = π. b, θ = −π/8. Compared to θ = 0, the stable state (blue) has a higher energy, while the energy
of the metastable state (red) is lowered. The junction has developed arbitrary phases ϕ0 (stable) and ϕ′
(metastable). c, as θ → −π/4 the two minima continue to approach in energy, and form a degenerate
ground state at θ =−π/4, with a Josephson phase ±ϕ. All energy profiles correspond to zero bias current.
The U j (θ,α) plots are adopted from Ref. [17]. d, phase variation across a ChDW. Two chiral domains
(coloured boxes) are separated by a ChDW (the blank space in between) with an arbitrary orientation.
Colours indicates the orbital phaseof the order parameter, which winds in a different direction for each
domain. ChDW orientation is represented by the direction of the transport channel that connects the two
domains (solid arrows). θ is defined as the angle between the ChDW plane and the normal to the transport
direction (dashed line). If θ = 0, the arrow connects the left and right domains via the same phase (red on
both sides). As θ : 0 → −π/4, the orbital phase of the left domain is no longer equal to that of the right
domain, giving rise to an arbitrary Josephson phase.

Sigrist et al. showed that, in addition to the usual phase difference between two sides

of the weak link α, the Josephson energy of a ChDW would also be a function of the

relative alignment of the two domains with respect to the direction of transport. This

concept is illustrated in Figure 7.13, where θ represents the angle between transport
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direction (represented by arrows in Figure 7.13 d) and the normal to the plane of

ChDW. When the bias current is perpendicular to the ChDW (θ = 0), UJ (α,0) has one

stable ground state atα= 0, and one metastable state atα=π. In this case the ChDW

operates as a 0-junction, meaning that — in the absence of external flux — there is

zero phase difference between the left and the right side of the junction. However,

as we see in Figure 7.13 b,c, the two states change their energies depending on the

orientation of ChDW.

Figure 7.13 b shows the energy of a system where the transport direction makes a

θ = −π/8 angle with the normal to the ChDW plane. This raises the energy of the

stable state (previously atα= 0), and lowers the energy of the metastable state. More

striking however, is that the ground state has developed an arbitrary phase of ϕ0,

which is neither zero or π. The offset in the phase of the ground state has profound

consequences on the physics governing the junction, as it means that there would

be a finite flow of supercurrent in the absence of external bias or magnetic flux. This

anomalous current breaks the symmetry between leftward and rightward transport

across the junction, which is referred to as the chiral symmetry (not to be confused

with the chirality of the order parameter). In this sense, a ChDW acts as the so-called

ϕ0-junction, whose energy profile has a single ground state with a phase offset ofϕ0.

The main difference here being the presence of an additional metastable state ϕ′.

As θ → −π/4, the two states of UJ (α,θ) continue to approach in energy, and ulti-

mately form a degenerate ground state at θ = −π/4 (see Figure 7.13 c). This energy

profile corresponds to that of the so-called ϕ-junction, which has a bistable zero-

voltage state with phases α=±ϕ. This has been realised in junctions with parallel 0

and π segments, which have been carefully tuned to yield a spatially averaged phase

that is neither 0 nor π [25, 26]. A unique characteristic of the φ-junction is that the

I −V can exhibit two critical currents. In Ref. [26] the authors show that their junc-

tion can be prepared in either one of +ϕ or −ϕ states. Depending on the current

sweep sequence, there would be a step on one side of the I −V trace, corresponding

to the transition from ±ϕ phase to ∓ϕ. For instance, if the system is in the +ϕ state,

sweeping the current with a positive bias would result in a single I+c as the phase es-

capes +ϕ (i.e. in Figure 7.13 c, the ball in +ϕ begins to roll down the right side of the

“washboard potential”). Now consider what happens when we bring the applied bias

back to zero, and continue to sweep the current in the negative direction. As I+ → 0,

the phase gets initially re-trapped in the +ϕ minimum, which it escapes as we con-

tinue sweeping I : 0 → I− (i.e. tilting the energy profile to the left) but gets trapped

again by the −ϕ minimum before it enters the dynamic regime (i.e. rolling down the

left side of the washboard potential). This results in two zero-voltage states: first by

retrapping at +ϕ, and then by the energy well at −ϕ. The second zero-voltage state

manifests itself as a step in the I −V , which appears on the left-hand side of the trace

