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Planar superconducting resonators are essential components in quantum circuits and highly sensi-
tive sensors. However, their performance is often compromised by magnetic flux penetration, as the
interaction of flux quanta and the induced radio-frequency (RF) currents in the superconducting thin
film leads to significant energy dissipation. At low operating temperatures, this issue is aggravated as
thermomagnetic instabilities can trigger the sudden propagation of magnetic flux avalanches. An im-
portant open question is whether the RF excitation itself stimulates the nucleation and propagation
of magnetic flux avalanches in the superconducting thin film. The literature remains inconclusive
on this point, partly due to the lack of compelling evidence for this phenomenon. In this work,
we address this issue by unprecedented direct visualization of magnetic flux penetration through
Faraday rotation imaging under simultaneous RF' excitation. We demonstrate that the avalanche
activity exhibits a weak dependence on the RF intensity for RF excitations within the linear Camp-
bell regime. However, magnetic flux bursts clearly influence the RF transmission properties of the
device. Furthermore, it is possible to unambiguously associate a particular avalanche event with a
jump in resonance frequency. This enables us to identify the loci of most deleterious events and
understand the distinct origins of upward and downward frequency shifts. These observations are
supported by electromagnetic simulations in which local changes of the kinetic inductance mimic flux
avalanches and confirm the invasive character of the MOI technique. The insights gained from this
study aim to contribute to the broader understanding of the magnetic resilience of superconducting

resonators, with the goal of improving their efficiency and stability.

I. INTRODUCTION

Planar superconducting resonators operating at radio fre-
quencies have driven major advances in a wide range
of applications, including quantum sensing and detec-
tion [I, 2], quantum computing [3, 4], and information
processing [5, [6]. Their unique advantage stems from
the superconducting properties of the materials compos-
ing these resonators, notably their zero electrical resis-
tance. The aforementioned applications require low en-
ergy losses in the system, characterized by high quality
factors (Q), which is the ratio between the average stored
magnetic energy and the dissipated energy. Indeed, su-
perconducting resonators have been known to reach qual-
ity factors up to nearly 10%, several orders of magnitude
higher than their metal counterparts [2].

To achieve such performances, it is crucial that the su-
perconducting resonator remains free of superconducting
vortices, as their motion leads to significant energy dis-
sipation and consequently deteriorates the quality fac-
tor [7]. Although magnetic screening methods can be
used to mitigate this problem, some applications require
exposure to an external magnetic field [§], such as cer-
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tain qubit implementation schemes like spin ensembles
in solid-state systems [9], phase-slip qubits [10], trapped
electrons [I1], and many others [I2HI5]. In addition, even
though planar superconducting resonators are resilient
to in-plane magnetic fields [16], unwanted small in-plane
misalignments can give rise to out-of-plane magnetic field
components that can severely affect their performance.

Generally, minimizing vortex-induced losses implies pin-
ning them in order to prevent their motion. Another ap-
proach is to decrease the number of vortices in regions of
high RF current amplitude and/or magnetic fields. Mul-
tiple studies explored the first approach, by introducing
artificial pinning sites [I7THI9]. An alternative method
involves modifying the ground plane, with studies show-
ing that reducing its size |20, 21I] or segmenting it into
fractal structures [22] can effectively alleviate demagne-
tization effects (flux focusing) and minimize field pene-
tration. While the strategies based on increasing vortex
pinning can help reduce vortex-induced losses at temper-
atures not too far from the superconducting transition
T., at temperatures below ~ T,./2, they may favor local-
ized thermomagnetic instabilities [23]. These instabilities
can trigger flux avalanches, which involve the rapid nu-
cleation and propagation of magnetic flux into the super-
conducting material [24], leading to performance degra-
dation in superconducting resonators. Indeed, these flux



avalanches have a significant impact on the resonators,
introducing stochastic and unpredictable behavior that
manifests as fluctuations in the resonance frequency as
a function of the applied magnetic field [25]. Technolog-
ically relevant resonators based on conventional super-
conductors are particularly susceptible to these events,
whereas flux avalanches are seldom detected in hight tem-
perature superconductors [26-28)].

Surprisingly, despite extensive research on the properties
and behavior of superconducting resonators, the specific
role of RF excitation in nucleating flux avalanches re-
mains largely unexplored. There have been experimen-
tal studies suggesting that RF excitation does promote
flux avalanches [29H32], while others report a suppres-
sion of magnetic flux avalanches for probing frequencies
nearing the depinning frequencies [33]. From a theoret-
ical standpoint, the information on the matter is also
scarce. Numerical simulations have been used to investi-
gate the effect of a uniform AC magnetic field of relatively
low frequency (a few MHz) and show that the AC exci-
tation reduces the threshold field for the onset of flux
avalanches [34]. It should also be pointed out that ex-
perimental evidence [35] and theoretical predictions [36]
indicate that at temperatures close to the critical one,
the first-vortex penetration field for RF magnetic fields
is somewhat larger than for DC fields. This could be
beneficial to keep vortex penetration at bay. However, it
is expected that this difference becomes less pronounced
at low temperatures (see [37, B8] and references therein).

The aim of this work is to provide further insights into
the correlation and possible causation relation between
RF excitations and magnetic flux avalanches in super-
conducting resonators. To this end, radio-frequency
transmission measurements are combined with widefield
magneto-optical imaging, allowing, on the one hand, for
simultaneous and direct association of the nucleation and
propagation of flux avalanches and their impact on the
resonance frequency. On the other hand, we investigate
if the presence of localized RF excitation influences the
statistical distribution of the size and occurrence rate of
magnetic flux avalanches. We demonstrate that the re-
quired concomitant radio-frequency measurements and
magneto-optical imaging are a challenging feat, as the
presence of the magnetic indicator significantly impacts
the response of the resonator. We establish a clear corre-
spondence between individual avalanche events and dis-
crete shifts in resonance frequency, enabling the spatial
mapping of the most deleterious occurrences and clari-
fying the distinct origins of upward and downward fre-
quency shifts. Electromagnetic simulations, in which lo-
calized variations of the kinetic inductance emulate flux
avalanches, reproduce these effects and help to under-
score the invasive nature of the MOI technique. Together,
these results establish a direct link between magnetic flux
avalanches and resonance behavior in superconducting
resonators, highlight the location of the most deleterious
events, and inform future approaches for enhancing their

stability and performance.

II. EXPERIMENTAL METHODS
A. Sample fabrication

The resonators used in this work were fabricated either
on double-side polished C-plane Al,O3 wafers of thick-
ness 430 pm or on 525 pm-thick undoped Si. A 100 nm
thick NbTiN film was deposited by sputtering from a
Nbg1.9Ti1g.1N target in a near UHV environment, with
in-situ annealing at 660°C. The coplanar waveguide res-
onators were patterned using electron beam lithography
(PMMA A4 resist with an E-spacer conducting layer)
followed by Ar/Cl inductively coupled plasma etching.
Residual resist was removed by heated acetone. The fab-
rication was carried out at MyFab, Chalmers University
of Technology. A more detailed description of the fab-
rication process of these samples can be found in Ref.
[25].

