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About the cover. The three panels illustrate the complementary
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flux avalanches abruptly penetrating a superconducting resonator
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right: a simulated scanning laser microscopy image, mapping the
current density distribution in a superconducting resonator. Bot-
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posed lines are the electric current streamlines reconstructed from
the measured field map by inversion of the Biot-Savart law. Each
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© Copyright by Université de Liége - Faculté des Sciences, Place du 20-Aott, 7, B-4000 Liege,
Belgium. Tous droits réservés. Aucune partie de ce document ne peut étre reproduite sous
forme d’imprimé, photocopie ou par n’importe quel autre moyen, sans ’autorisation écrite de
l'auteur ou d’un des promoteurs.

All rights reserved. No part of this publication may be reproduced in any form by print, photo
print or any other means without permission in writing from the author or one of the advisors.






Abstract

Superconducting planar resonators are essential elements of quantum
computers and single-photon detectors. A growing number of techno-
logical applications require them to operate under an applied magnetic
field. Unfortunately, under these conditions, this is where they present
a fatal flaw. A perpendicular field of a fraction of a millitesla lets
quantized magnetic flux enter the film, and the resonance frequency
then responds to the field in an erratic, seemingly stochastic manner.
Global microwave measurements, which provide an average response
over the entire sample, have been unable to explain such response.

This thesis provides compelling evidence of the physical mechanism
behind the observed stochastic phenomenon by probing locally the
superconducting and magnetic responses, with micrometer resolution
over millimeter scale field-of-view. Magneto-optical imaging (MOI) is
utilized to map the magnetic flux threading the film. By inverting
the Biot-Savart law we are then able to obtain the screening currents
associated to the magnetic flux penetration. In addition to this
technique, scanning laser microscopy (SLM) helps us to map a different
parameter, the radio-frequency current of the resonant mode, which,
in turns, reveals the locations where a resonator is most sensitive.
The instrument used for the SLM technique was built from scratch in
the course of this work. Next, each 2D map, whether it was obtained
via MOI or SLM, is confronted with a single microwave measurement
of the same device, so that a feature of the global response can be
traced to a specific event occurring at a specific place.

On NbTiN resonators, the erratic response turns out to arise from
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thermomagnetic flux avalanches. More precisely, four regimes of flux
penetration are identified: complete magnetic screening, magnetic
perforation of the ground plane, avalanche-dominated penetration and
smooth flux removal. None of them is clearly distinguishable from the
global microwave signal alone. By removing the metallic mirror of
the magneto-optical indicator, we made it possible to record, for the
first time, both measurements concurrently, and individual avalanches
could then be tagged to specific jumps in resonance frequency. These
measurements allowed us to conclude that the electrodynamic behavior
is non-local: an avalanche occurring at a specific resonator, or in the
feedline, shifts the resonance of every resonator on the chip. This
also settles a question the literature had left open. Radio-frequency
excitation in the linear Campbell regime only marginally enhances
avalanche activity, precipitating avalanches rather than creating them.

Since high-T, superconductors such as YBayCu3zO7_s (YBCO) are
far less prone to develop flux avalanches, this material becomes an
attractive alternative to conventional superconductors, and offers a
further asset of its own when illuminated with visible light. In oxygen-
deficient YBCO films, persistent photodoping is shown to be a slow
process, stable and non-diffusive, in contrast to the fast and highly
diffusive bolometric response exhibited at short times, providing a
reversible and spatially selective way of modifying a resonator optically.
Exploiting this contrast, a raster-scanned laser maps the local radio-
frequency current density and reveals the standing waves at both
the fundamental resonance and the second harmonic, identifying
the regions that most strongly affect the resonance frequency. The
mapping is then extended into the time domain: lock-in amplifiers are
used to collect several hundred harmonics of a chopped photoresponse,
and the Fourier series is inverted to reconstruct the time-dependence.
We demonstrate that the resulting resolution of a few microseconds is
set by the highest measurable harmonic and not by the acquisition
speed. The resulting movies expose the delayed contribution of weakly
current-carrying regions, governed by thermal diffusion.

Returning to conventional superconducting resonators, the tradi-
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tional remedy has always been to keep the magnetic flux at bay with
artificial pinning centers. Yet pinning sites are themselves known to
favor avalanche triggering at low temperature. Laser-induced periodic
surface structures (LIPSS) imprinted on Nb thin films offer a way
out to this dilemma, because they can be instrumental to steer the
penetrating flux instead of merely trapping it. Inverting the flux
maps into screening-current maps shows that the submicron ripples
produced by the LIPSS technique raise the critical current density
along their ridges by a factor of three. The principal flux distributors,
however, are not the ripples but the boundaries between orientation
domains. Flux can accordingly be channeled, diverted, or stored in
bundles of controllable size.

Taken together, these results trace a route from diagnosis to design.
While SLM indicates where a resonator is most vulnerable to flux,
laser-imprinted LIPSS offers the opportunity to guide the magnetic
flux away from the sensitive zones.

