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Macroscopic superconducting components are an important building block of various
quantum circuits. Since several of the envisioned applications require exposure to magnetic
fields, it is of utmost importance to explore the impact of magnetic fields on their perfor-
mance. Here we explore the complex pattern of magnetic field penetration and identify its
impact on the resonance frequency of NbTiN superconducting resonators by combining
magneto-optical imaging and high-frequency measurements. At temperatures below
approximately half of the superconducting critical temperature, the development of magnetic
flux avalanches manifests itself as a noisy response in the field-dependent resonance fre-
quency. Magneto-optical imaging reveals different regimes and distinguishes the impact of
avalanches in the ground plane and resonator. Our findings demonstrate that super-
conducting resonators represent a valuable tool to investigate magnetic flux dynamics.
Moreover, the current blooming of niobium-based superconducting radio-frequency devices
makes this report timely by unveiling the severe implications of magnetic flux dynamics.
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uperconducting coplanar waveguide (CPW) resonators
have become an essential component of quantum circuits
due to their ability to readout different qubit systems. These
CPW resonators combine a conventional fabrication method with
superior quality factors needed to perform circuit quantum elec-
trodynamics. During the last decade, careful design and material
selection has resulted in quality factors reaching values up to
106-107 12, In order to obtain this high performance, the CPW
resonators must be screened from external damping sources
among which magnetic flux quanta play a particularly detrimental
role. Although efficient magnetic screening can be achieved, this is
not always a viable option since some qubit implementation
schemes such as spin ensembles in solid-state systems>~>, phase-
slip qubits®, and trapped electrons!®!1, require inevitable expo-
sure to a magnetic field. For these systems, it is crucial that the
resonator characteristics remain unaffected under an external
magnetic field. Unfortunately, previous studies have shown that
increasing the magnetic field leads to a decrease in the quality
factor as well as the resonance frequency of the resonator!2-17,
Consequently, the identification of new strategies and designs for
increasing the magnetic field resilience of superconducting CPW
resonators remains a subject of major technological significance.
The deleterious effect of magnetic field on the resonator
characteristics can be attributed to the penetration of magnetic
flux quanta or vortices!®. Their interaction with the induced
radio-frequency (RF) currents gives rise to the absorption of
energy and consequently dissipation which translates into a
decrease in the resonator performance. This indicates that not
only the amount of vortices penetrating the CPW resonator is
relevant but also their exact location. In particular, the presence of
vortices should be avoided in regions of maximal RF currents
and/or magnetic field!®. Two approaches can be adopted with the
aim to lessen vortex-induced losses: (i) hinder their movement,
and (ii) decrease their number in the critical regions. Several
works have focused on the first approach by creating artificial
pinning sites!3-1>1720_ Alternatively, it has been shown that
reducing the ground plane?!, or dividing the ground plane into
fractal structures?>23 permits to decrease the demagnetization
effects and decrease the field penetration.
In order to seize and quantify the impact of the aforemen-
tioned mitigation strategies, the complete sample surface should

be taken into account. To that end, a macroscopic technique
capable of visualizing the magnetic flux penetration and struc-
tural weak points is essential. Magneto-optical imaging (MOI)
has proven to be an excellent tool for examining macroscopic
structures such as superconducting CPW resonators with ym
spatial resolution?425, In order to make morphometric criteria-
based decisions for field-resilient CPW resonators, the macro-
scopic image of a full device must be complemented and com-
pared to high-frequency transmission measurements.

In this work, we investigate the effect of the magnetic field
penetration on a superconducting CPW resonator. To that end,
we designed a sample containing two A/4 resonators able to be
characterized by MOI and high-frequency measurements at
several temperatures. Our results show that both observed reso-
nances follow the expected temperature behavior determined by
the kinetic inductance of the material. We analyzed the field
dependence of the high-frequency measurements and observed
several different regimes in the behavior of the resonance fre-
quency. These regimes were directly correlated to the MOI
observations, with a particular focus on the noisy behavior in the
resonance frequency that can be attributed to the development of
thermomagnetic instabilities precursors of abrupt flux avalanches.
Based on our findings, we suggest several ways to optimize the
field resilience of future CPW resonators.