Two different layouts have been investigated. Device #1
has an area of 7 x 2.75 mm? and is fabricated on a high-
resistivity Si substrate of 7.3 x 4.3 mm?. This device
contains three overcoupled, hanger type /4 resonators
of a similar layout to the one used in Ref. [39] of lengths
4392 pm, 4561 pm, and 4744 pm, that are capacitively
coupled to a central feedline with a coupling distance
of 400 nm. The excitation feedline, as well as the res-
onators have a center conductor of width w = 20 pm and
a gap g = 10 pm. The end-to-end distance between the
respective couplers is dio = 1500 pm and doz = 2100
pm. The exact geometry of both devices can be found in
Appendix [Al Quality factors on the order of 103-10% are
found for all bare resonators. Device #2 has a surface
of 2.5 x 2.5 mm? with a substrate size of 4 x 5 mm?.
Similar devices have been used in Ref. [25]. The sam-
ples contain two overcoupled, hanger-type \/4 resonators
of lengths 4089 pm and 3953 pm, that are capacitively
coupled to a central feedline with a width w = 20 pm
and a gap g = 10 pm. The resonators in sample #1 are
limited to a single U-turn and finished with an unused
DC flux-biasing line as shown in the inset of [Figure IJ(a),
whereas for sample #2 the resonators are meander-like
with five U-turns. For the sake of clarity, we will present
the results concerning sample #1, and defer the results
for sample #2 to the Appendices. Furthermore, the ex-
act layout and dimensions of both devices can be found
in the Appendix [A]

B. Magneto-optical and radio-frequency
measurements

The magnetic flux landscape was directly visualized by
means of magneto-optical imaging (MOI). This technique
exploits the Faraday rotation of linearly polarized light
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FIG. 1. (a) Experimental setup combining RF excitation of three multiplexed quarter-wavelength resonators and simultaneous
magneto-optical imaging of the sample. The inset shows the typical components of the indicator placed on top of the device: the
transparent gadolinium galium garnet (GGG) substrate, the 3 nm thick optically active indicator Bi:YIG, and a fully reflective
mirror. In the final experiments, the mirror has been removed to avoid eddy currents induced in this metallic layer. In addition,
the inset shows the geometry of the sample along with the labeling as resonator 1, 2, and 3. (b)-(d) Transmission coefficient Sa1
in the vicinity of the three resonance frequencies at 3.3 K and with a RF power of -30 dBm. The black curves represent the fit
obtained by following the procedure explained in [40]. (e) Relative change of the resonance frequency, é f, = f-(T)— f- (T = 3.33
K), as a function of temperature. The lines are fit to The inset shows the resonance frequency peak shape as a
function of excitation power. (f) Magnetic field dependence of the resonance frequency for an applied out-of-plane magnetic
field, cycled from 0 mT — 3.3 mT — -3.3 mT — 0 mT, with dark arrows indicating the sweeping direction. The green arrow
indicates the situation pictured in the panel (g) and corresponding to the transmission parameter for two consecutive applied
magnetic fields. The dotted box indicates the magnetic field interval studied in [Figure 4]

within a 3 pm-thick Bi-doped yttrium iron garnet indica- contributions. a) shows a simplified illustration
tor film with in-plane magnetic domains, placed in direct of the MOI setup, while a detailed description is avail-
contact with the sample. As the polarization rotation able in Ref. [42]. Low-temperature measurements were
scales with the local out-of-plane magnetic field compo- conducted in a closed-cycle cryostat with a cooling power
nent, the use of an analyzer oriented 4° off from perfect of approximately 100 mW at 4 K. The external magnetic
orthogonality to the incident polarization yields images field was applied by means of a copper coil with an ex-
whose intensity is proportional to this component and perimentally determined sweep rate of 44 mT/s. MOI
allows for distinguishing between positive and negative enables spatial mapping of the magnetic field, provid-
fields. The magnetic field resolution of the MOI tech- ing direct information on the magnetic flux distribution
nique (~ 10 pT) and the spatial resolution determined and the positions and extents of magnetic avalanches.
by the sample-indicator gap (~ 5 pm) allow detecting Concomitant RF measurements were conducted using a
avalanches of areal sizes down to a few pm?. As dis- Vector Network Analyzer (VNA) to probe the transmis-
cussed in Ref. [41], avalanches involving a flux spot area sion coefficient S31. The power indicated throughout this
above 5000 pm? can unambiguously be attributed to a work corresponds to the output power from the VNA.
thermomagnetic origin. The actual power reaching the sample is about -10 dB
below the VNA output.

Image acquisition was performed using a CCD camera.
Post-acquisition processing, carried out using a custom-
made Python module, was employed to correct for non-
uniform illumination and field-independent background



III. RESULTS AND DISCUSSION
A. Sample Characterization

In order to characterize the response and performance
of the planar resonators, we measured the So; transmis-
sion parameter as a function of frequency f, as shown in
[Figure 1{(b)-(d). The notch-filter response can be fitted
following the procedure detailed in Ref. [40] as shown
with a continuous curve. The three resonances observed
around 5.08, 5.42, 5.72 GHz correspond to resonators 1,
2, and 3, respectively, as labeled in the inset of panel
(a). The presence of bias lines leads to the distortion
of the resonance peaks, indicating additional losses and
the presence of parasitic modes introduced by the bias-
line geometry [39]. In particular, resonator 1 exhibits a
marked asymmetric shape due to overcoupling, whereas
a lower quality factor is observed for resonator 2.

The resonance frequency of a quarter-wavelength
resonator is determined by the expression f, =
(41, an L;)O')
onator length, and C’, Ly, and Lj are the capacitance,
geometric inductance, and kinetic inductance per unit
length, respectively. The relative change in resonance
frequency 6 f, = f(T) — fr(To), with Ty = 3.33 K, as a
function of temperature for the three resonators is shown
in e). This frequency shift results from the
temperature-dependent kinetic inductance, and can be
fitted using the following relation for conventional super-
conductors [43],

1
, where [ corresponds to the res-
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where w is the width of the resonator, R is the normal
state sheet resistance, h is the Planck constant, kp is the
Boltzmann constant, and A(T) is the superconducting
gap which can be expressed as [44]:

A(T) = A(0) tanh <1.74,/7;f - 1) , 2)

being A(0) the superconducting energy gap at zero tem-
perature. Combining [Equation 1| and [Equation 2| we
obtain an expression of the temperature dependent res-
onance frequency. This can then be fitted, as pictured
in e). This procedure gives the following fit-
ting parameters for resonator 1, resonator 2, and res-
onator 3, respectively: Lj ; = (0 544 £ 0. 003) nH/mm,
C1 = (0.161 £ 0.008) nF/m Lk0 ; = (0.1230 £ 0.0006)
nH/mm, 7, ; = (14.51 £ 0.45) K, L} , = (0.562 + 0.003)
nH/mm, C4 = (0.152 + 0.008) nF/m Lio.o = (0.1080 &
0.0005) nH/mm, T, = (14.61 £ 0.46) K and Lj ; =
(0.421 + 0.003) nH/mm, C} = (0.202 £+ 0.002 nF/m