(negative bias). If we now reverse this sequence by sweeping the bias as I− → I+, the
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Figure 7.14: I −V behaviour of a ChDW junction with an arbitrary orientation. a, Josephson energy of the
ChDW for θ = −π/8, in the absence of bias current I = 0 (adopted from Ref. [17]). Red and blue arrows
represent forward reverse sweeps of bias current, respectively. In the absence of bias current, the phase
is trapped at ϕ0. Sweeping the current as I : 0 → I+ would result in a single Ic as the phase escapes ϕ0
(V 6= 0). In the reverse sweep I+ → 0, the phase is retrapped at ϕ0. Sweeping with a negative bias current
would tip the energy profile to the left. The phase leaves the ϕ0 minimum, but is subsequently trapped
by the local minimum at ϕ′, where it remains before entering the dynamic regime (V 6= 0). As we sweep
the current back to zero, the phase is momentarily retrapped by the local minimum at ϕ′, before making
its way to the global minimum at ϕ0. We used θ =−π/8 to represent the I −V characteristics of the entire
class of 0 < |θ| < π/4. The magnitude of critical and retrapping currents would depend on the depth of
the minima and the exact value of θ. However, ϕ0 and ϕ′ ensure that there will be multiple static regimes
in the I −V curve, and that they will not be symmetric with respect to the sign of I . b, V (I ) measured at
µ0Hz = 2 mT (Hab = 0) by scanning I as I+ → I− → I+ in multiple cycles. The same convention as a is
used to indicate the sweep direction. By reasoning that if ∆V /∆I = 0 (static phase), the phase must be
trapped by a minimum of energy (either local or global), it is easy to see how this unusual I −V can arise
from an energy profile similar to the one depicted in a.

step would appear on the right-hand side of the I −V (assuming damping is not too

small). A clear example of such I −V behaviour can be found in Ref. [25] (Fig. 4).

In order to have multiple zero-voltage states, there needs to be multiple minima in

the energy profile of the junction. For instance, the asymmetric I −V characteristic

of the ϕ-junction does not apply to ϕ0 junctions, where the Josephson energy has

a single minimum. This brings us back to Figure 7.13 b, which represents the most

general configuration of a ChDW, as it includes all orientations within 0 < |θ| < π/4

(as opposed to 7.13 a,c, which correspond to special angles θ = 0,±π/4). For conve-

nience however, we continue to use the example of θ =−π/8 in the following discus-

sion. What makes this type of UJ (α,θ) so intriguing is that it contains elements of

bothϕ0- andϕ-junctions. It is similar to theϕ0-junction, in a sense that there is only

one ground state — with an arbitrary phase offset, but it also resembles the double-

well energy profile of the ϕ-junction – due to its metastable state at ϕ′. As ϕ0 and ϕ′

states are not degenerate, it raises the question how the I −V behaviour would be

affected by this asymmetric energy profile.

In Figure 7.14 a we consider the same current sweep sequence as we did when de-

scribing the ϕ-junction above. Initially the system is in its ground state ϕ0. Applying
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a positive current bias (red arrow) would tilt the energy profile to the right, and pro-

duce a single I+c .2 As we reverse the current back to zero (blue arrow) the phase is

re-trapped at ϕ0. This brings the junction back to its static regime, resulting in zero

voltage. We then sweep the current with a negative bias (i.e. tilting the energy profile

to the left), and the phase crosses-over from ϕ0 to ϕ′. Once at ϕ′, the phase remains

static (V = 0) up to I−c .

So far the Josephson energy profile in Figure 7.14 a has produced the same I −V

characteristics as a ϕ-junction with a doubly degenerate ground state. There is a

single critical current on one side of the I −V (where the phase escapes ϕ0), and

two on the other side (one for ϕ0 → ϕ′ , and another one when it leaves ϕ′). The

distinction however becomes clear when we sweep the negative bias back to zero.