Results and Discussion

Sample design. The superconducting resonators investigated in
this work consist of a 100 nm thick NbTiN layer sputtered on a
sapphire substrate, as schematically represented in Fig. la. A
critical temperature of 16.5K was obtained using SQUID mag-
netometry on a reference layer of 100 nm. Several identical
samples were fabricated in order to allow comparison between the
MOI and RF measurements. In order to fit the complete reso-
nator structure in the field of view of the MOI setup a substrate
size of (5 x 4) mm? with a superconducting region of interest of
(2.5 x 2.5) mm? was chosen. In this superconducting region two
overcoupled, hanger-type A/4 resonators with length 4089 ym and
3953 um were capacitively coupled to a central feedline. The
central conductor has a width w =20 ym with a separation from
the groundplane of s = 10 ym resulting in a 50 Q impedance.

(@ (b) (O]
-475 Y A ———
-50.0F 1 v 1 s
©H, | 163K o 88K \\\‘\\
—52.5F " = 5t \:\
= -55.01 S \\\‘
‘ S P A 11
| § = -57.5} S 10 VA
s EF X '\
|5 e L -600} — !
6 W g5l 15.6 K >“,
: | | '
NbTiN : —62.5 W
e — v |
25mm | —65.0 20l \",
< s
- —67.5F 8.8 K— 16.3](\1:%
mm — 5.5 6.0 6.5 7.0 25 50 7.5 100 125 15.0
f (GHz) T (K)

Fig. 1 Temperature-dependent characterization of NbTiN superconducting resonators. a A schematic representation of the investigated sample. In the
superconducting NbTiN region indicated in dark grey, two /4 resonators are capacitively coupled to a central feedline. b The Sy transmission parameter
of the longer resonator plotted for different fixed temperatures between 8.8 K and 16.3 K. The color change from blue to red indicates the increase in
temperature. ¢ For both resonators indicated in (a) the relative frequency shift f = [f(O) — f,} /f(0) as a function of the temperature is indicated from blue
to red with increasing temperatures. Here f(0) denotes the resonance frequency at temperature T= 0 K and f, corresponds to the temperature-dependent
resonance frequency of the resonator. The dashed black line corresponds to a fit of both resonance frequencies as described in the text. The data points
corresponding to the transmission measurement shown in (b) are indicated with the corresponding colored arrow.
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Resonator characteristics. The resonance frequencies, f,, at
7.06 GHz and 7.44 GHz corresponding to each resonator manifest
themselves as an absorption dip in the S,; transmission spectrum.
The resonance dips showed a pronounced skewness likely due to
an impedance mismatch caused by the lengthy wire bonds
(~mm) required to fit the high-frequency setup?0-28. In Fig. 1b
the magnitude of the transmission is shown for different tem-
perature values. As the temperature increases from lower (blue)
to higher (red) values, the resonance frequency shifts to lower
values and the full width at half maximum increases, indicating
an increase in losses. Figure 1c displays the temperature-induced
relative frequency shift §f = [ f(0) — fr] /f(0) of both resonance
features. The resonance frequencies 7.06 GHz and 7.44 GHz with
corresponding internal quality factors of ~2000 and ~800 were
obtained following the fitting routine described in ref. 2°.