Keywords: superconducting coplanar-waveguide resonators; magneto-
optical imaging; scanning laser microscopy; thermomagnetic flux
avalanches; RF-driven vortex dynamics; kinetic inductance; persistent
photodoping; YBasCuzO;_s; NbTiN; laser-induced periodic surface
structures; magnetic flux guiding.






Résumeé

Les résonateurs supraconducteurs planaires sont des éléments essen-
tiels des ordinateurs quantiques et des détecteurs de photon unique.
Un nombre croissant d’applications technologiques exige qu’ils fonc-
tionnent sous champ magnétique appliqué. Or, c’est précisément dans
ces conditions qu’ils présentent un défaut rédhibitoire. Un champ per-
pendiculaire d'une fraction de millitesla suffit a laisser pénétrer le flux
magnétique quantifié dans le film, et la fréquence de résonance répond
alors au champ de maniére erratique, en apparence stochastique. Les
mesures micro-ondes globales, qui fournissent une réponse moyennée
sur I'ensemble de I’échantillon, n’ont pas été en mesure d’expliquer
un tel comportement.

Cette thése apporte des preuves convaincantes du mécanisme
physique a 'origine du phénoméne stochastique observé, en sondant
localement les réponses supraconductrice et magnétique, avec une réso-
lution micrométrique sur un champ de vue millimétrique. L’imagerie
magnéto-optique (MOI) est utilisée pour cartographier le flux mag-
nétique traversant le film. En inversant la loi de Biot—Savart, nous
parvenons ensuite & obtenir les courants d’écrantage associés a cette
pénétration de flux. A cette technique s’ajoute la microscopie laser a
balayage (SLM), qui permet de cartographier une autre grandeur, le
courant radiofréquence du mode résonant, laquelle révele & son tour
les régions ou le résonateur est le plus sensible. L’instrument utilisé
pour la technique SLM a été entiérement congu et construit au cours
de ce travail. Chaque carte 2D, qu’elle ait été obtenue par MOI ou
par SLM, est ensuite confrontée & une unique mesure micro-onde du

1X



méme dispositif, de sorte qu’une signature de la réponse globale puisse
étre rattachée a un événement précis survenant en un endroit précis.

Sur des résonateurs en NbTiN, la réponse erratique s’avére provenir
d’avalanches thermomagnétiques de flux. Plus précisément, quatre
régimes de pénétration du flux sont identifiés : écrantage magnétique
complet, perforation magnétique du plan de masse, pénétration dom-
inée par les avalanches et évacuation réguliére du flux. Aucun d’eux
n’est clairement discernable & partir du seul signal micro-onde global.
En retirant le miroir métallique de I'indicateur magnéto-optique, nous
avons rendu possible ’enregistrement simultané des deux mesures,
pour la premiére fois, et chaque avalanche a pu dés lors étre associée
a un saut spécifique de la fréquence de résonance. Ces mesures nous
ont permis de conclure que le comportement électrodynamique est
non local : une avalanche survenant dans un résonateur donné, ou
dans la ligne d’excitation, décale la résonance de tous les résonateurs
de la puce. Cela tranche également une question restée ouverte dans
la littérature : 1'excitation radiofréquence dans le régime de Campbell
linéaire n’accroit que marginalement ’activité d’avalanches, celles-ci
étant précipitées plutot qu’engendrées.

Les supraconducteurs a haute température critique tels que le
YBayCuzO7_s5 (YBCO) étant bien moins enclins a développer des
avalanches de flux, ce matériau devient une alternative attrayante
aux supraconducteurs conventionnels, et offre un atout supplémen-
taire qui lui est propre lorsqu’il est illuminé en lumiére visible. Dans
les films de YBCO désoxygénés, nous montrons que le photodopage
persistant est un processus lent, stable et non diffusif, par contraste
avec la réponse bolométrique rapide et fortement diffusive observée
aux temps courts, ce qui offre un moyen réversible et spatialement
sélectif de modifier optiquement un résonateur. Exploitant ce con-
traste, un laser balayé point par point cartographie la densité locale
de courant radiofréquence et révéle les ondes stationnaires aussi bien
a la résonance fondamentale qu’a la seconde harmonique, identifiant
les régions qui influencent le plus fortement la fréquence de résonance.
La cartographie est ensuite étendue au domaine temporel : des am-
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plificateurs & détection synchrone sont utilisés pour collecter plusieurs
centaines d’harmoniques d’une photoréponse modulée par hacheur, et
la série de Fourier est inversée afin de reconstruire la dépendance tem-
porelle. Nous démontrons que la résolution ainsi obtenue, de quelques
microsecondes, est fixée par la plus haute harmonique mesurable et
non par la vitesse d’acquisition. Les séquences temporelles qui en
résultent mettent en évidence la contribution retardée, gouvernée par
la diffusion thermique, des régions faiblement porteuses de courant.