In contrast to the ϕ-junction, the asymmetric structure of UJ (α,θ) guarantees the

ϕ0 state to have a lower energy every time the bias is removed. Hence, depending

on the energy difference between ϕ′ and ϕ0, which in turn depends on θ, the two

critical currents would consistently appear one side of the I −V (as opposed to the

ϕ-junction, where they can switch to either side). For −π/4 < θ < 0, this would be the

left-hand side of the I −V (negative bias), and for 0 < θ <π/4, the step would appear

on the right-hand side, since UJ (+α,−θ) =UJ (−α,+θ).

As Figures 7.14 b and 7.12 show, the 0 < |θ| < π/4 scenario provides a rather apt de-

scription of the observed I −V anomalies. We now continue by examining how θ 6= 0

can occur in our structure. First, we make a note that the I −V anomalies only ap-

pear at low temperatures, where a single ChDW is expected to be crossing the arms

of the ring, as shown in Figure 7.5 a & c. In this regime T ¿ Tc, the ChDWs are small

enough to have a well-defined position and orientation with respect to the ring, and

each other. In contrast, for T ≈ Tc, overlapping chiral domains cover the entire ring

(Figure 7.5 b) with no specific alignment, which makes this picture consistent with

the absence of I −V anomalies at T = 1.5 K.

Time-dependent Ginzburg-Landau simulations show that, when subjected to a d.c.

current bias, a ChDW tends to orient itself along the direction of the applied current

[18]. In our experiments, the anomalies emerge from the minima of the Ic(Hz ) pat-

tern (Figure 7.12), where the circulating current in the ring is at its maximum. As the

circulating current is added to the measurement current in one arm, and subtracted

from the other, it creates an imbalance in the currents experienced by the ChDW. At

Φ∼Φ0/2 the difference in currents could be sufficient to have a finite impact on the

orientation of the ChDW.

The applied field Hz could also be playing a role by changing the position of the

ChDW in each arm, as shown in Figure 7.5 c. While this may not directly affect θ

2Note that the asymmetric profile in Figure 7.14 a corresponds to the zero bias state i.e. UJ (α,θ =−π/8) is
not “tilted” by some external bias. The role of bias currents is shown in the form of red and blue arrows,
which the phase can follow.
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(i.e. orientation with respect to transport direction), Hz can modify the orientation of

ChDWs relative to each other. This situation is discussed in Ref. [38], which considers

a ring with a pair of ChDWs radially crossing its wall. Modelling the arbitrary angle

between the ChDWs as the bending of a single ChDW, the authors argue that such a

system can host fractional vortices, including the half-quantum vortex (HQV) atΦ≈
n Φ0/2. It is worth noting that this HQV is different from the one discussed in Chapter

6, which could exist even in the absence of ChDWs. The entire phase winding of

this HQV is carried out by the orbital component of the chiral states. As there is no

winding of spin phase, this type of HQV is not accompanied with a spin-polarization,

which means that it can be stable even in the absence of external fields Hab .

Lastly, we discuss the role of in-plane fields Hab in our experiment. As shown in Fig-

ure 7.12 the I −V anomalies show a direct dependence on the sign and magnitude

of Hx . The anomalies grow larger with the field and, more importantly, their symme-

try is determined by the direction of Hx . Figure 7.12 c (µ0Hab = −1 mT) shows the

I −V pattern can be mirrored by switching the field polarity. As described above, if a

ChDW is oriented at θ, where −π/4 < θ < 0, the step in the I −V would occur for the

negative current bias. This however would be reversed if the ChDW was to change

its orientation as −θ→ θ, in which case the energy profile would be mirrored in the

phase space i.e. UJ (+α,−θ) = UJ (−α,+θ). For instance, if θ : −π/8 → π/8, the ϕ′

phase in Figure 7.14 a would become the ground state, and ϕ0 would be metastable.

While one could argue that the applied Hx may have modified the orientation of the

ChDW, a coupling between Hab and the chiral components would be rather unlikely
3. There is however a distinct possibility for Hab to couple to the spin of Cooper pairs.