In general, the resonance frequency of a A/4 resonator is
determined by the expression f, = 1/(4l~/L'C’), wherelcorre-
sponds to the resonator length, and L' and C’ are the inductance
and capacitance per unit length, respectively3?. The resonance
frequencies were originally designed based solely on a geometric
inductance contribution of L = 4.19 - 10~" Hm™!. However, it is

essential to consider the contribution of the kinetic inductance,
which is dependent on the superconducting energy gap. By
utilizing an interpolation formula for the superconducting energy

gap, A(T) =~ A(0) tanh(1.744/T,./T — 1), the following expres-
sion for the temperature-dependent kinetic inductance is
obtained3!32 :

1 1
tanh(l]ﬁ/%j) tanh (%) 7 1)

with [ and w corresponding to the length

Li(T) = L;(0)

whereby L} (0) %2715;2(0)
and width of the resonator, R the normal state sheet resistance, h
and kg are Planck’s and Boltzmann’s constants, and T is the
temperature31:32. By combining the general expression for the
resonance frequency and Equation (1), the temperature-dependent
resonance frequency can be fitted with fitting parameters L, (0), T,

and Lé. The fit for both resonators is indicated in dashed black lines
in Fig. lc, with parameters L; = (3.82%0.005) 1077 Hm™1,

(0) = (3.73£0.006) - 107 Hm~!, T.=(17.27+0.02) K and
Ly = (3.89£0.007) - 1077 Hm~!,  L}(0) = (5.11£0.009) - 10~
Hm™1, T,=(17.21 £0.02) K for the shorter and longer resonator
respectively. The excellent fit demonstrates that the resonance

frequency serves as a very sensitive probe for any variation of the
superconducting energy gap.

Magnetic field response of the resonators. Let us investigate the
response of the resonators as a function of the applied out-of-
plane magnetic field (uoH,). Figure 2a shows the resonance fre-
quency of the longer resonator after a zero-field cooling process
and subsequent sweeping of the magnetic field at the fixed tem-
perature of 5K. For the sake of clarity, we have unfolded the
magnetic field cycle in such a way that the abscissa can be
associated to the measurement chronology. Note that as magnetic
field increases, the resonant frequency shifts down with an
average rate smaller than the subsequent increase rate of f, when
decreasing field. In other words, f,(uoH,) exhibits an irreversible
response when cycling the applied magnetic field. This hysteric
behavior of f, is a universal feature which has been shown for
Nb!%33, NbN34, YBCO3?, MgB,3¢, and Al3” CPW resonators and
can be linked to the inhomogeneous distribution of current, I,5
shaking an inhomogeneous magnetic flux distribution. As shown
in Supplementary Note 1 the internal quality factor has a very

similar magnetic field dependence. This demonstrates that the
same interplay defines dissipation in these resonators.

A close inspection of Fig. 2a allows us to identify several
different features which should be associated with the peculia-
rities of the magnetic field penetration in the complete structure.
As we will demonstrate below, in order to identify the non-local
magnetic origin of these features it is essential to map the
magnetic field distribution in the entire device (shown in Fig. 2d).
Figure 2a shows that the resonance frequency maximizes at
poH, =0mT, where little magnetic flux (mainly due to frozen
earth magnetic field) remains trapped in the resonators. In the
field range OmT <uoH,<0.4mT, screening Meissner currents
circulate in the ground plane (point (I) in Fig. 2a, d). Note that
the ground plane and the resonators are capacitively coupled to
the central excitation line. In other words, the ground plane and
resonators are physically disconnected from the excitation line
and surround it. Therefore, the structure can be regarded as
topologically equivalent to a ring surrounding a disk. Due to
demagnetization effects, the Meissner currents circulating clock-
wise in the ground plane (see grey arrows in image (I) of Fig. 2d),
produce a magnetic field of opposite polarity than the applied
field all along the inner border of the ground plane and a small
positive field inside the central hole (where the feed line sits). As
long as OmT < yoH, < 0.4 mT the resonators are protected by the
screening currents in the ground plane and f, gently decreases as
magnetic field increases.