4

Lo 5 = (0.0690 % 0.0005) nH/mm, T, 3 = (14.56 + 0.62)
K

The power dependence of the resonance dip presented
in the inset of [Figure If(e) reveals a gradual decrease in
resonance frequency as the probing power increases. At
RF powers exceeding -20 dBm, the transmission spec-
trum shows a steep, discontinuous jump in transmission
on the low-frequency side of the resonance dip. Note
that at 0 dBm the resonance peak is already entirely
suppressed. The abrupt change in the shape of the res-
onance peak indicates that the resonator has entered a
nonlinear regime, characterized by bifurcations in the So;
transmission spectrum. This effect may arise from the
power-dependent current in the resonator and the non-
linear kinetic inductance, as observed and described, for
instance, in Ref. [45H47]. Other mechanisms may develop
at elevated microwave power (above 0 dBm), such as hot-
spot formation [48] [49]. Increasing the RF power natu-
rally leads to an increase in the RF magnetic field, which
can eventually exceed the vortex penetration field (i.e., a
few mT amplitude) and thereby produce microwave hys-
teresis losses. This effect in YBasCuzO~_s5 and NbN thin
films for large RF fields were discussed in Ref. [50]. In-
terestingly, the appearance of magnetic flux avalanches
in MgB5 [29, B0] and Pb [31] B3] films has been reported
in a large range of input power from -30 dBm to +5
dBm, even for RF magnetic fields smaller than the pen-
etration field and frequencies smaller than the depinning
frequency. These results suggest that local shaking of the
vortex lattice (Campbell regime) may be enough to favor
the triggering of magnetic flux avalanches.

The resonance frequency of the planar resonators is also
susceptible to the out-of-plane component of the applied
field. Sweeping the out-of-plane magnetic field while
tracking the resonance frequency reveals the character-
istic butterfly-like shape [51], illustrated in [Figure IJ(f).
The critical state model for hard superconductors can
naturally account for the observed irreversible response
[20], through the magnetic field dependence of the sur-
face impedance or the effective penetration of the RF field
[62H54]. Interestingly, a noisy response, in which the res-
onance frequency undergoes sudden jumps, is observed
over an extensive range of applied magnetic fields. One
of such resonance frequency jumps is shown in g)
and corresponds to the point indicated with a green ar-
row in panel (f). This stochastic response has also been
reported for measurements under an in-plane magnetic
field [55], likely due to unwanted out-of-plane field com-
ponents. It is worth mentioning that the actual magnetic
field felt by the superconducting circuit can exceed, by an
order of magnitude or more, the applied magnetic field
due to the flux focusing effect |20, 56]. Nulens et al. [25]
amply discussed the different regimes encountered during
out-of-plane magnetic field sweep, by combining sequen-
tial MOI and RF measurements. In this work, we aim
to perform simultaneous RF transmission measurements
and magnetic field imaging.



B. Influence of the magnetic indicator

To perform MOI on the planar devices, an optically ac-
tive indicator is placed on top of the sample, as illus-

trated in a). This allows one to capture the

magnetic landscape during a magnetic field sweep, such
as those displayed in [Figure 2{a)-(d). These images show
the evolution of flux penetration and the proliferation of
magnetic flux avalanches during the magnetic field sweep
at T = 3.2 K. These abrupt magnetic flux bursts develop
from all the edges of the superconducting film, equally af-
fecting the ground plane, the feedline, and the resonators.
As reported in Ref. [25], the flux avalanche activity in
NDbTiN develops at temperatures T' < 10 K, substantially
lower than the superconducting critical temperature. For
device #1, the critical temperature is T, ~ 14.5—-14.6 K,
as extracted from the fit of [Figure 1f(e), confirming that
the measurement performed at 3.2 K are well within the
avalanche regime (T < T, /2).

Unfortunately, the presence of the magnetic indicator sig-
nificantly influences the transmission spectrum and the
resonance parameters. This is illustrated in e—
g). [Figure 2e) shows the Sy spectrum for different tem-
peratures in the absence of a magnetic indicator. When
the magnetic indicator is placed on top of the sample
(Figure 2(f)), the resonance peaks become broader, and
the resonance frequency decreases. Here, the magnetic
indicator has an aluminum bottom layer acting as a mir-
ror. This conducting layer absorbs dissipative eddy cur-
rents induced by the RF field, thus severely affecting the
performance of the resonators. A trade-off can be found
by removing the metallic layer of the indicator, as shown
in ). In this case, the shift in resonance fre-
quency persists, but the resonant lines are slightly bet-
ter discerned than with the mirror. In addition, be-
cause the sample is reflective, little loss of MOI signal is
observed, whereas the mixed topographic and magnetic
signals can be separated via background postprocessing.
Upon removing the mirror, seemingly delayed magnetic
flux avalanches can be observed even up to a minute after
increasing the magnetic field. The lack of this observation
in the case of an indicator with mirror can be explained
by the fact that the thin metal layer can suppress or
deflect the propagation of flux avalanches through eddy
currents generating opposing magnetic fields, known as
magnetic braking [57, 58]. In addition, the enhanced
thermal conductivity of the mirror layer might facilitate
heat dissipation, thereby reducing the thermal feedback
loop responsible for triggering additional flux avalanches.

The above analysis leads us to adopt the mirrorless in-
dicator as the final configuration for carrying out simul-
taneous imaging and transmission measurements. This
invasive character of the MOI technique on the RF per-
formance of the resonators can even lead to a complete
suppression of the resonance line, as illustrated in the
Appendix [B] for sample #2.

To further understand the effect of placing the indica-
tor without mirror on the device, we resort to numerical
simulations using the commercial software Sonnet [59] for
which we took into account the exact dimensions of the
bilayer indicator with ¢ = 11.99 for the GGG substrate
[60] and e = 10 for the Bi:YIG [61]. [Figure 2(h) and (i)
show the relative change in resonance frequency and qual-
ity factor as a function of the distance between sample
and indicator. The results show a significant reduction
in resonance frequency and quality factor with decreas-
ing distance. Notably, unlike the resonance frequency,
the quality factor exhibits a reduction even at relatively
large distances, where the shift in resonance frequency re-
mains relatively weak. It can be seen that the resonance
frequency only becomes significantly affected at distances
of the order of the central track line width (20 pm), as
highlighted by the gray dotted line in [Figure 2|(h,i). Fur-
thermore, both resonance parameters reach a plateau at
small distances, indicating that the influence of the in-
dicator saturates when it is brought into close proximity
with the resonator. The experimentally observed shift of
less than 0.5 GHz, together with numerical simulations,
indicates a separation of approximately 5 pm between
the resonators and the indicator. This value is consistent
with typical distances between sample and indicator as
reported in Ref. [42].

This numerical study highlighted how the resonator is
affected by the proximity of the indicator, which is con-
sistent with our experimental findings of the resonance
frequency shift and quality factor reduction. It is worth
mentioning that, the observed resonance shift is not eas-
ily reproducible across successive installations of the in-
dicator, likely due to variations in its positioning and dis-
tance from the sample surface. The observed downshift
can be attributed to the increase in the effective permit-
tivity of the medium surrounding the coplanar waveg-
uide, resulting from the presence of the indicator. Since
fr o< 1/y/g; [62], a decrease in resonance frequency is
expected. Furthermore, as the resonator is affected by
the proximity of the indicator, dielectric losses increase
and, consequently, a lower quality factor can be observed.
The influence of the indicator is purely dielectric, as the
excitation frequency employed here (5-8 GHz) is orders
of magnitude above the uniform FMR (k=0) band of
Bi:YIG, measured to be around 0.76 GHz for 4.4 mT
in-plane magnetic field.

