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CONTROLLING CHIRAL DOMAIN
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MAGNETIC FIELDS
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Aarts, K. Lahabi & Y. Maeno

Despite more than a quarter-century of tremendous experimental and theoretical effort,
the pairing symmetry of the correlated electron superconductor Sr, RuO, remains elu-
sive. Regardless of the pairing symmetry, however, some of these works found evidence
of superconducting chiral domains in bulk crystals. In previous research, we were able
to trap a single chiral domain wall, separating such domains, in mesoscopic rings of
SroRuOy. In this chapter, we further examine the properties of these domain walls and
find that they are stable over a large range of sample geometries that are either singly
or doubly connected. By obtaining the Shapiro response of our samples, we provide
definite proof of the Josephson coupling of the domain-wall-associated junctions and
gain insight into the periodicity of their current-phase relation. We show that we can
alter the domain structure by applying small in-plane magnetic fields (in the ab-plane;
H < Hg ), which manifests itself as the appearance of half-integer Shapiro steps in the
IV -characteristic. Furthermore, we find that the in-plane fields can unpin the chiral
domain walls, which results in a bistability of the critical current. By applying either a
positive or negative current bias, we switch between a low and high I, state, which re-
sembles a superconducting memory element. Combined, the experiments in this chapter
form compelling evidence for the presence of chiral domains, which, in light of recent
literature, indicates that a chiral d-wave order parameter describes superconductivity of
SrgRuO4.

To be submitted.
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7.1. INTRODUCTION

The pairing symmetry of a superconductor determines many of its characteristics and
is often established soon after its discovery. The famous example is d-wave supercon-
ductivity in the high T, cuprates[1-3], which was experimentally established within
eight years after its Nobel-prize-winning discovery in 1986[4]. Despite plentiful exper-
imental and theoretical efforts, the pairing symmetry of the unconventional supercon-
ductor Sr,RuO,4 has remained one of the larger open questions of condensed matter
physics for over the last quarter-century. At the time of writing, there are two main
classes of proposals: an order parameter characterized by a two-component nature,
with dy, +idy, as the most prominent candidate, or an accidental degeneracy between
two single-component order parameters, where s+ idyy and dy2_ 2 +ig, (22 are
most promising.

A possible way of discriminating between the two classes is the proposed chirality of
the order parameter. In a chiral superconductor, the superconducting ground state is
two-fold degenerate, which leads to the spontaneous emergence of superconducting
domains, each corresponding to a single chirality. Therefore, detecting these domains
provides direct evidence for a chiral pairing symmetry. py+ipy and dy. + idy, are such
chiral pairing symmetries, for example, while p, and d,2 > are not. Instead of detect-
ing the domains, we can also focus on the chiral domain walls separating them. At
the domain wall, the order parameter of both chiralities is locally suppressed, which
manifests itself as a Josephson junction[5]. Since the domain size is typically in the mi-
crometer range, trapping a single domain wall in experiments is impossible in macro-
scopic crystals. This provides a strong motivation for reducing the size of the crystals
in well-controlled geometries.

In previous work, we found the emergence of spontaneous Josephson junctions in
mesoscopic rings of SrpRuO4, which we interpreted as chiral domain walls associated
with a chiral p-wave pairing symmetry(6]. In this chapter, we provide further exami-
nation of these domain walls. By obtaining measurements of Shapiro steps on these
junctions, we not only provide definitive proof of the Josephson coupling but also a
further study of the periodicity of the current-phase relation of the domain wall junc-
tions. We find that, under the application of small in-plane fields, the periodicity of
the current-phase relation can be altered, which leads to the observation of fractional
Shapiro steps. Furthermore, in-plane fields reveal a two-level state in the critical cur-
rent of the junctions, where the application of electrical current can be used to switch
between each state, resembling a superconducting memory. Finally, we will try to pro-
vide a reinterpretation of these results based on the most recent experimental and the-
oretical works considering the pairing symmetry of Sro,RuQ,4. To achieve this goal, this
chapter will commence with a history of the experimental progress on the pairing sym-
metry in SrpRuOy.
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7.2. BRIEF EXPERIMENTAL HISTORY OF THE PAIRING SYMME-
TRY IN Sr,RuQO4

Soon after its discovery of in 1994(7], it was noted that superconductivity in SroRuOy4
is highly sensitive to non-magnetic disorder and that it bears many similarities to the
A-phase of liquid 3He[8-10]. This started the search for experiments and theoretical
models that further examine the pairing symmetry(11, 12]. This section will give a brief
overview of these experiments.

7.2.1. AN UNCONVENTIONAL SUPERCONDUCTOR

The breakthrough experiments that have shaped the understanding of the pairing sym-
metry focus on the breaking of time reversal symmetry (TRS) in the superconducting
state. Specifically, it was found using muon spin resonance experiments and polar
Kerr microscopy that internal magnetic fields spontaneously appear below T (see Fig-
ure 7.1a)[13, 14]. Moreover, using doped samples, with reduced T¢, it was shown that
TRS breaking is directly tied to the onset of superconductivity[15]. The breaking of
TRS at T, has an important consequence: the superconducting order parameter is of
a two-component nature.![16] For the tetragonal lattice of SroRuQy, i.e., a Dyj sym-
metry point group, this entails either a spin triplet p-wave pairing: py +ipy (S=1,
L = 1), or singlet d-wave pairing: dy; + idy, (S=0, L = 2).2 Next, Sr,Ru0, was ex-
amined by nuclear magnetic resonance (NMR) Knight shift measurements and inelas-
tic neutron scattering experiments, which both measure the spin susceptibility of the
electronic system. It was found that spin susceptibility below the critical current is not
suppressed, indicating a triplet order parameter (see Figure 7.1b)[17, 18]. Furthermore,
using cantilever magnetometry measurements, it was found that mesoscopic rings of
Sr,RuQ4 can host half-quantum vortices under the application of an in-plane mag-
netic field[19]. This further strengthens the hypothesis of a triplet order parameter,
where the Cooper pair spins lie in the ab-plane. Therefore, for a long time, the prime
candidate for the pairing symmetry was py + i py.

However, some inconsistencies with the chiral p-wave picture remained. First, the up-
per critical field H; in the ab-plane is Pauli limited[20]. Pauli limiting behavior results
from the balance between superconducting condensation energy (set by the magni-
tude of the gap) and magnetic polarization energy (set by the spin susceptibility)[21].
If H¢, in the ab-plane is Pauli limited, this signifies a suppression of the spin suscep-
tibility below T, which is in direct contradiction to the spin susceptibility measure-
ments. Besides, detecting the magnetic fields produced by the proposed edge currents
associated with the chiral p-wave pairing using scanning SQUID remained elusive[22].