At poH,=05mT a peculiar event, known as magnetic
perforation takes place. This event consists of a sudden break-
down of the screening currents in the ground plane with a
simultaneous injection of magnetic flux inside the central
hole38-40, This abrupt change of the magnetic field at the rim
of the resonators marks the start of a steeper magnetic field
dependence of f,. The injection of the magnetic field becomes
more apparent in the differential image (i.e. subtraction of two
images taken a two consecutive magnetic fields) shown in Fig. 2e
corresponding to point (I) in which the nucleation point of the
magnetic perforation has been indicated with a dotted circle.

As the magnetic field is progressively increased beyond the
magnetic perforation point (0.5mT < yoH, <5mT), f(uoH,)
exhibits a noisy behavior with a global linear decrease as the
magnetic field increases. This noisy regime is better seen in the
derivative df,/duoH, shown in Fig. 2b. The origin of this jumpy
behavior can be traced back to the development of magnetic flux
avalanches caused by thermomagnetic instabilities*!. A snapshot
of the magnetic landscape after triggering some finger-shaped
flux avalanches at the point labeled (II) is shown in Fig. 2d. These
avalanches are neither fully reproducible*?#3 nor totally random
and could equally originate at border spots with high degree of
perfection or defects?0-44,

When decreasing the magnetic field from poH,=>5 mT, the
local magnetic field inverts its polarity at the border of the sample
even before the applied field changes polarity*>=47. In this case,
antivortices nucleate at the border of the sample and annihilate
with the trapped vortices. At the beginning, this process takes
place smoothly and leads to an effective removal of magnetic flux
from the resonators. Since no flux avalanches occur in this
regime, the f,(uoH,) curve does not exhibit any jumpy behavior
(see point (III) in Fig. 2a, d). The fact that the flux is efficiently
removed from the border of the resonators due to the
pronounced decrease of the total magnetic field at the sample’s
borders gives rise to a lower density of vortices when decreasing
field than for increasing field for the same applied field*>~47. This
irreversible behavior, in turn, leads to a steeper increase of
fpoH,) as poH, decreases as compared to the up sweep branch.
Note that in this regime flux avalanches are no longer triggered
although those created previously leave a frozen imprint on the
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Fig. 2 Magnetic field-dependent resonance frequency and magneto-optical imaging of NbTiN resonators at T = 5 K. a The resonance frequency f, as a
function of the applied magnetic field uoH, obtained at temperature T="5K. The magnetic field has been swept to complete a full loop 0 »5— —-5-0
mT. The inset shows a zoom-in of the framed region. The different features associated with the peculiarities of the magnetic field are indicated with the

Roman numbers | to IV. These features are described in section Magnetic field
described in the text and visualized in Supplementary Note 2. b The derivativ
apparent. ¢ The perpendicular component of the induced field as a function of t

response of the resonators. Similarly, the kink indicated by the red arrow is
e df,/duoH, extracted from (a) makes the noisy and smooth regime more
he applied magnetic field inside the region schematically represented in the

inset. The blue, red, and grey data points correspond with the induced field averaged over the central conductor of the meander, the gap separating the
central conductor and the ground plane, and the ground plane (pitch) between the meander structure respectively. d The magneto-optical images
corresponding to the magnetic field values indicated by Roman numbers in (a). The Meissner currents are indicated with grey arrows in the image
corresponding to point /. @ The differential images revealing the change of magnetic flux between two consecutive field steps. The nucleation point where

the magnetic perforation takes place is indicated with a dotted circle.

magnetic landscape and may act as channels for the penetration
of antivortices*S. The differential imaging shown in Fig. 2e-(III)
clearly demonstrates that no avalanches develop in this regime.
The smooth regime finishes at a certain field yoH" = 2.5 mT.
Further decreasing the applied field beyond this point, triggers
avalanches of flux with opposite polarity to the applied field. This
is naturally accompanied by a jumpy f,(uoH,) response all the way
down to uoH,= —5mT. Snapshots of the actual magnetic
landscape and the differential imaging for point (IV) within this
regime are shown in Fig. 2d, e. A zoom of the transition from
smooth to jumpy evolution of f,(uoH,) is shown in the inset of
Fig. 2a, corresponding to the framed area. Note here that abrupt
jumps which tend to increase f, are followed by smooth linear

4

regions where f, decreases. This behavior can be explained as
follows: after the event of a flux avalanche, the magnetic field and
current at the border of the resonator are relaxed, and therefore f,
increases. As uoH, increases further, the system builds up
magnetic pressure (local field and current increases at the border
of the resonator), and therefore f, slowly decreases.