These results highlight the critical influence of the spac-
ing between the sample and the indicator. On the one
hand, as the indicator is brought closer to the sample,
its invasiveness increases. On the other hand, achiev-
ing high MOI resolutions requires minimizing the dis-
tance between the sample and the indicator to reduce
the spread of magnetic flux lines away from the sample.
This trade-off underscores the experimental challenge of
performing MOI while concurrently monitoring the reso-
nance frequency.
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FIG. 2. (a)-(d) Magnetic flux penetration after a zero-field cooling during a magnetic field sweep from 0 mT — 3.3 mT —
-3.3 mT — 0 mT at a base temperature of 3.2 K. Images were taken at 0.67 mT (uoHapp ), 1.33 mT (uoHapp ), 0.59
mT (poHapp ) and -0.71 mT (poHapp ), respectively. (e)-(g) Transmission coefficient Sz for the resonator alone, with the
indicator and with the indicator without mirror, respectively, all measured at a VNA output power of -30 dBm, at 3.3, 5.1,
6.4 and 7.1 K. (h, i) Evolution of the relative change in resonance frequency, df. = f(d) — fr(d = 100 pm), and quality factor
with decreasing distance between sample and indicator. The gray lines represent the width of the central microstrip line.

C. Effect of RF excitation on the magnetic
avalanche activity

Next, we investigate the effect of the RF excitation on
the nucleation and propagation of the magnetic flux
avalanches. To that end, the magnetic field is swept in
a stepwise fashion, following a complete loop (0 — 3.3
mT — -3.3 mT — 0) and, at each magnetic-field step,
a frequency sweep around the corresponding resonance
frequency is performed. Before and after this RF sweep,
we take magneto-optical images in order to visualize the
avalanches appearing during the RF excitation. To de-
termine whether the observed avalanches are RF-induced
or simply of delayed nature, we perform a control mea-
surement in which we do not sweep the frequency but
instead wait the same amount of time before taking a
second image. This experimental protocol is summarized
in [Figure 3(a). [Figure 3|(b)-(e) show representative MOI

images displaying the avalanches appearing during the
RF sweep (labeled "RF"), or in the waiting time for the
control measurement (labeled "no-RF"). The individual
avalanches are colored with respect to the field value at
which they were detected. [Figure 3|b) and (c) are cap-
tured in the case in which the waiting time after increas-
ing the magnetic field, At, was 2 s, whereas [Figure 3{d)
and (e) result from a waiting time of At = 6 s. For larger
delay times, the avalanche activity is too weak and hin-
ders meaningful statistical analysis. It can be noted that
the number of avalanches is reduced when increasing the
delay time At, hinting at the fact that some of these
avalanches’ nature is a delayed one instead of an RF-
induced avalanche. However, when comparing with the
control measurement, it can be seen that there are signif-
icantly more avalanches in the RF case. A quantitative
comparison of avalanche activity with and without RF
excitation for device # 2, along with two independent
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(a) Schematic of the experimental protocol followed to characterize the influence a RF sweep on magnetic flux

avalanches. This protocol is applied after a ZFC. (b)-(e) Avalanche activity appearing after waiting A¢ when increasing the
magnetic field. (b) and (c) show the avalanches appearing after At = 2 s for a control measurement and during a RF sweep
respectively. (d) and (e) show the avalanches appearing after At = 6 s for the control measurement and during the RF sweep
respectively. (f)-(h) Histogram of the frequency jump sizes appearing during a magnetic field sweep for -30 dBm, -20 dBm and
-15 dBm. Each graph results from 10 magnetic field sweeps with a constant field step of 0.0216 mT. (i) Cumulative probability

of the frequency jump sizes for the three RF powers applied.

sweeps illustrating the consistency of the measurement,
is presented in in the Appendix [C] In addi-
tion, this figure shows the time dependence of the flux
avalanche nucleation during field sweeps for device # 1.

In order to investigate the effect of increasing RF power
on the triggering of flux avalanches, we analyze the f,.(H)
response and track the amplitude of the resonance shift
caused by the abrupt flux penetration without the pres-
ence of the indicator. These measurements consist of 10
field sweeps per RF power, measured during the same
cooldown, while alternating the power of each RF sweep.
[Figure 3|f)-(h) show the distribution of the sizes of the
jumps in resonance frequency during a field sweep after
zero-field cooling. It can be noted that the tail of the
histogram extends further into large jump sizes at lower
RF powers. Additionally, when comparing the number of
jumps detected, higher RF powers result in slightly more
jumps of the resonance frequency. This indicates that
at lower RF power, bigger jumps in resonance frequency
occur, although they are less frequent. i) shows
the same experimental data in the form of the cumulative
distribution of the frequency jump sizes. This cumulative
distribution corresponds to the integral of the probability
distribution, which translates to the probability of hav-
ing a jump bigger or equal than the abscissa. While the
cumulative probability curves for the three powers over-
lap for small step sizes, they depart from each other for

large frequency shifts. Higher RF powers result in steeper
curves, indicating that larger jumps are less likely.

To summarize, the finding presented above indicate that
vortex shaking by the RF field pughgrp within the low-
power regime (pohrr < H,, where H, denotes the vor-
tex penetration field) slightly enhances magnetic flux
avalanche activity, but it seems to remain a marginal
effect, negligible when comparing the impact of changing
the applied DC field. It is interesting to point out that we
have not found any evidence of more avalanche activity at
the position where the circulating current (or the RF field
) maximizes. This is consistent with previous reports sug-
gesting that it is not needed for pghgp to exceed the vor-
tex penetration field, in order to trigger avalanches. Con-
cerning the observation that at higher RF powers, large
jumps occur less often, one should note that avalanches
are the result of a metastable state that decays into a
closer-to-equilibrium state. The more gentle the shaking
is, the further away from equilibrium this metastable is,
and therefore the larger the resulting avalanche.

D. Effect of the magnetic activity on the RF
transmission

In the previous section, we discussed the influence of the
RF excitation on the thermomagnetic instabilities. We



now turn to the opposite situation: the influence of mag-
netic flux avalanche activity on the resonance frequency.
The simultaneous RF-MOI measurements enable us to
extend the investigation beyond the previous report by
Nulens et al. [25]. Indeed, in Ref. [25], it was demon-
strated that a noisy f,.(H) response can be associated
with the presence of magnetic flux avalanches. However,
it was not possible to unambiguously identify which in-
dividual flux avalanche was the source of a given reso-
nance frequency jump. The concomitant RF-MOI mea-
surements permit to bridge this gap.