IMore components are allowed, but less likely as they require more fine-tuning between the components.

2These are the lowest orders. In principle, chiral f-wave, chiral i-wave, or even higher orders are allowed,
although Occam’s razor speaks against them.
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Figure 7.1: Reproduction of two classic results obtained on SrpRuO4. (a) shows a measurement of the
magneto-optic Kerr effect, which is the rotation of polarized light reflected on the surface of a SrpRuOy4 crys-
tal as a function of temperature. The polarization indicates local magnetism, which only appears below
Tc = 1.5 K. This result is one of the two main bodies of evidence for a broken TRS superconducting state in
SrpRuOy (the other being muon spin resonance[13]). The sign of the polarization rotation can be controlled
by field cooling the sample, as evidenced by the difference between the lower and upper panel, which indi-

cates a chiral pairing. Figure reproduced from ref. [14]. In (b), a measurement of the 170 Knight shift as a
function of temperature is shown. This technique measures the spin susceptibility of the electronic system,
which was found to be unsuppressed below T.. Together with work on polarized-neutron scattering[18], this
formed strong evidence for a triplet order parameter for over twenty years. Reproduced from ref. [17].

7.2.2. POST-2019 RESULTS: A SHIFT FROM THE p-WAVE PARADIGM

It is not an understatement that our lives changed dramatically at the end of 2019 and
the beginning of 2020: the NMR Knight shift experiments on Sr,RuO4 were revisited,
and it was found that the unsuppressed spin susceptibility was caused by a subtle heat-
ing effect of the substrate holder[23, 24]. Likewise, the inelastic neutron scattering
measurements were repeated using lower magnetic field pulses and improved statis-
tics, confirming the spin susceptibility suppression below T,[25]. On the other hand,
TRS breaking experiments were also repeated and found still valid. specifically, by ap-
plying uniaxial strain to the crystals during muon spin resonance experiments, it was
revealed that the critical temperature can be raised even to double its unstrained value,
while the temperature at which TRS is broken (Trgs) remained at 1.5 K (see Figure
7.2a)[26]. This was interpreted as a strain-induced increase of T; of one component
of the wave function, whereas the T; of the second component remained the same at
Trrs. Therefore only below Trgg this results in a two-component pairing. Besides, this
experiment also shows a clear difference between the intrinsic unstrained supercon-
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Figure 7.2: (a) phase diagram detailing the time reversal symmetry breaking (TRSB) under the uniaxial stress,
as determined by muon spin resonance. Even though the T of the superconducting (SC) phase can be more
than doubled, Ttgg remains 1.5 K. This was interpreted as a rise in critical temperature corresponding to
one of the two components of the wave function. At high strain, a spin density wave (SDW) is revealed.
The inset shows a schematic of the Fermi surface of SroRuOj; the origin of the peak in T¢ lies in the y-band
passing through a Lifshitz transition near the maximum 7. Image taken from ref. [26]. (b) and (c) show a
schematic representation of the two most likely candidates for the pairing symmetry of SryRuOy: dxz + idy

andd_ 2t i Exy(x2-y2) pairing respectively. The color coding is similar as in Figure 2.2. Images taken from
ref. [30].

ducting state and the extrinsic increased- T state, coined the ‘3K-phase’. The latter was
identified as resulting from strain[27]. In conclusion, this collection of experiments
caused a shift away from the p-wave paradigm toward even parity order parameters,
with most prominently d,. + id, ; pairing, i.e., the chiral d-wave pairing (see schematic
in Figure 7.2b).

There is, however, evidence against dy + id) . pairing, as well. First, from thermal con-
ductivity measurements, it was shown that vertical line nodes exist in the gap struc-
ture, which is incompatible with chiral d-wave pairing[28]. Besides, a chiral d-wave
state should exhibit a second transition in the heat capacity, tied to Trgs, which can be
revealed under uniaxial strain. However, in recent measurements, this second discon-
tinuity was lacking[29].

An alternative route to resolve these issues is by assuming an accidental degeneracy
between two single component order parameters. Most notable are the proposals for
stidyyandd,._ 2t i 8xy(x2-y?) [31-33]. These, especially the latter, might seem exotic,
but they resolve the breaking of TRS with the vertical line node and the missing sec-
ond discontinuity in the heat capacity. The s + idy, pairing is supported by the strong
spin-orbit and Hund’s coupling present in the normal state, resulting in a possibly in-
terorbital triplet pairing that behaves as intraband singlets; therefore, this pairing is
coined ‘shadowed triplet’[34, 35]. Furthermore, dxz,yz +1i 8xy(x2-y2) (see schematic in
Figure 7.2¢) is compatible with the temperature dependence of the elastic constants in
recent ultrasound measurements[36, 37], and the quadratic dependence of Ttrs — T¢
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on uniaxial strain[38], among many other experimental observations[33]. On the other
hand, such an accidental degeneracy requires fine-tuning of the material parameters.
In other words: in a universe dominated by s-wave and some d-wave superconductors,
an accidental degeneracy between d- and g-wave is a very major coincidence. More
importantly, although uniaxial stress splits Ttrs and T, it was found that hydrostatic
pressure induces a downward trend in both, which is highly unlikely for an accidental
degeneracy[39]. Finally, neither d + ig pairing nor chiral d-wave pairing can account
for the observation of half quantum vortices in magnetometry measurements, and the
proximity effect in Srp,RuO,4-SF hybrid structures3[19, 41].

Clearly, a plethora of proposed pairing symmetries are found in literature based on
seemingly contradicting experimental results. What does that leave us for the actual
pairing symmetry of Sr,RuO4? Maybe the best answer can be found in ref. [39]: "the
difficulty in reconciling apparently contradictory experimental results in SroRuO4 may
mean that one or more major, apparently solid results will in time be found to be in-
correct, either for a technical reason or in interpretation. Further experiments are
therefore necessary." Regardless of the validity of previous experiments, almost all of
the work discussed in this section concerns macroscopic crystals. As argued in the in-
troduction, a chiral superconductor can break up into domains, which for Sro,RuOy is
supported by numerous studies, for example, by the observation of telegraph noise in
Sr,RuQ,4 corner junctions and the sign change in the Kerr signal, during field-cooled
experiments[14, 42, 43]. As these are typically micrometer-sized, studying sub-micron
devices can lead to experiments on a single domain, or better yet, on a single domain
wall separating the two domains. Our first efforts in trapping a single chiral domain
wall, published in a previous work, are discussed below.