It is interesting to note the presence of a kink in the vicinity of
the middle zone of the noisy regime in panel (a), indicated by a
red arrow. In order to identify the origin of this feature, we have
measured the local magnetic field B in different regions of the
device and computed the perpendicular component of the
induced field B;,; =B — poH,. The resulting induced field B;,,
as a function of the applied field is shown in Fig. 2c for the
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resonator (blue dots), the gap separating the resonator from the
ground-plane (red downwards triangles), and the ground plane in
between the meander shape resonator (grey upwards triangles).
These regions are indicated with the same color code in the inset
of Fig. 2c. This figure shows that the kink in the f,(H) curve arises
at the same moment when the local induced field in the ground
plane starts to increase as a consequence of the development of
magnetic flux avalanches in the ground plane. These events
relieve the magnetic pressure everywhere in the resonator and
tend to slow down the decrease of the resonance frequency. A
selection of MOI images of the resonator meander showing the
point avalanches is available in Supplementary Note 2.

The magnetic and induced field profiles over the magnetic
sweep of the region indicated in the inset of Fig. 2c can be found
in Supplementary Movie 1. Similarly, the evolution of the
Bina(uoH,) curve as a function of the measurement location
along the same region can be found in Supplementary Movie 2.

Temperature response of the resonators. As shown in the pre-
vious section, flux avalanches have a critical impact on the overall
performance of the CPW resonators. In Fig. 3 we identify the
transition from the flux avalanche regime to smooth magnetic
penetration using both the magnetic field dependent resonance
frequency and the MOI images. Figure 3a shows the magnetic flux
penetration after zero-field cooling for three different temperatures
(5,9, and 12 K) at the same applied field yoH, = 1.1 mT. Finger-like
avalanches clearly visible at 5 K are no longer present at 9 and 12 K.
Indeed, it is well known that the occurrence of thermomagnetic
instabilities is restricted to low temperatures (roughly for T'< T,/2).
At T=9XK, it is observed that border defects act as magnetic faucets

from where magnetic flux is injected into the ground plane, a
phenomenon which has been described in detail in ref. 4. At
T=12K, the sample has been largely penetrated by the magnetic
field and as the magnetic field increases, non-penetrated white
regions shrink and converge to form discontinuity lines where the
supercurrents change direction®.

As we have pointed out above, the magnetic flux avalanche
activity becomes more apparent when decreasing the applied field
below a certain threshold value woH™ after reaching full
penetration. This effect is a direct consequence of the high
energy release produced by the vortex-antivortex annihilation
which facilitates the development of avalanches with opposite
polarity than the applied field. The threshold field yoH" at which
anti-avalanches are triggered can be identified either as the onset
of jumpy f,(4oH,) response (shadowed region in Fig. 3b) or can
be directly obtained from the MOI measurements. Figure 3c
shows the threshold field uoH" as a function of temperature
obtained by these two independent methods for the decreasing
(V) and increasing (/\) branches of the hysteresis loops. To
ensure consistency, we repeated the experiment during a second
cooldown at 5K and 9K. As a result, Fig. 3c displays multiple
data points for these temperatures. As T increases poH
progressively diminishes showing no magnetic flux avalanche
activity above 10 K. Figure 3d shows MOI images acquired in the
decreasing branch of the hysteresis loop at yoH, = 0.2 mT which
corresponds to the dotted line shown in panel (c) and illustrating
the presence of antiflux avalanches at 5 and 9 K and their absence
at 12 K.