Figure 4| a-c) shows the resonance frequency for the three
resonators on the chip during a magnetic field sweep
along one of the branches of the f,.(H) loop, as indicated
with a dotted box in f). Representative snap-
shots showing the magnetic activity during the magnetic
field intervals, and marked with Roman numerals, are
shown in the left panels. A complete animation covering
a wider magnetic field range is available in the Appendix
[C] in video[T] In the snapshots, each emerging avalanche
is assigned a color code that permits identification of the
nucleation sites. Avalanches nucleating in resonator 1 are
colored green, on resonator 2 with red, and on resonator
3 with blue. Avalanches forming anywhere else, specif-
ically at the feedline or the sample’s edges, are colored
in orange. Each avalanche event has been labeled with
a number and linked to the corresponding jump in reso-
nance frequency in panels (a-c).

It can be seen that jumps in resonance frequency corre-
late with magnetic flux avalanches nucleating on the cor-
responding resonator. Upward jumps can be explained
by an effective decrease of the magnetic field at the edges
of the patterned sample after an avalanche event. This is
so because of the particular magnetic history in which the
sample is initially fully penetrated by a positive magnetic
field, and avalanches of anti-vortices tend to decrease the
local average magnetic field. Since the RF current dis-
tribution is inhomogeneous and peaks at the edges [63],
a decrease in the local magnetic field also results in a
reduction of dissipation caused by vortex shaking. Ad-
ditionally, a decrease in the magnetic field reduces the
kinetic inductance, thereby increasing the resonance fre-
quency. After this event and until the next avalanche oc-
curs, the resonance frequency is observed to decrease as
magnetic pressure builds up again. Downward jumps are
also observed, and they are actually more frequent and
cover a larger magnetic field range than upward jumps.
Their origin can be understood considering the fact that
an avalanche effectively creates a normal region with a
local increase in magnetic flux, and therefore with higher
kinetic inductance.

Interestingly, we found that events in one resonator may
affect the neighboring resonators. This non-local effect is
manifested, for instance, in event 1, which is triggered in
resonator 2, and affects the resonance frequency not only
of resonator 2, but also that of resonator 3. Similarly,
event 2, which involves two simultaneous avalanches, one

located in resonator 1 and another along the excitation
line, this event is detected in all three resonators. This
cause-effect non-locality is intimately related to the fact
that, for thin film geometry in a perpendicular magnetic
field, the magnetic field at a given position is determined
by the distribution of the current density over the whole
film [64]. The immediate consequence of this observa-
tion is that strategies for improving flux pinning need to
consider the non-locality of the problem. In other words,
reinforcing pinning there where the density of vortices
maximizes may only be a partial solution to a mitigation
plan.

It may also come as a surprise to see that magnetic flux
avalanches are favored along flat borders, rather than
corners, where the concerted action of current crowding
and nanofabrication defects is expected to facilitate the
penetration of vortices. This counterintuitive observa-
tion occurs at intermediate temperatures and has been
explained in Ref. [65] [66] based on the field dependence
of the critical current. Nevertheless, at low temperatures,
we have observed that avalanches first appear at the U-
shaped turn of the resonators.

One cannot help but note that in resonator 1, avalanches
are markedly less frequent than in the other two res-
onators. We attribute this observation to the fact that
this resonator is effectively at a higher temperature. The
technical reason is that the size of the chip is slightly
larger than the cold finger of the cryostat, making ther-
malization of this part of the substrate slightly less effi-
cient. Since avalanche activity decreases with increasing
temperature, this resonator is expected to exhibit fewer
avalanche events. In the Appendix [C] we show a simi-

lar analysis to that presented in for other field
ranges.

The origin of the observed variability in the size of the
frequency jump can be manifold: (i) the multiplicity of
events co-occurring, (ii) the size of the avalanche, and (iii)
the physical location of the avalanche. Unfortunately, it
is not straightforward to disentangle the contribution of
each of these factors based on the experimental obser-
vations. Instead, we resort to the method of moment
simulations of the electromagnetic response of the res-
onators using Sonnet, in which mimicking a magnetic flux
avalanche can be achieved either by a local increase in re-
sistance or a local rise in kinetic inductance. As shown in
Figure 5j(a), the former approach leads to a decrease of
fr and simultaneously to a reduction of @. In contrast to
that, a local decrease of Ly produces a reduction of f,. but
with little change of Q. When comparing with the exper-
imental result presented in g), for which no net
reduction of @) is observed, one can naturally propose to
emulate the avalanches by a local change of Lj. This ap-
proximation can be physically understood by considering
that an avalanche renders a region of the superconduc-
tor resistive, but only for a short time. At the moment
the S21(f) measurement is carried out, the avalanche re-
gion has already cooled down below the superconducting
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FIG. 4. (a)-(c) Resonance frequency as a function of applied magnetic field of resonator 1, 2 and 3, respectively. (d)-(i) MOI
images related to the intervals of magnetic field defined in (a)-(c). Each new avalanche is colored with respect to where it
nucleates, where resonator 1 is green, resonator 2 is red, resonator 3 is blue, whereas avalanches forming at the feedline and
the border edges are colored in orange. The field range and magnetic history correspond to the dotted box indicated in Figure

1(£).

critical temperature, and can be considered as a region
with a frozen high local magnetic field. This high local
field leads to an increase of L, and therefore to a reduc-
tion of the resonance frequency. As explained above, in
the case of a fully penetrated sample in which avalanches
of anti-vortices occur, the average magnetic field in the
avalanche trunk decreases, and therefore L, decreases,
thus leading to an increase of the resonance frequency.

Figure [§f(c-e) summarizes the main findings of this nu-
merical investigation for the geometrical layout presented
in panel (b), exactly matching the geometry of the mea-
sured sample. We stress that the following calculations
are static, linear electromagnetic simulations and are
not intended to model the dynamics of avalanche nu-
cleation or propagation processes that involve thermo-
magnetic feedback, non-linear vortex motion, and heat
diffusion that lie beyond the scope of linear electromag-
netic solvers. Instead, they provide a static electromag-
netic picture of how a completed avalanche, modeled as
a region of locally enhanced kinetic inductance, modi-
fies the microwave response of the resonator. Within
this limited but well-defined scope, the simulations al-
low us to interpret the sign and magnitude of the ob-
served frequency jumps, to identify the locations along
the resonator most susceptible to frequency perturbation,
and to quantify the invasive effect of the MOI indicator.
In these simulations, the superconductor is considered
a perfect conductor, and avalanches are represented by
rectangular regions with a kinetic inductance an order
of magnitude larger than that of the unaffected areas.
By selecting the location of the avalanches along the res-

onator (see panel (b)), we can estimate the impact on
the resonance frequency (panel (c)). Figure [5[b) shows
20 possible avalanches of identical size along the external
perimeter of the resonator, and another 20 avalanches
along the internal perimeter of the U-turn. In the same
panel, the amplitude of the sheet current density is indi-
cated for an input power of +13 dBm. Figure [5|c) shows
the calculated drop in resonance frequency ¢ f,- as a func-
tion of position along the resonator. Several observations
can be drawn from these simulations.

First, flux avalanches have a higher impact on f, where
the amplitude of the sheet current density is higher. This
correlation is made more apparent in panel (d), where
6 f, of the 20 possible avalanche locations is plotted as
a function of the amplitude of the sheet current den-
sity squared. Previous studies have similarly shown that
shifts in the resonant frequency can be traced back to the
surface magnetic field and, by extension, to the surface
current density, thereby confirming that the measured
frequency shifts provide insight into the amplitude of the
current distribution |28 [67].