7.3. TRAPPING A SINGLE SUPERCONDUCTING DOMAIN WALL
IN MESOSCOPIC Sr,RuQy

In Chapter 6, we described a procedure of fabricating microscopic flakes from a bulk
crystal using mechanical exfoliation. SrpRuQy is well suited to create microstructures
using the same method. Therefore, the same procedure is applied for the sample
production in this chapter. For a more detailed discussion of the sample production
method, see Appendix A of Chapter 6.* Specifically, we used this method in a previous
work to structure microrings in the exfoliated crystals[6]. Striking about these micro
devices, and the ones presented in the rest of this chapter, are their high residual resis-
tivity ratio (RRR) and their bulk T, indicating that neither the exfoliation method nor
the focused ion beam structuring method affects the crystal quality. Besides, since the
T, never exceeds 1.5 K, it gives indisputable proof of the absence of the 3K-phase and,

3 Although, within the d + ig pairing framework half-quantum vortices can exist, they require a specific vary-
ing strain pattern[40].
4The crystals were grown using the floating zone method in the group of Y. Maeno|[44].
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Figure 7.3: (a) Resistance versus temperature of a 200 nm wide constriction in a SroRuOy flake. Despite the
mechanical exfoliation and the microstructuring using focused ion beams, the device retained a bulk 7 of
1.5 Kand a high residual resistivity ratio. The insets show a false colored scanning electron micrograph of the
measured device (the scale bar corresponds to 500 nm) and the same dataset plotted for the full temperature
range. (b) shows a phase diagram of chiral domain configurations in a microstructured ring based on time-
dependent Ginzburg-Landau simulations of a chiral p-wave order parameter. The outer and inner diameter
of the ring, normalized to the coherence length, determine the specific configuration: two chiral domain
walls in either arm of the ring are stable over a wide temperature range. In the schematic rings, the color code
signifies the Cooper pair density, which illustrates that such domain configuration can act as a SQUID-like
system. Figure modified from ref. [6]. Here exp. sample Bis describing Ring 2, and since sample dimensions
of Ring 1 are very similar to those of Ring 2, it can be represented by a very similar line (not plotted here). (c)
False colored scanning electron micrograph of Ring 1. The crystal is colored purple, protected by a yellow
colored layer of gold. The scale bar corresponds to 1 um. In (d), the critical current versus perpendicular
applied magnetic field (I (B)) is shown, obtained on Ring 1. Over a large range of temperatures, we observe
SQUID-like oscillations, despite the homogeneous crystal.

therefore, any significant strain in these devices[27]. A good example is the resistance
versus temperature of the 200 nm wide bar presented in Figure 7.3a. In Appendix A
we present an overview of the ring samples used to obtain the data presented in this
chapter. Some of the experiments presented in this chapter were carried out at Twente
University, Appendix A discusses which ones.
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For such clean systems, a uniform superconducting phase is expected. The experi-
mental reality is, therefore, quite surprising: the I.(B)-pattern shows clear oscillations
with a period determined by fluxoid quantization corresponding to the area of the ring.
Typically this pattern is observed on superconducting quantum interference devices
(SQUIDs), which are two Josephson junctions in parallel, creating a doubly connected
superconductor in a loop geometry. This means that, once the crystal is cooled be-
low T, two Josephson junctions spontaneously appear in each arm of the ring. These
oscillations, and therefore the junctions, are present at all temperatures below the tran-
sition, even down to 50 mK. A false colored scanning electron micrograph of such ring
device is shown in Figure 7.3c®; I.(B) obtained on this sample is shown in Figure 7.3d.

Several trivial mechanisms can produce oscillatory behavior of I;(B) in clean super-
conducting systems. The arguments against those are reported in reference [6]; here,
we will provide a brief overview. First, if the dimensions of a superconducting device
are reduced to below the coherence length ¢, naturally, the order parameter is sup-
pressed, and a constriction (or S—s—S) junction is formed. The feature size (e.g., the
width of the arms of the ring) of the samples discussed in this chapter is well above the
¢ ab—plane Of ST2RuOy, which equals 66 nm at low temperatures. More importantly, such
junctions would exhibit a temperature-dependent current-phase relation that leads to
a temperature dependence of the shape of the oscillations, which is not measured in
our rings[45]. Furthermore, a constriction junction features a multi-valued current-
phase relation, which results in a hysteretic IV-characteristic for T << T.[46]. In our
samples, however, the retrapping current equals the critical current for all tempera-
tures. The same argument holds against superconducting persistent currents as the
origin of the I.-pattern: aside from the absence of a temperature-dependent amplitude
of the oscillations, also the shape does not match the expected sawtooth-like I.(B) for
persistent currents[47]. In addition, current excited vortices can produce oscillations in
I, however, only in a temperature range to 5% below T¢, not as low as 50 mK[48]. The
device in Figure 7.3c is capped by a layer of gold for protection against FIB-induced
damages. However, this layer is shorted by the Sr,RuO, crystal in the superconduct-
ing phase and therefore cannot be responsible for I; oscillations. More importantly,
the oscillatory behavior is also present in samples that do not have a metallic but in-
sulating capping layer. Finally, accidental weak links, like inclusions and nano cracks,
can be ruled out by the large residual resistivity ratios, absence of 3K-phase, and sharp
superconducting transitions, indicating pristine crystals.

Alternatively, these spontaneous weak links can be attributed to the presence of super-
conducting chiral domain walls pinned in the arms of the ring. In order to strengthen
this hypothesis, time-dependent Ginzburg-Landau simulations are presented in ref.
[6], assuming a chiral p-wave pairing. These show that mono- and multidomain states

5This specific device has a layer of gold on top, which was left after a failed lift-off procedure during fabrica-
tion of electrical contacts. We made a virtue of necessity by using this gold as a capping layer. Since gold is
not superconducting, the charge transport is completely dominated by the SroRuOy in the superconducting
phase.
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are stable in ring structures of these dimensions. Besides, a uniform superconduct-
ing state can appear. Tuning the inner and outer radius with respect to the coherence
length gives rise to these different states, resulting in a phase diagram, reproduced in
Figure 7.3b. Combined with the experimental results, this makes compelling evidence
for the presence of chiral domain walls. However, since it is unlikely that the pairing
symmetry of Sro,RuQy is chiral p-wave, these results need to be reevaluated in light of
the most recent literature. The rest of this chapter will be dedicated to this reevalua-
tion and to more recent experiments on the unusual properties of these domain walls
revealed under the application of microwave radiation or in-plane magnetic fields.