Revenant aux résonateurs supraconducteurs conventionnels, le
reméde traditionnel a toujours consisté a tenir le flux magnétique
a distance au moyen de centres de piégeage artificiels. Or les sites
de piégeage sont eux-mémes connus pour favoriser le déclenchement
des avalanches a basse température. Les structures périodiques de
surface induites par laser (LIPSS) imprimées sur des films minces de
Nb offrent une issue a ce dilemme, car elles peuvent servir & orienter
le flux pénétrant au lieu de se contenter de le piéger. L’inversion
des cartes de flux en cartes de courants d’écrantage montre que les
ondulations submicrométriques produites par la technique LIPSS
augmentent d’un facteur trois la densité de courant critique le long
de leurs crétes. Les principaux distributeurs de flux ne sont toutefois
pas les ondulations elles-mémes, mais les frontiéres entre domaines
d’orientation. Le flux peut dés lors étre canalisé, dévié ou stocké sous
forme de paquets de taille controlable.

Pris ensemble, ces résultats dessinent un cheminement du diagnos-
tic vers la conception. Tandis que la SLM indique ot un résonateur
est le plus vulnérable au flux, les LIPSS imprimées par laser offrent
la possibilité de guider le flux magnétique loin des zones sensibles.

Mots-clés : résonateurs supraconducteurs a guide d’onde coplanaire ;
imagerie magnéto-optique ; microscopie laser a balayage ; avalanches
thermomagnétiques de flux ; dynamique des vortex sous excitation
RF ; inductance cinétique ; photodopage persistant ; YBayCuzO7_s ;
NbTiN ; structures périodiques de surface induites par laser ; guidage
du flux magnétique.
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Statement about the use of
generative Al

Nowadays, a statement about the use of Al deserves, in my opinion,
more than a single sentence copied and pasted from one thesis to the
next. The question is recent and still unsettled, and I would rather
give it a proper explanation than a formulaic disclaimer; that is what
follows.

The thesis I am now defending is based on work carried out be-
tween the middle of August 2022 and today, at the end of July 2026.
This context is essential to understanding how Al was used in the
writing process. When this work began, generative Al was not yet
a widely discussed subject, as the pioneer of the field, OpenAl, had
not yet released ChatGPT. Everything changed on 30 November
2022, when ChatGPT was presented to the world and people could
begin to experience what it felt like to converse with an agent that
answered questions with some form of memory, something funda-
mentally different from the way Google and other assistants handled
tasks. Personally, I remember being amazed at how ChatGPT would
attempt any task and could deal with subjects Google was incapable
of handling. To be fair, at that time few people were using it for
genuinely useful purposes: we were essentially asking it to make up
stories with outlandish plots, or to tell us how much a baudet du
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Poitou®’s egg might weigh (according to early ChatGPT, it was re-
markably light, between 150 and 200 g). Through these interactions,
we were discovering that the Al was designed to answer the user no
matter the question, which occasionally led to what was later termed
hallucinations: answers entirely fabricated to satisfy the user’s request.
As a result, generative Al was seen more as an entertaining curiosity
than as a useful tool.

Then the years passed, and more and more of today’s Al giants
began competing to release the best generative model. Gradually,
hallucinations became less frequent, and people started using these
tools for simple everyday tasks such as drafting email replies, preparing
shopping lists, or inventing recipes from whatever was left in the
fridge. Their use nevertheless remained frowned upon in science, since
academic tasks would most often produce answers containing made-up
citations and DOIs, claims unsupported by the literature, and so on.

I remember it was at the end of the third year of my PhD that the
agent developed by Google, Gemini, with its thinking feature, began
to give scientifically grounded and physically argued responses. Even
so, because I had witnessed the early stages of Al, I always triple-
checked whatever came out of the machine, validating the method it
used to solve typical problems. With that critical mindset, and like a
growing number of scientists around the world, I began using Gemini
as a kind of coffee-break discussion partner. It became what we call
in our lab a scientific punching ball: you overwhelm it with ideas, and
while trying to convince it that you grasp the underlying physics, you
start to see the weak points of your own theory and identify clearly
what still needs to be investigated, or where your reasoning needs to
be revised.

Today, it would be naive to think that generative Al is still at the
level of its early versions. Over three or four years, I have personally
watched its capabilities grow enormously, and it is now an extremely
powerful tool, provided one always remembers that, as has always

4A French donkey breed, 1.5m tall and weighing roughly 400 kg, that obviously
does not lay eggs.
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been the case in science, critical thinking is essential when confronting
new claims. There remains, and I can still clearly sense it within the
scientific community, a kind of taboo around the use of Al. Few dare
to state openly that “Al was used to improve the quality of the text”
or that “Al was employed to find new ideas or new ways of tackling a
problem”. In my view, this reluctance is a mixture of two things. Part
of it is a perfectly legitimate distrust: given the fabricated citations
and unsupported claims that Al has produced, and can still produce,
caution is a sound scientific reflex rather than mere conservatism.
But part of it is also the defensive reaction humans tend to display
whenever a new technology arrives, a certain technophobia rooted in
the fear of being replaced, which leads people to shun the tool rather
than confront it (the same happened, for instance, with automatic
spell-checking, which people were long reluctant to admit using).
This thesis was written between April 2026 and July 2026, at a
time when Al is unambiguously a powerful tool when used properly.
AT was therefore, unsurprisingly, used to help me write it, but only
very cautiously and at different levels, which are detailed below.
The theoretical Chapters 2 and 3 are conceived as a condensation of
the essential physical concepts needed to address the rest of the thesis.
They are the chapters in which generative Al was used most, but this
reflects the nature of the task rather than any greater contribution
of the tool to their substance. Being purely expository, they report
no original result of my own: the whole writing task there consists
in articulating well-established physics into a clear and continuous
narrative, that is, precisely the connective prose I had chosen to
delegate. Its role was therefore confined entirely to the phrasing
of sentences whose content I had already fixed. I first decided the
complete structure of each chapter, every physical concept to be
developed and how to do it, the logical links between them, and the
order in which they had to appear, and only then did I delegate the
writing to generative AI°, with a prompt aimed solely at turning that
fixed structure into connected sentences, and explicitly forbidding the