A complete animation of the evolution of the magnetic
landscape during the magnetic loop can be found in Supplemen-
tary Movie 3.
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Fig. 3 Temperature-dependent magnetic flux avalanche activity. a Magnetic landscape after zero-field cooling at three different temperatures (5, 9 and
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been conducted twice at 5K and 9K resulting in additional blue (\/,/\) datapoints. d Magnetic landscape after zero-field cooling at three different

temperatures (5, 9 and 12 K) for the same applied field yoH, = 0.2 mT.
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Conclusion

We explored NDTiN CPW resonator structures using both
magneto-optical imaging and RF transmission experiments. A
clear and unambiguous correspondence is demonstrated between
both independent methods. This allows us to directly link the
complex magnetic field penetration to the changes in the reso-
nance frequency in an applied magnetic field. Major attention is
drawn to magnetic flux avalanches, which drastically impact the
resonance frequency of the device when triggered. Based on the
measurements and analysis presented above, we can devise a
roadmap for design optimization of the superconducting reso-
nators with the goal of improving their resilience and perfor-
mance under perpendicular magnetic fields.

In order to increase the threshold field needed for magnetic
perforation, it is essential to decrease the local field at the outer
rim of the ground plane. In the Meissner state this local field can
be approximated as &~ /W /tu,H >0, where W is the width of the
ground plane and ¢ is the thickness of the superconducting film.
Therefore, the desired effect can be achieved by reducing the
lateral dimension W of the ground plane.

If flux avalanche-induced noise needs to be suppressed, a
possible solution consists in reducing the pitch of the meanders.
Indeed, it has been shown in ref. >! that thermomagnetic
instabilities are progressively suppressed as the width of the
superconductor decreases and are fully absent below certain
threshold value. This is similarly exemplified in the field resilience
of nanowire NbTiN resonators®2. Alternatively, by introducing
artificial roughness along the borders of the superconducting
device it should be possible to shrink the H — T region where
avalanches occur#4>3,

It has been demonstrated that the introduction of periodic
pinning such as through holes can be beneficial for reducing the
losses caused by the flux shaking. However, this may only hold at
high enough temperatures where flux avalanches do not take
place. Indeed, it is known that this kind of pinning may actually
favor the triggering of magnetic flux avalanches and deteriorate
the performance of the device at low temperatures®°>. Another
interesting approach consists in adding pinning centers in the
resonator there where the RF local field maximizes, as proposed
in ref. 6.

It may be worth exploring the possibility to keep the magnetic
flux at bay by introducing asymmetric pinning landscapes
forming flux lenses®”. Although the efficiency of this sort of
ratchet potentials have been demonstrated at relatively low fre-
quencies, their performance at GHz seem to be less promising?8.

Even though the investigated maximum applied magnetic field
of 5mT may seem significant, the required field intensities for
various applications can exceed the range explored in this work.
For instance, in solid-state systems the required field typically
falls within the range of 15-200 mT3~>, for phase-slip qubits the
range is around 0.3 mT%’, whereas it lies in the tesla range for
trapped electrons!®11. It is worth noting that while the magnetic
field is applied in-plane in some of these systems, a slight mis-
alignment can introduce a significant perpendicular field
component.

It is interesting to mention that some high-T, superconductors
such as YBa,Cu;0; do not exhibit much flux avalanche activity,
at least at field rates normally used in the laboratory. However,
the possibility exists that the rapidly oscillating RF field and the
associated huge rate of change stimulate the otherwise absent flux
avalanches in these materials. Therefore, it would be interesting to
extend the present work to perform MOI and frequency mea-
surements simultaneously. This endeavour risks to be highly non-
trivial since the proximity of the Al mirror and the magnetic
indicator needed for MOI measurements may substantially

distort the performance of the resonators. If nevertheless one
succeeds in this task, it will be possible to discern if the RF
excitation itself promotes or stimulates magnetic flux
avalanches®.