Spin-susceptibility experiments on Sr2RuO4 have demonstrated that an external Hab

would introduce an imbalance between |↑↑〉 and |↓↓〉 states, which results in a finite

spin polarization [39, 40] 4.

The spin polarization can play a role in our experiments in a number of ways. Here,

we mention two. The first one is concerned with stabilizing half-quantum vortices

(HQVs) through Zeeman coupling – as described in Chapter 6. This is consistent with

the fact that the I −V anomalies emerge at Φ≈Φ0/2, and that they grow larger with

Hx , as the field should lower the energy of the HQV states. This however does not

account for the observed asymmetry of the anomalies. Also, the in-plane fields used

here are at least an order of magnitude smaller than the ones used in previous reports

on HQV (in both Ref. [41] and Ref. [19] the signatures of HQV appear for Hab > 8 mT).

A more reasonable explanation is that Hab modifies the Josephson energy of the

3 In order to change the domain configuration, a magnetic field would need to couple to the orbital angu-
lar momenta of the domains, which are expected to lie along the c-axis of Sr2RuO4 lattice.

4 Note that the spin-susceptibility measurements needed to apply Hab fields that were 2 to 3 orders of
magnitude larger than the fields used in our experiments.
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ChDW by introducing a non-zero spin current. The energy profiles in Figure 7.13

were formulated for a system with no spins [17]. There is however no reason to as-

sume these profiles would remain unchanged in presence of a finite magnetization.

For instance, the magnetization induced by Hab could potentially lower the energy

ofϕ′ relative toϕ0, and vice versa. However, there are currently no theoretical studies

on the energy of a ChDW as a function of spin polarization. Such information could

be rather valuable.

SUMMARY OF THE ANOMALOUS CURRENT-VOLTAGE BEHAVIOUR

To summarise, the current-voltage measurements show multiple zero-voltage states,

which requires the Josephson energy profile UJ to have more than one minimum.

The additional zero-voltage state, which appears as a step in the I−V measurements,

has a distinct asymmetry with respect to the sign of the bias current. Regardless of

sweep direction for I , the step constantly appears on the same side of the I−V (in the

absence of Hab). This exotic behaviour is accounted for by an asymmetric Josephson

energy which has one global and one local minimum, corresponding to a stable ϕ0

and a metastable ϕ′ Josephson phase, respectively, where ϕ0 and ϕ′ can take on any

values between 0 and π. While most unconventional for usual Josephson junctions,

this is a strikingly apt description of the predicted ChDW energy [17], particularly

if the ChDW plane is not precisely perpendicular to the transport direction. TDGL

simulations of our ring, show this condition could be realised at T ¿ Tc, where the

ChDW is small enough to develop a well-defined orientation (as opposed to T ≈ Tc,

where overlapping chiral domains extend over the entire ring), as shown in Figure

7.5. This is also consistent with our measurements, where the I−V anomalies appear

at 0.78 K, but are absent at 1.5 K. As for the cause of ChDW misalignment, we discuss

a number of possibilities, the most likely of which being the circulating currents.

The I −V anomalies show a direct dependence on small in-plane fields. They grow

larger with Hx amplitude, and their asymmetric form is mirrored (with respect to I )

by switching the direction of Hx . We attribute this to field-induced spin-polarization

of equal-spin triplet Cooper pairs. We expect this finite magnetization to modify

the symmetry of the Josephson energy profile. Currently, we lack the theoretical

framework that can describe transport across a spin-polarized ChDW. Regardless of

this, the reversible nature of I −V anomalies makes it very clear that the effect is

not stochastic, and corresponds to a robust mechanism which is yet to be under-

stood. Fortunately, with the use of order parameter simulations and controllable

mesoscopic structures, there is a real possibility of this in the near future.