Second, avalanches appearing at the inner part of the
U-shaped meander seem to have a lower impact than
avalanches at the outer perimeter. This could be at-
tributed to the fact that inner avalanches cover a substan-
tially smaller surface than outer ones. However, we have
verified that only the contact length matters (see panel
(e)), not the surface of the avalanche (see inset of panel
(e)). Thus, one is tempted to conclude that avalanches
at the inner border of the resonator are less harmful than
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FIG. 5. (a) Simulated S2; spectrum of the resonance peak for a superconducting area that is modeled using the same kinetic
inductance (L) as the rest of the material, an increased kinetic inductance (10*Ly) and finally, with a resistive component
(Rrr). (b) Hlustration of the simulated current density at resonance at an applied power of +13 dBm, superposed with the
subdivisions considered in the following. (c) Simulated relative change in resonance frequency as a function of the position
of the simulated area. The triangle markers corresponds to the outer areas and the dots to the inner ones, as shown in (b).
Furthermore, the marker colors correspond to the position of the considered areas. (d) Change in resonance frequency as a
function of the current density squared at the center conductor near the simulated area. (e) Simulated relative change in
resonance frequency as a function of the contact length with the edge of the conductor. The upper inset shows the change in
resonance frequency as a function of the area of the simulated patch, while the lower inset illustrates the contact length and

area of the simulated patch.

those at the outer border. However, care must be exer-
cised with this interpretation, since the simulations incor-
porate the effect of the magnetic field through the local
changes in Ly, which need to be adapted accordingly for
the inner and outer rims of the resonator. Indeed, the
field-focusing effect at the inner border should lead to a
proportionally larger Lj for inner avalanches compared
to outer ones.

Third, we observe that avalanches occurring at one res-
onator do not influence the response of the neighboring
resonators. This absence of inter-resonator coupling in
the simulations is an expected consequence of the model’s
design and does not contradict the experimental obser-
vations. Experimentally, non-local inter-resonator effects
arise because, in a thin-film superconductor under a per-
pendicular field, the current density at any point is deter-
mined by an integral over the current distribution of the
entire film [68]: a sudden vortex rearrangement in one
region necessarily modifies screening currents through-

out the chip, including in neighboring resonators that
did not host the avalanche. This is a fundamentally non-
linear and non-local process [69]. The Sonnet model,
which represents avalanches as static, local perturbations
of kinetic inductance on a linear perfect conductor, can-
not capture this dynamical current redistribution. The
model is accurate for its intended purpose (quantify-
ing the static electromagnetic response to a completed,
localized avalanche), but its linearity and locality pre-
clude the reproduction of inter-resonator effects. Captur-
ing this non-local coupling self-consistently would require
thermomagnetic models that co-evolve the vortex distri-
bution, local temperature, and current density in time
[34, [69]. Furthermore, we do not observe an influence of
avalanches at the feedline on the resonator.

As a concluding discussion, we aim to clarify the dy-
namic regimes explored in this study and delineate the
range of parameters covered. First, it is important to
acknowledge that the presence of vortices in supercon-



ducting resonators is inevitable. Most resonators are de-
signed to operate in the gigahertz range, which typically
requires a fabrication scale of several millimeters. Con-
sidering the case of NbTiN with superconducting char-
acteristic lengths & ~ 4 nm and A ~ 400 nm, there is
plenty of space to host a large amount of vortices [70].
Since RF currents are localized along the edges, vortices
located in the perimeter of the structure are particu-
larly deleterious. Concerning avalanches, a much larger
length-scale ¢* dominates the underlying physics. This
length represents the threshold of magnetic flux penetra-
tion depth above which thermomagnetic instabilities may
develop [71, [72]. In the samples examined in this study,
avalanches were clearly observed within the 60-pm-wide
spacing between the two branches of the U-shaped res-
onators. Additionally, the images suggest localized flux
penetration in both the central superconducting line of
the resonators and the feedline.

It has been recently shown [70] that in a 20-pm-wide
NbTIN strip under field-cooling conditions, vortex trap-
ping can occur at magnetic fields as low as 10 pT. Consid-
ering that the lower penetration field is B.; ~ 4 mT, and
taking into account the field magnification due to demag-
netization effects ~ /W/t, with W = 5 mm the sample’s
width, and ¢ its thickness, we estimate a first penetration
field into the outer rim of the sample of B, ~ 20 uT. In
this estimation we are assuming that Bean-Livingston
barriers are suppressed by borders defects and inhomo-
geneities [66]. The first discontinuity in the resonance
frequency is observed at much higher fields (100 - 500
nT), and corresponds to the magnetic perforation of the
outer rim and sudden injection of magnetic flux into the
gaps of the structure, as described in Ref. [25]. This
magnetic field is then locally increased by a factor of
~ 10 due to field focusing effect, as explained in Ref.
[20, 56], and rapidly populates with vortices the borders
of feedline, resonator, and ground plane. Concerning the
RF excitation, the presented measurements span a power
range between -30 dBm and 0 dBm which corresponds to
circulating current densities Jpp ~ 0.1 —3-10° A/cm?,
and a RF fields pohrp ~ 0.03 — 1 mT (after considering
the field focusing effect [56]). These currents and fields
are respectively smaller than the critical current density
of NbTiN (J. ~ 1-107 A /em? |70]) and the lower critical
field, thus suggesting that the radio-frequency excitation
is limited to vortex shaking rather than reconfiguration
of the vortex distribution. Assuming a depinning fre-
quency fg, ~ 10 GHz [73], we can conclude that the
measurements in this work have been performed within
the linear Campbell regime [54]. This is consistent with
the threshold pohgrpr ~ 5 mT for non-linear response for
NDbN films [50]. It is worth pointing out that the mag-
netic flux avalanches develop in the ground plane or in the
spacing between the two branches of the U-shaped res-
onators, where even lower current densities are expected
[63]. Indeed, the edge currents in the ground plane, next
to the excitation line or the resonators are about a factor
1+ 2g/w ~ 2 smaller than in the central line [67].

11
IV. CONCLUSIONS

In summary, simultaneous radio-frequency transmission
measurements and magnetic imaging enabled the inves-
tigation of the influence of RF excitation on magnetic
flux avalanche activity, and, conversely, shed light on
the abrupt changes in resonance frequency caused by the
flux avalanches. Although clear evidence suggests that
avalanche activity increases when the radio-frequency
field is on, the impact of the RF in the linear Camp-
bell regime is relatively minor. We demonstrated that
the MOI technique used to image the magnetic flux is
invasive, resulting in a downshift of the resonance fre-
quency and a reduction in the quality factor. This influ-
ence was further analyzed using the method of moment
simulations of the MOI indicator approaching the device.
Alternatively, less intrusive techniques, such as Quan-
tum Diamond Microscopy [74], could be implemented to
make the reduction of the threshold field for triggering
magnetic flux avalanches under RF excitation more ap-
parent. We were able to tag every jump in resonance fre-
quency to a particular avalanche event, thereby demon-
strating the non-locality of the electrodynamics: reso-
nant frequency jumps can result from events occurring
away from the resonator. This is relevant information
for optimizing the resonator’s design in terms of out-of-
plane magnetic field tolerance. Method of moment sim-
ulations further clarify the impact of the magnetic flux
avalanches according to their nucleation point along the
resonator. Specifically, simulations show that avalanches
nucleating near the current-density maxima produce the
largest frequency shifts, identifying these as the most crit-
ical regions to protect. It is worth pointing out that the
magnetic flux avalanche regime is ubiquitous in thin films
made of conventional superconductors and therefore may
affect most of the technologically mature quantum de-
vices. In contrast, high-T, superconducting thin films
are less susceptible to these events and may offer an al-
ternative route to magnetic-field-resilient resonators.