5The tool used for these two chapters was Claude (Anthropic).
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introduction of any physical concept, claim, or idea I had not planned.

I was, throughout, acutely aware of the characteristic failure
mode of such tools: even when asked only to rephrase, a language
model will readily insert plausible-sounding but unrequested physics,
spurious justifications, or subtly wrong statements presented with full
confidence. My repeated proofreading of these chapters was therefore
not a cosmetic pass but an active filtering against exactly this risk,
sentence by sentence, discarding or correcting anything that departed
from what I had decided to convey. All figures are entirely my own
creation. As a result, I fully endorse and take responsibility for the
content of these chapters: the physics they present is mine alone, and
each formulation was checked against my intent before being kept. 1
therefore stand behind them as I would behind any text I had written
word for word myself.

Chapter 4 was written entirely by me, with Al used only as an
English-reformulation tool. This is the use most people are nowadays
beginning to admit to, and it does not fundamentally differ from the
use described above: the core of the text comes from the author, and
AT merely shapes a solid, grammatically correct body around it.

Finally, Chapters 5, 6 and 7 are adapted from existing publications,
as stated in their respective introductions. Their text therefore comes
directly from work that was written and peer-reviewed before this
thesis, and no generative Al was used in producing them.

To summarize this long but essential attempt to put generative Al
in perspective: it should be regarded as nothing more than a tool, just
as spell-checkers, calculators, spreadsheets, high-level programming
languages, and Wikipedia are tools that help their users become more
productive, with the added responsibility, for the user, of vouching
for the accuracy of what is produced. I am deeply convinced that
in the years to come this tool will revolutionize the way science is
done, but also that it will become widely accepted that it is always
the scientist who decides what is worth keeping and what amounts to
a hallucination.
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Chapter 1

Introduction

A superconducting resonator is, in essence, a piece of superconducting
thin film patterned into a circuit that resonates at a well-defined
frequency, in the same way that a guitar string rings at a well-defined
pitch that depends on its length. Because a superconductor carries
current without resistance, such a circuit rings for an extraordinarily
long time: the quality factor (), which quantifies the number of
oscillations before the energy has appreciably decayed, can reach 107,
several orders of magnitude beyond what any normal metal allows [1].
That sharpness is what makes these devices useful. A resonance so
narrow shifts measurably in response to a minute perturbation, and the
same property that makes them exquisite sensors also makes them the
building blocks of superconducting qubits. They are today essential
elements of quantum computing architectures [2—4], of single-photon
detectors |5], and of quantum sensing and information processing [6].

Their weakness is equally well known, and it is magnetic. A type—
IT superconductor expels a magnetic field only up to a threshold field
beyond which the field enters the material not continuously but in
discrete threads, each carrying one quantum of magnetic flux. These
flux quanta, or wvortices, are the source of the trouble |7]. Driven
back and forth by the radio-frequency (RF) current circulating in the
device, they dissipate energy, which lowers the quality factor, and they
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alter the way the superconductor stores magnetic energy, which shifts
the resonance frequency [8-11]. In a thin film, a perpendicular field
of a fraction of a millitesla is already enough for vortices to enter [12].

One might simply consider shielding the device, as is often done.
However, the presence of a magnetic field (in-plane or out-of-plane) is a
necessary condition for a growing number of applications. For instance,
spin ensembles in solid-state systems, which require 15-200 mT [13-15],
phase-slip devices [16-18], and trapped electrons, which require fields
in the tesla range [19,20]. Even when the field is nominally applied
in the plane of the film, where these circuits are most resilient [21], a
slight misalignment suffices to produce a substantial perpendicular
component. Making superconducting resonators resilient to magnetic
field is therefore a technological problem in its own right. Two decades
of work have been devoted to it along two broad lines: hindering
vortex motion with artificial pinning sites [9, 11, 22], or reducing the
number of vortices in the critical regions by narrowing or fractalizing
the ground plane [23-25].

A mysterious response, and a blind spot. None of these strategies,
however, take into account a phenomenon that global measurements
have never been able to explain. When the resonance frequency
of a planar resonator is recorded under an increasing perpendicular
magnetic field, it does not vary smoothly. Instead, it jumps, erratically
and irreproducibly, in a manner that looks like noise and has often
been treated as such [26-28].