7.4. DETECTION OF SHAPIRO STEPS

Although the SQUID oscillations in I (B) form strong evidence for domain walls in the
arms of the ring, the magnetic fields used in these experiments can alter the domain
structure of a chiral superconductor[6]. Obtaining the Shapiro response of the rings
can therefore confirm their presence without relying on static magnetic fields. In Fig-
ure 7.4a, we show the appearance of Shapiro steps obtained on one of the ring samples,
confirming the Josephson coupling. We show their accompanying power dependence
in Figure 7.4b. Since Shapiro steps can only originate from the Josephson effect, their
detection directly rules out persistent currents or current-excited vortices as the origin
of the observed I.(B) pattern. Note that relatively large microwave powers are needed
to produce the results in Figure 7.4. Besides, Shapiro steps are only measured under
the application of a few selected frequencies. The latter is presumably tied to the re-
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Figure 7.4: Shapiro response obtained on Ring 4. (a) IV-characteristic around I for different applied mi-
crowave frequencies, obtained at 50 mK and maximum applied power (20 dBm). Clear quantized steps ap-
pear near I¢, the height of which linearly scales with the frequency of the applied microwave. The inset shows
the data obtained at 145 MHz, rescaled in order to show that the step height matches the expected values for
Slflapiro steps. In (b), we depict the power dependence of the Shapiro steps obtained at an applied frequency
of 145 MHz.
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quirement for large microwave powers: for some frequencies, a natural resonance in
the cryostat occurs, which results in an amplified local RF field.® A possible explanation
for the need for high powers is that the bulk superconducting contacts might partially
shield the domain walls.

7.5. CONSIDERATIONS ON GEOMETRY

We have investigated the influence of geometry on the domain structure of our devices
by obtaining I.(B) on both doubly and singly connected samples. First of all, we have
produced a sample that is a doubly connected straight bar, with large superconducting
reservoirs as contacts. Figure 7.5a shows a false colored scanning electron micrograph
of this device; the corresponding I.(B) pattern is shown in Figure 7.5b. We find similar
SQUID-like oscillations on this sample as on the ring samples. This directly rules out
any influence of the contact geometry on the stability of the chiral domain walls. Fur-
thermore, it shows that the chiral domain walls are stable irrespective of the curvature
of the arms of the ring. We have also examined singly connected samples of 500 nm
wide and multiple micrometer-sized bar devices. These showed neither an oscillatory
I.(B) nor the appearance of Shapiro steps. Furthermore, the I are sharp and well de-
fined, as commonly observed in bulk superconducting samples. Samples that trap a
chiral domain wall, on the other hand, exhibit a relatively broad I transition. There-
fore, we conclude that no junctions are pinned in micrometer-sized bar devices or 500
nm wide constrictions.

In order to isolate and examine only a single junction, we have carried out a second
step of FIB processing on the device depicted in Figure 7.3c (Ring 1), during which we
cut one of the arms of the ring, changing it into a singly connected sample (see Figure
7.5¢). Using the Shapiro response, we verified the Josephson coupling in this singly
connected sample and thereby the presence of a chiral domain wall (see Figure 7.6a).
We show the corresponding I (B) in Figure 7.5d. We observe a monotonic decay of the
critical current for all temperatures, which contradicts the Fraunhofer interference pat-
tern expected for a single junction. However, the period of the oscillations is given by
the effective area, which is much smaller than the total area of the ring for a single arm.
Naively, we can estimate the effective area by multiplying the width of the arm by the
coherence length (typical width of a chiral domain wall). We find the period matching
this area to exceed the measured values of the upper critical field of this device. There-
fore, it is impossible to acquire more than the middle lobe of the interference pattern.

A closer inspection of the interference pattern is presented in Figure 7.6b. Instead
of a Fraunhofer pattern that is cut-off by H,, the data is fitted by a Gaussian decay.
Such I.(B)-patterns are generally observed on long diffusive junctions[49-51]. In this

6This is supported by the fact that different frequencies for different samples give a Shapiro response, al-
though the sample geometry is very similar.
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limit, the scatter centers lead to the Andreev bound states tracing many different paths
through the junction. By the central limit theorem, the phase difference associated
with these trajectories will approach a Gaussian distribution, which manifests itself as
a Gaussian interference pattern. Diffusive is, however, not an adjective that is appro-
priate to describe SrpRuO4 (N.B., the mean free path in the normal state is larger than
the ring diameter). Nevertheless, we conclude from the phase diagram in Figure 7.3b
that the domain walls are in the extended regime, implying no direct line of sight be-
tween the superconducting contacts. This indicates that a similar mechanism based
on scattering on the edges of the ring is responsible for the Gaussian interference pat-
tern.
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Figure 7.5: (a) a false colored scanning electron micrograph of a doubly connected straight bar sample, called
Ring 3. Note that two large superconducting reservoirs form the contacts. Purple indicates the SroRuOj4 crys-
tal, the SiOx capping layer causes the dark contrast on top of the crystal, and the scale bar corresponds to
1 um. (b) the I.(B)-pattern, obtained on Ring 3 at 1 K. (c) depicts a false colored scanning electron micro-
graph of Ring 1 (also shown in Figure 7.3c), where we have cut one arm of the ring, transforming the sample
to singly connected. The yellow top layer is the gold protective layer, and purple indicates the SroRuOy4 crys-
tal. The scale bar corresponds to 1 pm. In (d), we show the I (B) patterns obtained on the sample shown in
(c) for different temperatures. The critical current decreases monotonically as function of applied field.
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Figure 7.6: (a) Shapiro response of the single arm of Ring 1 (as shown in Figure 7.5c) obtained at 1 K. The
voltage is normalized to the expected height of the Shapiro steps at 640 MHz. The Shapiro steps confirm
the presence of a chiral domain wall. (b) Ic(B) obtained on Ring 1 at 800 mK. The full circles correspond
to the measured data, and the line is a Gaussian fit to the data. The dashed line is the expected Fraunhofer
pattern, based on a single Josephson junction with an effective area given by the product of the coherence
length and the width of the arm of the ring. The vertical reference line shows the upper critical field defined
as R(Hcp) = RN As the chiral domain wall is in the extended regime, the Gaussian Ic(B) can be caused by
ballistic scattering processes on the bounds of the arm of the ring.

7.6. Io(T) OF A CHIRAL DOMAIN WALL JUNCTION

Besides the Shapiro response and the magnetic interference patterns, the temperature
dependence of the critical current provides an additional tool to identify the presence
of domain walls. In Figure 7.7a, we plot the I; Ry product of three samples (contain-
ing chiral domain walls) with different geometry as a function of normalized tempera-
ture. We find that the critical current follows an exponential increase close to T, but at
lower temperatures, it saturates and plateaus. More importantly, not only the temper-
ature dependence but also the magnitude of IRy is identical for all devices, despite
the vastly different sample geometry. Note that we have independently established the
presence of domain walls for all the three devices depicted in Figure 7.7a using other
techniques (either by the detection of Shapiro steps or the detection of SQUID-like
oscillations). From this analysis we conclude that I.RN(T'/T¢) is universal for chiral
domain walls.