An implication of our results is that avoiding thermomag-
netic avalanches requires adjusting a diversity of mag-
netic and thermal designs as well as RF operating condi-
tions. For developing flux-avalanche-tolerant supercon-
ducting resonators, several mitigation strategies can be
adopted: (i) Targeted interventions such as geometric
moats, flux-channeling indentations, or locally enhanced
pinning sites will be most effective when applied to the
outer conductor edges rather than distributed uniformly
over the film [I7, I8]. Yet the introduction of periodic
arrays of holes (a common strategy in superconducting
resonators) expands the flux-avalanche regime in both
field and temperature ranges. Therefore, these strate-
gies may be more suitable for devices operating at tem-
peratures not too far from the superconducting critical
temperature. (ii) The introduction of large stop-holes in
the ground plane could help arrest the propagation of
thermomagnetic avalanches. For other hole shapes, such



as square and triangular, the sharp corners may trig-
ger secondary avalanches, thereby extending the break-
down [75]. (iii) Reducing the superconducting area of the
ground plane can help avoid the triggering of avalanches
altogether [71]. (iv) Border defects can alleviate the mag-
netic pressure, thereby decreasing the likelihood of trig-
gering avalanches, although they decrease the onset field
for vortex penetration [66]. (v) Improving the thermal
sink effect via the heat transfer coefficient between the
sample and the substrate can reduce the flux avalanche
activity. This could be achieved via epitaxial growth of
a superconducting film onto high-thermal-conductance
substrates. (vi) Current-crowding effects can be an im-
portant source of thermomagnetic instabilities and can
be minimized by properly rounding sharp corners [76].
(vii) The magnetic history can be tuned to reduce flux-
avalanche-induced jumps in the resonance frequency, ei-
ther by operating the device under field-cooling condi-
tions or along the decreasing branch of the magnetic hys-
teresis loop. (viii) Metallic or ferromagnetic coating is
known to damp flux avalanches through electromagnetic
braking [77, [78]. Unfortunately, this approach risks in-
creasing the losses to unacceptable levels. (ix) Because
avalanche events in one resonator can shift the resonance
frequencies of neighboring resonators through thin-film
electrodynamics, each resonator cannot be optimized in
isolation. Inter-resonator spacing, shared ground-plane
geometry, and the placement of flux-trapping structures
should be considered at the chip level to minimize cross-
resonator frequency contamination. To accomplish this
task, it would be necessary to further develop the thermo-
magnetic numerical simulations to account for real-sized
devices [34].

Beyond the general strategies discussed above, the
present measurements and simulations support semi-
quantitative design benchmarks which translate the
position-, power-, and geometry-dependence established
in [Figure 2| [Figure 3| and [Figure 5| into concrete thresh-
olds for the specific material used in this work (NbTiN)
and that engineers can apply directly when designing
flux-avalanche-tolerant resonators, rather than relying
solely on qualitative precedent from the literature.

ACKNOWLEDGMENTS

The authors acknowledge financial support from Fonds
de la Recherche Scientifique - FNRS under the grant
Weave PDR T.0208.23, and the Research Foundation
and by COST (European Cooperation in Science and
Technology) [www.cost.eu] through COST Action SU-
PERQUMAP (CA 21144). N. L. acknowledges support
from FRS-FNRS (Research Fellowships FRIA). The au-
thors would like to thank Cyril Delforge for the FMR
measurements of the MOI indicator.

12
APPENDICES
Appendix A: Additional sample characterization

In order to assess reproducibility of the main results pre-
sented in this manuscript, we have repeated several times
the same measurements on sample #1, and additionally,
we have carried out similar measurements in an alter-
native sample #2, as described in the main text of the
manuscript. |Figure 6 and [Figure 7] show the layouts and
dimensions of both devices. Sample #2 is composed of a
layer of 2.5 x 2.5 mm? of NbTiN on a sapphire substrate
of 5 x 4 mm? and contains two overcoupled, hanger-type
A/4 resonators of lengths 4089 nm and 3953 pm, that are
capacitively coupled to a central feedline, an illustration
can be found in the inset i). This reduced size
compared to sample #2 allows for better thermalization
with the cold finger of the cryostat, at the expense of a
limited space to place a MOI indicator on top.

Figure §(a) shows the positioning of a mirrorless MOI
indicator on the sample. A small fragment chipped from
a larger indicator was used to accommodate the limited
available space. The indicator partially covers the res-
onators while still allowing electrical connection to the
feedline via wire bonds, which are also visible in this
panel. This configuration allowed us to take images of
the magnetic landscape in the active zone covered by
the MOI indicator during magnetic field sweeps, such as

those displayed in [Figure §|(b)-(f).

Figure 8(g) and (h) show the Sp; transmission spectrum.
Figure §{(g) shows the resonance dip of resonator 2, which
exhibits a strongly asymmetric shape. Furthermore, the
resonance circle, pictured in panel (h), shows a rotation
and shift from the ideal case. Both of these observations
can be explained by non-ideal measuring conditions such
as impedance mismatch between the experimental setup,
the wirebonds and the sample [40].

Figure §|(i) shows the evolution of the shift in resonance
frequency with temperature for both resonators. These
data are fitted with Equation 1 of the main text.

Sweeping an out-of-plane magnetic field also reveals the
characteristic butterfly-like hysteresis shape of the res-
onance frequency, as shown in j). Similar to
the observation in sample #1, the majority of the jumps
in resonance frequency tend to be downwards (i.e. sud-
den decrease in frequency), but there exist a narrow field
range in which frequency jumps are upwards.

Appendix B: Influence of the magnetic indicator

shows the temperature derivative of Sy; as a
function of frequency under four different conditions: (a)
without an indicator, (b) with a mirror close to the res-
onators, (c) with a mirror away from the resonators, and
(d) without a mirror. This parameter is proportional to
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FIG. 6. Layout and dimensions of device # 1.