The reason why this response has resisted explanation is conse-
quence of a blind spot in the characterization techniques. The most
common ones, such as electrical transport, magnetometry, resonance
frequency, each return a single number, averaged over the entire sam-
ple. Yet the underlying phenomena are intrinsically spatially local.
Flux does not seep in uniformly: it enters through a handful of pre-
ferred nucleation points. Screening currents do not spread evenly:
they crowd at the edges. A global measurement can establish whether
a device misbehaves, but can not tell why, and it therefore cannot



help to identify which part of the device should be re-engineered.

This thesis removes that blind spot, and in doing so attributes
the erratic response to a specific mechanism: thermomagnetic fluz
avalanches. Below roughly half the critical temperature 7T, the heat
released by moving vortices locally deteriorates the screening ability,
which lets more flux in, which in turn releases more heat. This runaway
floods a large fraction of the film with flux in nanoseconds [29], and
each such event displaces the resonance frequency abruptly. What
looks like noise is in fact a sequence of discrete, localizable, physically
intelligible events.

Identifying the mechanism immediately raises three questions,
which are addressed throughout this thesis.

e Does the radio-frequency excitation inevitably provoke
the avalanches? The literature is contradictory: some experi-
ments report RF-stimulated avalanches [30-32|, others report
suppression near the depinning frequency [33], and simulations
predict a reduced threshold field under AC excitation [34]. The
disagreement is not accidental. No experiment had witnessed
the flux and the resonance at the same time, so avalanche ac-
tivity had to be inferred from the very microwave trace whose
interpretation was in question.

e Which portion of a resonator determines its resonance
frequency? One would rationally assume that the response is
modified most strongly in the regions where the standing-wave
current is the highest, and that these regions are set by the
boundary conditions of the resonator. However, this has seldom
been experimentally measured. This question is directly linked
to the first one, as it identifies the critical location where a
vortex avalanche would exert the most detrimental impact.

o Is keeping flux out the only option? Every strategy de-
scribed above relies on exclusion or immobilization of flux quanta,
and the most common of them actually promote magnetic flux
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avalanches. Indeed, pinning sites reduce flux-shaking losses at
high temperature. However, at low temperature they are known
to favor avalanche triggering, and so to degrade the very device
they were meant to protect [35,36]. Whether penetrating flux
can instead be actively directed, sent along chosen paths and
away from the regions that matter, is an open question we will
attempt to tackle.

Local probes of a global response. All three questions above
concern spatially localized events, something that a global measure-
ment cannot discern. The strategy adopted throughout this thesis is
accordingly the same in every chapter: map, with micrometer reso-
lution over millimeter-wide fields of view, the local parameter that
governs the phenomenon at hand, and confront that map with the
averaged observable that a conventional measurement would return.
The relevant local parameter changes from chapter to chapter, and so
does the microscope used to measure it.

Three parameters are relevant to the investigated systems. The
first is the magnetic flur density threading the film, which reports on
field penetration, vortices and avalanches. The second is the screening
current, the direct current circulating in the film in response to the
applied magnetic field, first in the magnetic screening state and then
in the critical state. This current determines where flux enters and
how far it advances. Currents and magnetic fields are rigidly tied since
in a thin-film geometry, the perpendicular flux density at any point is
fixed by the screening-current distribution across the whole sample,
and conversely [37]. The third is the radio-frequency current of the
resonant mode, and it is of an altogether different nature. Set by the
circuit geometry and by the standing-wave pattern of the mode, it
oscillates at gigahertz frequencies and is present even in zero applied
magnetic field. This RF current dictates where a resonator is sensitive,
and hence where a vortex or an avalanche is most harmful.

Two techniques give access to these quantities. Magneto-optical
imaging (MOI) exploits the rotation of the polarization of light in



a magnetic field. A thin magneto-optical crystal laid on the sample
converts the local out-of-plane flux density into an optical intensity,
giving a direct picture of where the flux is [30,38]. Inverting the
Biot-Savart law then allows one to recover the screening currents that
produced that picture. Scanning laser microscopy (SLM) addresses
the RF current, and does so indirectly. A focused laser beam is
scanned across the device, warming one micrometer-sized spot at a
time; the perturbation caused in the global microwave response reveals
how strongly that spot participates in the resonant mode [39,40].

Crucially, neither technique is used here as a stand-alone imaging
experiment. Each is combined with a microwave measurement of the
device it images, so that a feature appearing in the global response
can be assigned to an identified event, or an identified region, on the
map. That coupling is what turns an image into an explanation, and
it is the methodological thread of the whole manuscript.

What the maps reveal. Applied to a low-T,. NbTiN resonator, this
treatment dissolves the noisy field response into four distinct regimes:
screening, a magnetic perforation of the ground plane, avalanche-
dominated penetration, and a smooth flux removal that ends in ant:-
avalanches, sudden entries of flux of polarity opposite to the applied
field. None of these regimes is clearly discernible from the microwave
signal alone, and the correspondence extends down to details that
would otherwise be dismissed as noise. A small kink in the resonance
frequency, for instance, turns out to mark the precise moment at which
avalanches begin in the ground plane of the resonator meander rather
than in the borders of the sample. The agreement is close enough
that the argument can be run backwards: the resonator becomes a
sensitive and non-invasive detector of the flux dynamics in its own
film.