Lastly, we note that due to the absence of external components in our system (s-wave

electrodes, Ru inclusions, 3 K-phase, etc.), the I −V anomalies – and the breaking of

time-reversal symmetry which they represent – could only correspond to the intrin-

sic order parameter of Sr2RuO4.
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7.5. SUMMARY & OUTLOOK

The existence of a p-wave chiral order parameter in Sr2RuO4 would make this a rare

exception to currently known superconductors. Establishing this requires irrefutable

evidence of chirality, which is expected to reveal itself in the form of superconduct-

ing chiral domains with spontaneous edge currents. The search for chiral domains

however, has proven to be a challenging endeavour. The present study implements

a new approach to this by focusing on the properties of a single chiral domain wall

(ChDW) in a mesoscopic crystal.

It has been proposed that by locally suppressing the order parameter, a ChDW would

act as an unconventional Josephson junction. We investigate this by performing

transport experiments on mesoscopic rings, structured entirely out of a single (and

homogenous) Sr2RuO4 crystal. Order parameter simulations predict this system to a

have multi-domain ground state, with a ChDW crossing the arms of the ring, where

it forms a pair of parallel Josephson junctions.

Our transport measurements show a clear Ic oscillation, similar to that of a DC

SQUID with two symmetric Josephson junctions. The oscillations emerge together

with the superconducting transition, and are continuously present in all the mea-

surements down to T ¿ Tc. We evaluate this behaviour in the terms of conven-

tional types of weak link (e.g. nano-bridges, phase-slip lines, proximity junctions

etc.). Each case shows clear discrepancies, and fails to describe our observations.

Furthermore, the SQUID oscillations are entirely absent in structures with a finite

level of disorder or strain, indicated by the enhancement of Tc → 3 K (i.e. the “extrin-

sic” phase of Sr2RuO4). These systems behave as standard superconducting loops,

showing only Tc oscillations which appear in the form of small-amplitude magne-

toresistance near Tc.

In addition to the abovementioned SQUID oscillations, we also observe anomalous

current-voltage characteristics, which also represent the breaking of time reversal

symmetry. More specifically, repeated current sweep measurements show two dis-

tinct critical currents that only appear on one side of the I −V curve. Qualitatively,

this striking behaviour can be described by the unusual energy profile of a ChDW,

which is predicted to have two minima of different energies. This leads to one stable

and one metastable phase for the junction, which would appear as a multistage I −V

when sweeping the bias current.

Together, these results make a compelling case for the presence of Chiral domains in

the intrinsic state of superconducting Sr2RuO4. Combining order parameter simula-

tions with mesoscopic structures also sets a milestone for the study and implemen-

tation of superconducting domains, allowing for detailed design and understanding

of a system before the actual fabrication.
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Figure 7.S1: Superconducting transition of yy146: bulk crystal vs. structured microring. Resistance as a
function of temperature, measured before a and after b structuring with Ga+ focused ion beam. The bulk
crystal (a) and the ring (b) are measured using bias currents of 100 µA and 10 µA.
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Figure 7.S2: Rings with enhanced Tc. Examples of rings where a finite level of disorder (i.e. stain) leads
to the emergence of the “extrinsic” superconducting state in Sr2RuO4, characterised by the enhancement
of Tc → 3 K . a-c, summary of transport properties of yy150 (discussed in the main text). a, False-colour
scanning electron microscope image of the ring. This is an example of an inhomogeneous system, where
the superconducting transition varies for different parts of the structure. This results in a multistage tran-
sition, which can be observed in the R(T ) measurements (b). The ring itself (red) corresponds to a broad
transition with the onset at ≈ 3 K, which corresponds to the extrinsic phase of Sr2RuO4. In the bulk-like
contacts (green), where disorder is minimal, we see a sharp transition near 1.5 K. c, magnetoresistance
measurements at different temperatures. Little-Parks oscillations (discussed in the main text) appear in
the first regime (red arrow), while the ring is still in the resistive state. SQUID oscillations are entirely
absent at all temperatures. Other values of bias current (not shown here) produced the same effect. d,e
transport measurements from yy147 (not in the main text). The crystal was not protected by the 100 nm
SiOx layer. As a result, the extrinsic phase emerges over the entire system, as indicated by the broad tran-
sition that begins at 3 K (d). No SQUID oscillations were found, only small amplitude magnetoresistance,
driven by Tc variations (e).
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