2500 pm

FIG. 7. Layout and dimensions of device #2.

the width of the resonance peak, and therefore to the dSs1/dT lines, and the resonance frequency decreases.
quality factor. When the magnetic indicator is placed ~ We observe a similar behavior to that reported for sample

on top of the sample (lFigure 9(b)), the resonance peaks #1 in the main text. However, it can be noted that the
become larger as revealed by the fainter intensity of the influence of the indicator is somewhat more pronounced
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FIG. 8. (a) Optical image sample #2, highlighting the garnet placement. f; and f2 denote resonator 1 and 2. (b)-(f) Magnetic
flux penetration after a ZFC during a magnetic field sweep from 0 mT — 3.3 mT — -3.3 mT — 0 mT. Images were taken at
0.48 mT, 0.8 mT, 1.6 mT, 2 mT and 3.2 mT respectively. Images are background-subtracted. (g) Transmission coefficient Sa1
in the vicinity of a resonance. The black curves represent the fit obtained by following the procedure explained in [40]. (h)
The corresponding resonance circle exhibits a shift and rotation, as discussed in the text. (i) Relative change of the resonance
frequency as a function of temperature. The lines are fits to Equation 1 in the main text. The inset shows the layout of sample
#2 considered. (e) Magnetic field dependence of the resonance frequency for an applied out-of-plane magnetic field, cycled

from 0 mT — 4 mT — -4 mT — 0 mT.

for sample #2. For instance, almost no resonance traces
can be distinguished when the mirror is in close proxim-
ity to the resonators (panel (b)). This marked suppres-
sion of the quality factor might be due to the fact that
the indicator used for this sample is significantly smaller,
and therefore, it is easier to place it closer to the de-
vice’s surface. As shown in Figure 2(h)-(i) of the main
text, simulations suggest that the closer the indicator,
the stronger its influence on the resonance characteris-
tics. Furthermore, when the indicator is flipped, moving
the mirror further away from the device, its impact is
reduced, and one of the resonances is restored. This ob-
servation along with the reappearance of both resonances
in panel (d), motivated our decision to remove the mirror
for the simultaneous RF and MOI imaging.

Nevertheless, we would like to emphasize that conduct-
ing simultaneous RF transmission and MOI proved to be
quite challenging since successive installations of the in-
dicator affect the resonance frequency differently. This
issue is aggravated by the fact that the indicator does
not cover both resonators equally; thus, the resonance

parameters vary drastically from installation to installa-
tion, often leading to the complete disappearance of one
or both resonances.

Appendix C: MOI and RF characterization

shows the same experiment as Figure 3 (b-i)
for device #2. Panels (a-d) reveal a modest influence
of the RF excitation. Panels (e-h) highlight a similar
influence of the RF power on the resonance frequency,
as that reported for device #1. In order to quantify
the influence of RF excitation on avalanche activity, we
track the cumulative number of pixels belonging to mag-
netic flux avalanches as a function of the applied mag-
netic field. The result of this study is summarized in
Figure 11 Panel (a) compares field sweeps performed
with and without RF excitation, showing that RF excita-
tion increases the total avalanche area by approximately
a factor of two compared with the measurement without
RF excitation over the explored field range. Panel (b)
shows two independent field sweeps under identical con-
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Histograms of the resonance frequency jump sizes occurring in the avalanche-dominated flux penetration regime of a magnetic
field sweep between 0 mT — 4 mT for three different RF powers as set at the output of the VNA. (d) Cumulative probability
of the frequency jump sizes. For -30 dBm and -20 dBm, 12 magnetic field sweeps were considered, and for -10 dBm, 16 sweeps
were considered, all under the same conditions. Subsequently, the step sizes of the avalanche regime for positive currents were

extracted and categorized into different jump sizes.

ditions, demonstrating the level of reproducibility of the
measurement. Panel (¢) shows the number of avalanche
events detected per second over a 60 s window follow-
ing each field step, colored according to the applied field.
This experiment was performed on device #1. The nu-
cleation rate peaks strongly within the first few seconds
after each field increment. A few late events, occurring
up to 60 s after the field step, are observed. However,
these are predominantly at higher applied fields.

The magnetic field sweep analysis presented in Figure 4
of the main manuscript corresponds to a specific range of
increasing magnetic fields within a magnetic-field cycling.
In this section, we provide further details linking indi-
vidual avalanche events with resonance frequency shifts.

shows the data corresponding to the initial
magnetic field penetration in the sample #1 after zero-
field cooling. This initial magnetic penetration is rather
smooth, exhibiting little avalanche activity, as shown in
e). The two avalanches observed can be asso-
ciated with the upward jumps indicated in [Figure 12|b).
Event 1 occurs on the edge near resonator 2, and pro-
duces an upward jump. Similarly, event 2 nucleates on
the resonator and also produces an upward jump in res-
onance frequency.

Another example, with greater avalanche activity, is

shown in for a different interval of the same

magnetic-field sweep. This analysis has been extracted
after first reaching H,,, 4z, for a decreasing magnetic field.
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FIG. 11. (a-b) Cumulative flux avalanche pixel count as a function of applied magnetic field for device # 2 at At = 2 s
(a) showing two measurements performed with and without RF excitation. (b) Two independent field sweeps without RF
excitation. (c) Avalanche count per second over a 60 s window following each field step, with bins colored according to the
applied magnetic field at which the majority of avalanches were detected. This experiment was performed on device # 1.
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FIG. 12. (a)-(c) Resonance frequency as a function of applied magnetic field of resonator 1, 2 and 3, respectively. (d) Magnetic
field dependence of the resonance frequency of resonator 3 for an applied out-of-plane magnetic field, cycled from 0 mT — 3.3
mT — -3.3 mT — 0 mT. The colored regions highlight the interval studied in panel (a)-(c) (orange) and the interval studied
in panel (a)-(c) in (green). (e) MOI image related to the magnetic field sweep in (a)-(c). Each new avalanche is
colored with respect to where it nucleates, where resonator 1 is green, resonator 2 is red, resonator 3 is blue, whereas avalanches
forming at the feedline and the border edges are colored in orange.

As for the interval studied in the main text, resonator magnetic field sweep, along with the evolution of the res-
1 shows minimal avalanche activity. Indeed, only one onance frequency of the three resonators. The same color
avalanche can be observed nucleating near this resonator, scheme as in the main text has been used to denote the
corresponding to event 19. resonance frequencies of resonator 1, 2 and 3: Namely,

green, red and blue, respectively. Three MOI panels can
The non-local effect can be witnessed in this interval as be seen, the upper one represents the full sweep, only
well. For instance, event 2, which consists of an avalanche background subtracted by the first image in the consid-
nucleating near resonator 2, not only leads to an upward  ered interval. The middle panel shows differential MOI
jump in resonator 2 (Figure 13(b)), but also produces  images taken after the field increase, consisting of the
an upward jump in resonator 3. Video [I] shows a syn- difference between an image before and an image taken
chronized animation of the MOI images taken during the after a RF sweep, highlighting only the magnetic flux
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Video 1. Synchronized video of the MOI images acquired
during the magnetic field sweep shown in along
with the corresponding evolution of the resonance frequen-
cies of resonator 1, 2 and 3, shown in green, red and blue,
respectively. The upper panel shows the MOI images for
the entire field sweep. The middle panel shows differential
MOI images obtained before and after each RF sweep, show-
ing the avalanches nucleating during this sweep. Lastly, the
lower panel shows differential MOI images highlighting the
avalanches appearing during each magnetic field increase.

avalanches appearing during this RF sweep. The last
panel shows differential images, consisting of the differ-
ence between an image taken before and one after after
the field increase. This panel shows the avalanches nu-
cleating during the field increase.
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nucleates, where resonator 1 is green, resonator 2 is red, resonator 3 is blue, whereas avalanches forming at the feedline and

the border edges are colored in orange.
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