Driving the two measurements simultaneously rather than in se-
quence requires adapting the optical cryostat to perform simultaneous
RF characterization measurements. It sharpens the probing down to
an event-by-event correspondence, in which individual avalanches are
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tagged to individual frequency jumps, and electromagnetic simulations
relate the size of a jump to where the avalanche landed. This is what
makes the first question answerable at all: with flux and resonance
recorded on the same time axis, one no longer has to infer avalanche
activity from the trace under scrutiny.

As high-T,. materials are far less prone to avalanches, YBayCu3zO7_;
(YBCO) presents itself as an attractive alternative platform, and it
turns out to offer a distinctive asset of its own. Oxygen-deficient
YBCO can be photodoped: prolonged illumination improves its super-
conducting properties persistently and reversibly, an effect that is slow
and stationary whereas ordinary laser heating is fast and diffusive.
That contrast is exploited here in two ways. It provides a means
of modifying a resonator optically, in contrast to the enhancement
obtained by heavy-ion irradiation, which is permanent and destroys
the device for any subsequent comparison [41]. In addition, it allows
the second question above to be answered, by mapping the RF current
of the resonant mode and thereby identifying which regions of a device
govern its resonance frequency. No instrument capable of probing
the latter existed in Liége at the start of this work, and this thesis
accordingly builds one from scratch with that precise objective in
mind. That construction spans the structural design and the choice
of optical components, the assembly, the control software, and the
calibration of the spatial and thermal response.

The third question is taken up on a different platform. Laser-
induced periodic surface structures (LIPSS), submicron ripples im-
printed on a niobium film by femtosecond laser pulses, do not merely
trap flux where it is: they steer it, guiding it along or away from
chosen regions. Here the flux maps are inverted to recover the screen-
ing currents themselves, which reveals that the ripples make the film
electrically anisotropic and explains why flux follows the paths it does.
Exclusion and immobilization are therefore not the only options, and
the pinning dilemma can be sidestepped. Flux that cannot be kept
out may instead be routed away from where it does the most damage,
and identifying such places is exactly what the sensitivity maps above



provide.

A single connecting line threads through these chapters. Spatial
mapping first reveals a mechanism hidden inside an averaged signal,
then localizes the regions in which that mechanism is most harmful,
and finally opens a route to control it. The recurring question, posed
anew each time, is how the spatial configuration of the relevant
local quantity explains, and ultimately governs, the measured global
response.

Structure of the thesis. The manuscript is organized into a theo-
retical foundation, two methodological chapters, three experimental
chapters, and a conclusion.

Chapter 2 lays out the theory needed to understand the rest of the
thesis: the physics of superconducting resonators and the notions of
kinetic inductance and quality factor, through which the local physics
ultimately manifests itself in a measured microwave response.

Chapters 3 and 4 introduce the two mapping techniques and the
developments and refinements made to them during this thesis. Chap-
ter 3 describes magneto-optical imaging, covering the Faraday-rotation
principle, the indicators, and the Biot—Savart inversion that converts a
flux map into a screening-current map. Chapter 4 describes the scan-
ning laser microscope. This chapter also presents the multiharmonic
scheme developed to operate the microscope in the time domain. Both
chapters are written as practical guides to the tools rather than as
exhaustive reviews of the techniques, although in enough detail for
either setup to be reproduced.

The three experimental chapters then apply these tools to ad-
dress the questions above. Chapter 5 combines MOI with microwave
transmission on low-7, NbTiN resonators to witness flux entering
the device while simultaneously tracking the resonance. Chapter 6
turns to high-7, YBCO resonators and uses SLM in two ways: first
to exploit persistent photodoping as a means of locally and reversibly
modifying a resonator while mapping its RF current density, then
to resolve that response in time and expose its dynamics and non-
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locality. Chapter 7 takes the step from diagnosis to design, showing
by MOI that laser-induced periodic surface structures imprinted on
a superconducting film can actively steer the penetrating magnetic
flux, guiding it along specific paths and away from chosen regions.

Chapter 8 draws these threads together. The steering demon-
strated with LIPSS and the sensitivity maps obtained by SLM point
back to the flux-avalanche problem of Chapter 5: SLM can indicate
where a resonator is most vulnerable to flux, and LIPSS suggests how
flux might be diverted from precisely those regions, sketching a route
toward magnetic-field-resilient resonators. A first laser-machined nio-
bium resonator, fabricated and read out with the very tools presented
here, is reported as a preliminary step in that direction.

A word on the boxes. Chapters 2, 3 and 4 make frequent use of
shaded theory bozes. Each box is a self-contained treatment of one
supporting result, a derivation, a model, or a calibration, such as
the telegrapher’s equations, the origin of kinetic inductance from the
London equations, or the Biot—Savart inversion for thin-film current
imaging. They are deliberately set apart from the main text so that
the narrative can be followed without interruption: a reader already
familiar with a given result may skip its box, while a reader wanting
more detail will find it there. Later chapters refer back to these boxes
rather than repeating their contents.