In contrast to samples that exhibit the presence of domain walls, devices that lack a
chiral domain wall do not show a universal I.Rx(T/T;). For example, the two I.RN-
curves shown in Figure 7.7b. Instead of a exponential increase close to T, we observe
a more bulk-like (1 - T/ Tc)l/ 2 dependence.7 Furthermore, the magnitude of the I Ry
product is not sample-independent. Typically, the field dependence of the critical cur-
rent of these samples is a monotonic linear decay, and Shapiro response lacked. In
conclusion, the behavior of I.RN(T'/ T¢) allows us to distinguish between samples that
effectively pin a chiral domain wall and those that do not.

"In fact, this same behavior is found in the Ic RN (T) of the micrometer-sized contacts of samples that exhibit
domain walls.
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Figure 7.7: Ic RN (T / T¢) for two classes of samples. (a) samples that do pin chiral domain walls show a univer-
sal temperature dependence of Ic Ry, despite there vastly different sample geometry. Here the orange curve
corresponds to Ring 2 (7. = 1.2 K) and the magenta one corresponds to Ring 3 (T = 1.28 K). The bar (blue
colored curve) has a critical temperature of 1.5 K. Note that not only the temperature dependence, but also
the magnitude of IcRy is identical between the samples. As a sharp contrast to this behavior, we plot the
IcRN(T/T¢) of samples that do not exhibit chiral domain walls in (b) with red curves. Here the temperature

dependence close to T¢ is well captured by the more bulk-like (1 - T/T¢) 1/2 dependence. Furthermore, the
magnitude of I Ry differs between samples. As reference we plot the curve obtained on the bar sample from
(a).

7.7. FIELD-INDUCED BISTABLE DOMAIN CONFIGURATIONS

By applying small in-plane magnetic fields, we found that we can decrease the pin-
ning of the chiral domain walls, which manifests itself as a bistable I state controlled
by the bias current polarity. This process is shown in Figure 7.8. We find that a high
I (blue curve) and a low I; (orange curve) state appears under the application of 20
mT along a line connecting the measurement leads (x-direction). We can switch be-
tween these states by applying either a large enough positive or negative current bias,
which we denote by I, and I. respectively (indicated by red circles in Figure 7.8). If
the sample is in the low I, configuration, it remains in the low I branch until we ap-
ply a current larger than I.. upon passing I > I,, the sample transitions to the high I;
branch, which can be identified by a hysteresis loop on the positive current polarity.
The high I, state is subsequently stable until a negative bias current of I < I is applied.
Consequently, the sample switches to the low critical current state, resulting in a hys-
teresis loop on the negative current polarity. Note that both I states are exceedingly
stable: the hysteresis loops only appear accompanied by switching between the states.
Therefore, it is impossible to observe a hysteresis loop multiple times on the same cur-
rent polarity, making this behavior quite distinct from conventional hysteresis loops in
underdamped junctions.

Having made the distinction from conventional hysteresis loops, we recognize that the
bistability of I results in two hysteresis loops upon cycling the bias current between
positive and negative directions (using currents |I| > max(I., I,)). In Figure 7.8, we ob-
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Figure 7.8: I'V-characteristics obtained on Ring 2 at 600 mK, under the application of an in-plane field of 20
mT along the x-direction (line connecting the measurement leads attached to the ring). A two-level critical
current state is revealed: the blue curve is the high I state, and in orange, we plot the low I state. As a
reference, we show the I'V-characteristic for zero field in pink. We can switch between these bistable states
by applying high positive or negative bias currents. Specifically, by applying I > I, (I, = 122 pA, for Ring 2),
the sample switches to the high I state. The reverse is true for a bias current of I < I. (I. = —114 pA, for
Ring 2). Both I, and I. are indicated by red circles. Switching between the I states results in a hysteresis
loop, the order of which is shown by the black arrows. The switching behavior is characterized by a hysteresis
loop of normal order (critical current larger than the retrapping current) on the negative bias polarity and a
hysteresis loop of the reversed order on the positive current polarity.

serve a critical current that exceeds the retrapping current when switching from the
high I state to the low I state (on the negative current polarity). However, the reverse
is true when switching from the low I, state to the high I.. state (on the positive current
polarity): the retrapping current is higher than the critical current. As this behavior
is uncommon, we coin this the anomalous hysteresis polarity. Interestingly, when re-
versing the field direction, the polarity of the anomalous hysteresis changes sign, as
shown in Figure 7.9. In other words, the role of I, and I. in switching between the crit-
ical current states interchanges upon reversing the field direction. This is graphically
summarized in Figure 7.10.

Before interpreting the bistability I. property of these samples, first, some general re-
marks. Although Figures 7.8 and 7.9 are results obtained on ring-shaped devices, we
observed this behavior in all samples that pin chiral domain walls, irrespective of cur-
vature or whether they contain singly or doubly connected geometries. Besides, field
cooling or applying the field after cooling the sample is cooled below T; gave identical
results. On the other hand, we find that the direction and magnitude of the in-plane
magnetic field, required to obtain this behavior, is sample dependent. For example,
Ring 1 (Figure 7.3c) showed the bistability of I at an in-plane field of 15 mT applied 55
degrees with respect to the x-direction.? For a more detailed discussion, the reader is

8Here the x-direction is defined as along the ring; see the inset of Figure 7.8
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Figure 7.9: Measurements analogous to those presented in Figure 7.8, where the in-plane field direction is
reversed. All indicators and symbols are as defined in Figure 7.8 and the data is acquired on Ring 2 at 600
mK. Note that reversing the field direction along the ring, results in an exchange of the role of I, and I. in
switching between the critical current states. In other words, the anomalous hysteresis is observed on the
negative bias polarity. The values of I, and I. are 119 pA and -121.5 pA respectively.

referred to Appendix B. Note that the magnitude of the field that triggers the bistability
is below H; and can therefore not be caused by in-plane Abrikosov vortices that are
mobile in the sample. Finally, this rather unusual switching property cannot be caused
by any conventional constriction-type junctions reviewed in section 7.3. Its detection,
therefore, reinforces the hypothesis that the spontaneous Josephson coupling in these
mesoscopic devices is caused by the presence of superconducting chiral domain walls.