Methods

Sample fabrication. The resonators were fabricated on a double
side polished (430 +25) ym thick C-plane Al,O; wafer. First, the
wafer was cleaned using a standard 5:1:1 RCA process of deionized
water, ammonia water, and H,O, respectively and heated to 80 °C
for 10 min®. Subsequently, one side of the wafer was covered by
100 nm NbTIN by sputtering on a target of Nbg; oTijs;N°! in a
near-UHYV sputter system, under an Ar:N, partial gas pressure ratio
of 60:37. Prior to, and during deposition the wafer was annealed at
660 °C for 30 min. Subsequently, the coplanar waveguide resonators
are patterned on the sample side using a PMMA A4 mask, pre-
baked at 180 °C. An e-spacer 300Z conduction layer is applied to
mitigate charging issues that may arise. After development in
IPA:H,0 4:1, an Ar/Cl (4:50 sccm) ICP plasma etches the metal®263,
Finally, the remainder of the resist was removed by heated acetone.

RF measurements. High-frequency measurements were performed
using a Keysight P5003B Streamline Vector Network Analyzer in a
Janis 3He cryostat. The input line was attenuated with 60dB, which
was distributed across different temperature stages within the
cryostat. The sample was pasted onto an oxygen-free copper holder
and connected via wire bonding to an RF holder with a sample space
of (7 x4) mm?2. A 4-8 GHz circulator/isolator and 4-8 GHz high-
electron-mobility transistor (LNF-LNC4_8C) were connected at the
4K stage (cooling power ~ 100 mW) after the output line of the
sample, amplifying the signal back to the second port of the VNA.
The magnetic field was applied perpendicular to the sample using a
superconducting magnet with a sweep rate of ~ 184 Oe/s, as illu-
strated in Fig. la. To compensate for the remanent field, the sample
was field cooled (—0.2mT) before every measurement cycle. A
measurement cycle consists of sweeping the magnetic field as follows
:0—5— —5—5—0mT completing a full loop. Initial field cycles
were executed with a driving power of —40 dBm and compared to a
higher driving power of 0 dBm. As there was no significant differ-
ence all measurements were executed at 0 dBm.

MOI technique. Direct visualization of the magnetic flux land-
scape was obtained by magneto-optical imaging. This technique is
based on the Faraday rotation of linearly polarized light in a
3 ym-thick Bi-doped yttrium iron garnet (indicator) with in-
plane magnetic domains, placed on top of the investigated
sample®*, Since the rotation of polarization is proportional to the
local magnetic field B, at the indicator, the use of an analyzer
oriented perpendicularly to the initial direction of polarization
results in images where the intensity is proportional to B,. The
images are acquired with a CCD camera and have a pixel size of
1.468 x 1.468 um?. Post-image processing was done to remove the
inhomogeneous illumination and field-independent background,
using the Image] software. More information about the MOI
setup can be found in ref. . Low temperature MOI measure-
ments are performed in a closed-cycle cryostat with an estimated
cooling power of ~100 mW at 4 K. The external magnetic field
was applied through a copper coil with an experimentally
determined sweep rate of ~440 Oe/s. MOI allows to record spatial
maps of the magnetic flux and thus obtain direct information on
the location and size of each event.

SQUID magnetometry. Magnetic measurements were carried
out in a superconducting quantum interference device
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magnetometer (Quantum Design SQUID VSM MPMS3). The
DC magnetization versus temperature was measured in a parallel
applied field upon heating the sample from 1.8 to 300 K under a
remanent magnetic field in the order of 0.01 mT. The critical
temperature T, was defined as the highest temperature with a
measurable diamagnetic magnetization contribution on top of the
linear background. A demagnetization procedure was conducted
at 300 K prior to the measurement by oscillating the field from -7
Tesla to near zero to minimize the remanent magnetic field from

the superconducting magnet©®.

Data availability
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