Chapter 2

Theory

2.1 Superconducting microwave resonators

Superconducting microwave resonators are planar microwave cavities
patterned from superconducting thin films. Their defining advantage
over normal-metal cavities is zero direct-current electrical resistance,
which allows electromagnetic energy to be stored with negligible ohmic
dissipation. The resulting internal quality factors @); are extraordinary:
values above 10° are routinely achieved in optimized aluminum or ti-
tanium nitride devices [42,43], with the best current planar resonators
reaching Q; ~ 107 [1]. To appreciate what this means, a quality
factor of 10° at a resonance frequency of fy; = 5 GHz corresponds to a
photon lifetime 7 = Q,; /(27 fo) =~ 32 ps, and to a resonance linewidth
(full width at half maximum) Af = f,/Q; = 5 kHz. Frequency shifts
of this order, superimposed on a multi-gigahertz carrier, are straight-
forwardly resolved with a standard vector network analyzer (VNA),
making superconducting resonators remarkably sensitive probes of
any perturbation that modifies their electromagnetic environment.
This sensitivity has driven two broad fields of application. In
quantum information science, superconducting resonators are used
as quantum buses that couple distant superconducting qubits and as
readout elements for their quantum states, operating at the single-
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photon level [2,44,45]. In astrophysics and photon sensing, kinetic
inductance detectors (KIDs) [5,46] exploit the fact that absorption of
a single high-energy photon successively breaks thousands of Cooper
pairs, causing a measurable shift of the resonance frequency of a
microwave resonator. In condensed matter physics, superconducting
resonators have been used to detect individual vortex events, ther-
momagnetic instabilities, and changes in the local superfluid density
caused by light illumination [28,47,48]|, all of which are at the core of
this thesis.

The specific geometry employed throughout this work is the copla-
nar waveguide (CPW) resonator [49,50]: a central metallic strip of
width w, separated from two infinite coplanar ground planes by gaps of
width g, all patterned in the same plane on top of a dielectric substrate
(Fig. 2.1). The CPW supports a quasi-transverse electromagnetic
(quasi-TEM) guided mode whose properties are entirely determined
by the conductor geometry and the dielectric environment.

Figure 2.1: Cross-sectional schematic of a coplanar waveguide. A su-
perconducting film (thickness d) is patterned on a substrate of dielectric
constant ¢, and thickness A > w. The central conductor of width w is
flanked by two gaps of width g and two semi-infinite ground planes. The
RF electromagnetic field is concentrated in the gap regions, distributed
between air (above) and substrate (below).
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2.1.1 From transmission line to resonant cavity

A CPW is a distributed-parameter transmission line: rather than
lumped inductance and capacitance, it possesses an inductance L’ and
a capacitance C' per unit length, which jointly govern the propagation
of voltage and current waves along the structure [51,52]. Their values
are set by the conductor geometry and the surrounding dielectric
media, as discussed in Section 2.1.2. Box 2.1 summarizes the wave
propagation results that follow from them.

Box 2.1 — Telegrapher’s equations and wave propagation

A transmission line with distributed inductance L’ and capaci-
tance C’ per unit length obeys the telegrapher’s equations [51,52]:

v _ el or_ v
or ot’ or ot
These combine into a wave equation 9*V/0x? = L'C' 9*°V/ot?,

whose general solution is a superposition of forward- and
backward-propagating voltage waves:

(2.1)

V(.I', t) _ VJrei(wt—kx) + VLei(mt—i—k:p)7 (22)
with wavenumber k = w/v,p,, i = —1 and phase velocity
1 c

(2.3)

T e |

where ¢ is the speed of light in vacuum and e.4 is the effec-
tive permittivity of the guiding structure (see Box 2.2). The
corresponding current wave satisfies I. = +V. /Z;, where the
characteristic impedance is

Ty = \/g . (2.4)
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In practice, CPW resonators are designed for Z; = 50 2 to
match standard microwave instrumentation. Equations (2.1)—
(2.4) assume a lossless line (R’ = G’ = 0). For a superconducting
CPW operated well below T, this is an excellent approximation:
the series resistance R’ arising from quasiparticle absorption
is exponentially suppressed as exp(—A/kgT) [53,54], and the
lossless limit is valid for 7" < 7, /2.

A resonator is formed by taking a finite section of transmission
line of length ¢ and imposing boundary conditions at its two ends.
These boundary conditions select only those wavelengths that are
commensurate with the cavity, defining a discrete set of resonance
frequencies. In the CPW resonators of this work, two geometries are
used (Fig. 2.2):

Half-wavelength (\/2) resonators. Both ends are coupled to the
microwave circuit through small gaps that form coupling capacitors.
At resonance, they impose current nodes at both ends 1(0) = I(¢) = 0.
The resulting standing-wave condition ¢ = n\/2 yields resonance
frequencies
£ = nUph _ n
o2 uyror
The fundamental (n = 1) current profile is I(x) = Iy sin(rz/{), with a
single current antinode at the center and current nodes at both ends.
Harmonics have n antinodes and are equally spaced in frequency.

n=1,23,... (2.5)

Quarter-wavelength (\/4) resonators. One end is short-circuited
to the ground plane (imposing V' (0) = 0 and a current antinode), while
the other end is coupled to the feedline through a capacitor (imposing
a current node I(¢) = 0). The resonance condition ¢ = (2n — 1)\/4
gives

(2n — 1) Uph

fn 4£ ) n Y 737 ( 6)
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The fundamental current profile is I(z) = Iy cos(wz/(2¢)), with maxi-
mum current at the short. This geometry produces only odd harmon-
ics.