In order to interpret the bistable I of our samples, we turn to two key literature results
that showed the presence of mobile chiral domain walls. Kidwingira et al. first found
evidence of telegraph noise near the critical current of corner junctions on macro-
scopic crystals of SryRuOy4, which they interpreted as the movement of chiral domain
walls[42]. Similarly, Anwar et al. studied Sr,RuO, hybrid junctions between niobium
and Sr,RuOy (coupled by a Ru-inclusion to the Sr,RuO, crystal) and found similar hys-
teresis loops as presented here, along with the aforementioned telegraph noise near I
(see Figure 7.11a)[43]. Moreover, Anwar et al. found that the application of small fields
in the ab-plane increases the telegraph noise near I, which indicates that the domain
walls become less strongly pinned due to the in-plane fields (see Figure 7.11b). Most
likely, the two-level I property shares its origins with the telegraph noise observed on
macroscopic samples. Both Kidwingira et al. and Anwar et al. discuss macroscopic de-
vices that do not pin domain walls due to the sample size. However, here we study con-
fined structures exhibiting stronger pinning, and therefore the domain configuration
is more stable. However, the application of in-plane fields decreases the domain wall
pinning, which consequently leads to the appearance of a bistable domain configura-
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Figure 7.10: Schematic of the interplay between field direction, I, and I. in determining the low or high I
state in ring structures of SrpRuOy as revealed under the application of in-plane fields. (a) and (b) correspond
to the results presented in Figure 7.8 and 7.9 respectively. The color coding of the high and low critical current
states corresponds to the curve color in the IV-characteristics of Figure 7.8 and 7.9. As evidenced by the
difference between (a) and (b), reversing the field direction, interchanges the role of I, and I. in changing
between the two different Iy states.

tion. In turn, a different domain configuration can lead to a different I;; the application
of an in-plane magnetic field can lead to a bistable I, in our mesoscopic devices[52].
Not only fields can move the domain walls: as evidenced by the telegraph noise near I
the bias current also couples to the domain configuration. This explains the influence
of I, and I. in switching between the two I, states. Moreover, if both an electrical cur-
rent and an in-plane magnetic field can exert a torque on the domain wall, it explains
why reversing the field direction interchanges how I, and I. determine the low or high
1. state.

There are, however, also some open questions that remain. First and foremost, how
the domain structure is influenced under in-plane fields is not known. More specifi-
cally, what is not known is the direction of the lattice vectors with respect to the applied
magnetic field, and therefore the possible importance of field-to-lattice alignment. In
Appendix C we present, as an outlook, an experiment that determines the a- and b-axis
in a mesoscopic device in situ. Secondly, the results presented here raise the question
of how a charge current couples to the chiral domain walls and why chiral domain
walls can become unpinned by the application of in-plane fields. Thirdly, it must be
noted that magnetic fields of the same magnitude were used in the magnetometry ex-
periments that revealed the presence of half-quantum vortices in mesoscopic rings of
SroRu04[19]. This calls for a reexamination of these results and a possible reinterpre-
tation based on chiral domain walls present in these rings.

Finally, these domain wall junctions can function as superconducting memory ele-
ments. Analogous to the devices presented in Chapter 5, we can specify a read-out
current between the critical current of the low I, branch and I,. This leads to a finite
voltage in the low I state, whereas a zero voltage in the high I, state. It is advantageous
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that the bias current polarity controls the writing procedure of such memory instead
of applying a magnetic field. On the other hand, the memory of our rings is limited
by the need for finite static magnetic fields and sub-1.5K temperatures. Besides, chiral
domain walls can never form non-volatile memories, as they are tied to the supercon-
ducting phase.
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Figure 7.11: Two examples of multistable I states, taken from Anwar et al[43]. In (a), there is a clear bistable
behavior, with an anomalous hysteresis on the positive current bias and a regular hysteresis loop on the neg-
ative bias, comparable to the data in Figure 7.8. As this concerns a macroscopic crystal, the chiral domain
walls are pinned less. Therefore, switching between chiral domain configurations does not require the ap-
plication of in-plane fields. Moreover, the IV -characteristic can be altered between different cooling cycles,
indicating a non-deterministic domain configuration when entering the superconducting state. When small
magnetic fields are applied in the ab-plane (0.01 mT), the pinning of chiral domain walls decreases, and the
domains reconfigure without applying currents larger than I, or I, resulting in large amounts of telegraph
noise near Ic.

7.8. ALTERING THE PERIODICITY OF CURRENT-PHASE RELA-
TION WITH IN-PLANE MAGNETIC FIELDS

Besides a current switchable bistable I state, in-plane fields can alter the periodicity
of the current-phase relation associated with the domain wall junctions. We found that
some combinations of field magnitude and alignment can give rise to clear half-integer
Shapiro steps, which indicates a current-phase relation that is 7-periodic instead of 27 -
periodic. For example, in Figure 7.12a, we plot both I, states of Ring 4, corresponding
to the application of a 10 mT field along the x-direction. We find the bistable I states
where the high I, branch shows only an integer Shapiro response, whereas the low I
branch shows both integer and half-integer steps. This suggests that the two I states
have different current-phase relations. Upon resetting the field (i.e., diminishing the
field to zero and subsequently reapplying the original field), we find that the domain
composition is reconfigured (see Figure 7.12). This results in a missing first Shapiro
step on the positive current polarity, and on the reverse sweep, after switching to the
low I, state, the appearance of half-integer steps, where the first half step is missing.
Furthermore, the half-integer Shapiro response seems limited to one current polarity.
Although we did not find a direct correlation between the occurrence of the anomalous
hysteresis loop and the non-integer steps, reversing the field direction changes the po-
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Figure 7.12: IV-characteristics acquired under simultaneous radiation of microwaves (145 MHz) and the
application of an in-plane field of 10 mT along the x-direction on Ring 4 at 50 mK. In (a), we observe the
unmistakable appearance of half-integer Shapiro steps in the low I state. However, the high I; state only
shows an integer Shapiro response, indicating an altered current-phase relation between the I states. After
resetting the field (i.e., setting the field to zero and subsequently reapplying the same field), we only find

integer Shapiro steps on the negative current polarity. The first step is lacking on the positive bias polarity;
only in the low I state do we observe a half-integer Shapiro step, indicated by the yellow arrow..

larity at which we observe the fractional steps. Therefore, most likely, there is a relation
between the multistable I states and the appearance of the fractional Shapiro steps:
both properties require similar in-plane fields, and the exact magnitude or orientation
seems to vary between samples. Moreover, there seems to be no correspondence be-
tween the geometry of the sample and the field direction required to trigger either the
two-level I, property or the non-integer Shapiro steps.

To examine the origin of the fractional Shapiro steps, we perform a magnetic field
sweep under microwave radiation (see Figure 7.13). Before this experiment, we ver-
ified a reproducible half-integer Shapiro response at finite in-plane fields. We ob-
serve a Fraunhofer-like interference pattern with Shapiro steps close to I.. In Figure
7.13b,c we plot IV -characteristics at specific fields, extracted from Figure 7.13a. Inter-
estingly, %-fractional Shapiro steps appear near the minima of the interference pattern
(i.e,, 4.5 mT and 9.9 mT). Naturally, at these minima, the first harmonic of the current-
phase relation is suppressed, and therefore it can be dominated by the higher harmon-
ics. This effect is commonly observed in, for example, 0 — 7 transitions in SF-hybrid
junctions[53, 54]. Beyond 15 mT, however, there seem to be no oscillations in the I.(B)-
pattern. In this regime, we see the appearance of the half-integer steps, which might be
distinguished from the trivial fractional steps observed in the minima of I.(B). At even
higher magnetic fields, the half-integer steps disappear, and only integer steps are ob-
served. Besides, integer steps are observed between the minima in the oscillatory part
of the I (B)-pattern.
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Figure 7.13: (a) In-plane magnetic field sweep obtained on Ring 4, under the application of microwaves (145
MHz) at 50 mK. There is a 30 degree angle between the y-axis and the magnetic field direction (see inset). To
erase any field history, we reduce the field to zero between each field step and we cycle both current polarities
twice at each field. In (a) we plot the up-sweep of the second cycle (i.e., increasing current direction). (b) and
(c) show I'V-characteristics extracted from (a). The color coding of the vertical reference lines corresponds
to the color of the curves in (b) and (c).

The period of the oscillations in I;(B), combined with the thickness of the crystal, im-
plies a junction length of 1.5 um, which exceeds the outer diameter of the ring of 1 pm.
This is not expected since the interference pattern is obtained at 50 mK. No extended
domain wall regime is expected at these temperatures and sample dimensions, accord-
ing to the time-dependent Ginzburg-Landau simulations. Furthermore, in-plane mag-
netic field sweeps obtained on other ring samples never exhibited a Fraunhofer-like
pattern but rather a monotonic decay. The interference pattern presented in Figure
7.13a, therefore, raises the question of what the junction geometry is and how it is re-
lated to the domain wall structure. The interference pattern also seems to suggest that
the %-fractional Shapiro steps result from a trivial process. On the other hand, since
they are stable over a larger field range, the half-integer Shapiro response might be the
consequence of a more profound effect of the presence of in-plane fields.
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7.9. IMPLICATIONS FOR THE PAIRING SYMMETRY

As mentioned in the introduction, the chiral p-wave pairing paradigm became prob-
lematic in recent years due to multiple revisited experiments, and today the proposals
range far and wide. This section will try to reconcile our experiments with one of those
proposals.

Since the discovery of SQUID-like oscillations in homogeneous rings of Sr,RuQO4 re-
ported in [6], and their attribution to chiral domain walls, we have studied numerous
properties of these remarkable junctions. To explicitly name them: the temperature
dependence associated with the trapping of a domain wall, which is sample indepen-
dent; the influence of geometry on the domain structure; the bistability of chiral do-
main walls by the application of in-plane magnetic fields, and the alteration of the
periodicity of the current-phase relation due to said in-plane fields. Before continu-
ing the discussion of the consequences of these observations, we conclude that these
unusual properties can never occur in regular constriction type junctions nor as a re-
sult of persistent currents. Therefore, the experiments presented in this chapter form
a compelling collection of evidence for the existence of superconducting domains in
Sl‘gRu04.

Chiral p-wave superconductivity is one of the least complex symmetries featuring the
spontaneous appearance of superconducting domains. However, since chiral p-wave
pairing has become an unlikely candidate for describing the pairing in Sr,RuO4, we
require an alternative featuring such domains. Naturally, any chiral order parameter
satisfies this need. Alternatively, as mentioned in section 7.2.2, there is a proposed
class of superconducting pairings composed of two single-component order param-
eters. Although these order parameters can also break up into superconducting do-
mains, this does not happen spontaneously. Instead, a varying strain texture caused by
dislocations and impurities is required for the stabilization of the domain walls[40, 55].
Not only is this scenario opposed by our evidence of clean and strain-free crystals,
it also suggests that the domains are set by the lattice and therefore are not mobile,
which is directly contradicted by our in-plane field experiments. On the other hand,
a symmetry-protected chiral pairing allows for mobile domains. Therefore, chiral d-
wave is a more likely candidate based on our experiments.

In section 7.2.2 we noted two arguments countering the chiral d-wave picture. First
is the observation of vertical line nodes, which seems to conflict with chiral d-wave
pairing, for which horizontal line nodes are expected[28]. However, taking into ac-
count spin-orbit coupling and inter-layer interactions (as opposed to a more sim-
ple two-dimensional model), it was shown that a chiral d-wave superconductor can
exhibit quasi-particle Fermi surfaces, which can appear as vertical line-nodes in
experiments[56, 57]. The missing second transition in heat capacity measurements
poses a bigger problem, which, up to now, remains unresolved[29].
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7.10. CONCLUSION AND OUTLOOK

We have studied the properties of mesoscopic structures of Sr,RuOy in various singly
and doubly connected microstructures and found the spontaneous emergence of
Josephson junctions, independent of the sample geometry in the superconducting
phase. This is supported by the measurement of the I.(B)-pattern, as well as a clear
Shapiro response. Furthermore, we find that the I.Ry product displays a universal
temperature dependence, regardless of device geometry. Under the application of in-
plane fields, a bistable critical current emerges, characterized by a low I; and a high
I state that can be switched by the application of electrical current. Besides, in-plane
fields alter the periodicity of the current-phase relation of the spontaneous junctions,
which is reflected by the appearance of half-integer steps in the Shapiro response.
Combining these unusual observations provides compelling evidence for the presence
of superconducting domains in SryRuO,4. Naturally, a chiral order parameter can fea-
ture such domains, and in light of the recent experimental work detailing the pairing
symmetry of SroRuQy, a chiral d-wave order parameter of the form d.. + idy., is, there-
fore, the most promising candidate.

The experiments presented in this chapter raise plenty of questions as well. For exam-
ple, why are the domain walls more mobile under the application of in-plane fields,
and what determines their interaction with charge current? Besides, what determines
the direction and magnitude of the in-plane magnetic fields required to produce the
bistable I, and likewise the half-integer Shapiro response? Finally, how are these effects
related to the alignment of the crystalline axes? These questions remain unanswered.
Besides, there remain multiple apparent contradictory results in literature. Therefore,
further experiments are necessary.

APPENDICES
A. SAMPLE DIMENSIONS OF RING SAMPLES

In this Appendix, we provide an overview of the length parameters of the different sam-
ples used to obtain the data in this chapter. They are summarized in Table 7.1. Note
that the behavior reported on each sample is not exclusive to that specific device. Be-
sides, some of the data is not acquired in the Vectormagnet (see Appendix A of Chapter
2) but at Twente university in a dilution refrigerator capable of reaching 10 mK base
temperatures. The data shown in Figures 7.4, 7.12, 7.13, B.1, and B.2 are obtained us-
ing a Stanford Research Instruments SR830 lock-in in Twente using a similar method
as described in Appendix A of Chapter 2.
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B. STABILITY OF CHIRAL DOMAIN WALLS UNDER IN-PLANE FIELDS

Although the mobile domain walls and their associated bistability of the critical current
are observed universally in all samples, the direction and magnitude of the in-plane
field required to trigger this behavior vary between samples. This Appendix presents
an extensive search for the I, bistability in the in-plane field parameter space obtained
on two different ring samples.

In order to quantify the amount of hysteresis in an /V-characteristic, which accom-
panies switching between different I states, we define a parameter that measures the
absolute voltage difference between the low I state and the high I, state. We calculate
this parameter by summing the absolute voltage difference between the two states at
each current:

Sample

name Din Doyt t Comments

This sample is shown in the false colored
scanning electron micrographs of Figure 7.3c
0.608 | 1.20 | 0.450 | and Figure 7.5c. It has a thick conducting
pm pm pm gold capping layer. It is used to obtain the in-
terference patterns depicted in Figure 7.3d,
Figure 7.5d and 7.6.

Ring 1

Sample presented in reference [6] as ‘Exp.
sample B’ (see Figure 1d in ref. [6] for an
0.531 | 1.26 | 0.7 scanning electron micrograph). The geom-
pHm pHm pHm etry of this sample is very close to Ring 1. We
obtained the data presented in section 7.7 on
this sample as well as I.(T) data.

Ring 2

This is the doubly connected bar sample
shown in the false colored scanning electron
micrograph of Figure 7.5a. The sample is
composed of two 1 um long bars; here, the
0.475 | 1.38 0.589 | inner diameter references the distance be-
pm pm pm tween the bars, and the outer diameter is the
total width of the sample (i.e., the inner di-
ameter plus the width of both bars). This
sample provided the data for the I.(T) and
the interference pattern in Figure 7.5b.

Ring 3

This sample is shown in the false colored
scanning electron micrograph of Figure C.1b.
The ring part of the sample is used to obtain
the Shapiro step results presented in Figure
7.4, 7.12 and 7.13. Besides, we studied the
stability of the critical current state switching
on this sample (i.e., Figure B.2).

0.486 | 1.01 0.253

Ring 4
pm pm pm

Table 7.1: Table containing the dimensions (inner diameter Dj,, outer diameter Doyt and the thickness f)
and other details of the ring samples used acquire the data presented in this chapter.
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Hyst.= ) |V(; =) - V(I; <)l (7.1)
I;

Here we sum over each current probed in the I'V-characteristic, V (I; —) is the voltage
measured during the forward sweep, and V (I; <) the voltage measured on the reverse
sweep. Naturally, this parameter gives a measure for the surface enclosed by the hys-
teresis loops: it is zero if there is no hysteresis and finite if any hysteresis exists between
the current and retrapping current. In Figure B.1 we plot the hysteresis parameter for
a large combination of field magnitudes and directions. Here ¢ is the polar angle in
the xy-plane, and ¢ = 0 corresponds to the direction along the ring, as defined in the
inset of Figure 7.8. We find ¢ = 20 degrees the optimal angle to produce the switching
behavior reported in section 7.7.

In Figure B.2a, we present a measurement of the same hysteresis parameter for Ring
4, which does not have any preferential angle along which it produces the bistable I.
states. Moreover, we have obtained the I'V-characteristic at each field twice, which
allows us to examine the reproducibility of the hysteresis parameter at a constant mag-
netic field (see Figure B.2b). From the difference between Figure B.2a and B.2b, we can
conclude that this sample pins chiral domain walls less effectively than other samples.
Note that this does not mean the sample can be regarded as irregular, as it showed a
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Figure B.1: Hysteresis parameter (summed difference between the high I. state and the low I state) ex-
tracted for different combinations of field magnitude and direction. Note that each pixel represents a single
IV-characteristic. Here ¢ is the polar angle in the xy-plane (with the x direction along the ring, as defined
in Figure 7.8). At ¢» = 20 degrees we find clear hysteresis behavior, indicating switching between different I
states (i.e., mobile domain walls). Before setting each field and starting the IV-measurement, the field was
reduced to zero.
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Figure B.2: (a) The same quantity measured as presented in Figure B.1 for Ring 4. The same measurement
protocol was used to acquire the data. However, the IV-characteristic was measured twice at each field.
In (b), we plot the hysteresis parameter obtained from the second IV-characteristic. This sample does not
have a preferred field direction that triggers the mobile domain regime. Besides, this sample pins the chiral
domain walls less effectively, which can be seen from the difference between (a) and (b): the hysteresis loops
are less reproducible.

clear SQUID-like interference pattern and Shapiro response.

C. PROPOSED EXPERIMENT TO ESTABLISH A- AND B-AXIS IN SITU

Since we found no correlation between the geometry of the samples and the field align-
ments that trigger the critical current bistability, comparing the relative field directions
to the orientation of the atomic lattice would provide valuable insight into the under-
lying mechanism. There might be a relation to the nematicity of the electronic system
found in the normal state of SroRuQ4[58], if there is no correlation with the atomic lat-
tice. As an outlook, we provide an experiment, that can establish the direction of the a-
and b-axis of the crystal flake in situ.

Crucial to this proposal is the observation of an anisotropy in the upper critical field in
the ab-plane of Sr,RuOy4 (see Figure C.1a)[59]. During this experiment, the orientation
of the lattice was established first, and the anisotropy was measured. We propose to
utilize the reverse: measure the anisotropy in H¢y and infer the direction of the prin-
ciple axes from this measurement using the results presented in reference [59]. Figure
C.1b depicts a sample shaped into a multiple micrometer-sized bar attached to a ring
with a diameter of 1 um. Using contacts V; and V,, we can measure the voltage over the
bar, which does not pin chiral domain walls due to its relatively large size. Therefore
we can assess the anisotropy in H, and establish the crystalline axes of the flake. Since
there is a fixed orientation between the bar and the ring, this information transfers to
the ring. Next, we can switch our voltage measurement to contacts V, and V3, which
measure the voltage over the ring, allowing us to repeat the experiments using in-plane
fields and relate them to the crystalline lattice.
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Figure C.1: (a) the upper critical field of SrpRuOj4 in the ab-plane as a function of the polar angle between the
field direction and the a-axis, taken from reference [59]. Using this result, we can infer the crystalline axes
by measuring the anisotropy in H¢p. (b) false colored scanning electron micrograph of a sample that can
be employed to carry out the proposed experiment. Current is applied between the contacts labeled with
I; and Ip. The bar part of this sample (between voltage contacts V; and V») is relatively large and therefore
does not pin chiral domain walls. We can use the bar to measure the anisotropy in H¢2, which then provides
information about the crystalline axes of both the bar and the ring (experimentally accessible using contacts
V3 and V3). The scale bar corresponds to 2 um; this sample was used to obtain the Shapiro data presented in
the main text.
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