Figure 2.2: Standing-wave current I(z) (orange) and voltage V' (z) (blue)
profiles for the fundamental mode of (top) a A\/2 resonator, with current
nodes at both ends and a current antinode at the center; and (bottom) a
A/4 resonator, with a current antinode at the shorted end and a current
node at the coupled end. Equations (2.5) and (2.6) give the corresponding
resonance frequencies. The first harmonics are also represented.

An important subtlety is that the current density is not uniform
even within the cross-section of the central conductor: it peaks strongly
at the edges of the track and decays toward the center [55]. This
lateral non-uniformity, which is a consequence of the electromagnetic
boundary conditions at the superconductor surface, has the practical
implication that the edges of the resonator are the most sensitive
regions to local perturbations (for example vortex penetration or
thermal hotspots).
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2.1.2 Distributed parameters: geometry and sub-
strate effects

The phase velocity vy, and characteristic impedance Z;, of the CPW
are completely determined by the inductance L' and capacitance C’
per unit length, which in turn depend only on the conductor geometry
and the electric permittivity of the surrounding media. For the CPW
geometry, both quantities admit exact analytical expressions in terms
of complete elliptic integrals, derived via conformal mapping [49].

Box 2.2 — CPW distributed parameters

A CPW with central conductor width w and gap width g on a
substrate of dielectric constant ¢, and thickness h defines the
geometric modulus and its complement [49, 50]:

_ v = 12
bo= s k= 1/1— k2. (2.7)

In the limit of a thick substrate (h > w + 2g), the electric
field is split equally, in terms of geometry, between the air half-
space (above) and the substrate half-space (below). The effective
permittivity is then [49]:

ar= o, (2.8)

2
For a substrate of finite thickness, e involves
a second elliptic-integral ratio evaluated at k& =
sinh(mw/4h)/sinh(m(w + 2g)/4h) [50]; in the experiments
of this thesis, h > w + 2¢ in all cases, so Eq. (2.8) holds. The
geometric inductance L and capacitance per unit length C’

are [49,50]:

C' = 450565%. (2.9)
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where the complete elliptic integral of the first kind is given by

(2.10)

/2 de
K(k:):/ —.
0 +/1—Kk2sin“0

The characteristic impedance and phase velocity follow directly:

L Zwe K(K) ¢
g0 — 2o P Bl - _c 2.11
TV T i Kk T ea (2.11)

where Zyo. = /lo/eo =~ 377 Q. The ratio K(kj)/K (ko) is a
monotonically decreasing function of ky: widening the central
conductor relative to the gap lowers the impedance. For a target
Zo = 50 Q, the required aspect ratio w/g is uniquely determined
by e, alone; typical values are w/g ~ 2 for sapphire (e, ~ 9.3—
115) and w/g ~ 0.4 for (La0,38r0_7)(A10_65 Ta0,35)03 (LSAT, Er N
22).

=

Beyond setting v, and Zj, the substrate has a direct impact on
the resonator’s energy losses. The dielectric loss tangent tand = £” /¢’
of the substrate material contributes to the internal quality factor
through the dielectric participation ratio p, defined as the fraction of
the total electric field energy stored in the substrate [56,57]:

1
Qdiel

For a thick substrate and the lossless-line geometry of Box 2.2, the
participation ratio is given by [50,58]:

= p tand. (2.12)

Cl+4e,

P (2.13)

For ¢, > 1, p — 1 and nearly all the electric field energy resides
in the substrate, making the loss tangent of the substrate material
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the dominant dielectric loss channel. The substrates used in this
thesis are selected to minimize tan ¢ while maintaining structural and
thermal compatibility with the superconducting film: LSAT (e, ~ 22,
tand < 10™* at low temperature) for the YBCO resonators [59] and C-
plane sapphire (Al; O3, &, & 9.3-11.5 depending on crystal orientation,
tand < 107" at low temperature) for the NbTiN resonators [42].

2.1.3 Microwave characterization

Two coupling geometries are used in this work, each producing a
distinet Sy; (see Box 2.3 for a general definition) lineshape. The
NbTiN A/4 resonators are in the hanger (notch-filter) geometry: the
resonator is coupled to a through-feedline via a single capacitor, and
the resonance appears as a dip against a non-zero background. The
YBCO \/2 resonators are in the transmission (bandpass) geometry:
the feedline is interrupted at two points and the resonator bridges the
two gaps, so that S5 = 0 off resonance and the resonance appears
as a Lorentzian transmission peak. Therefore, no electrical DC mea-
surement of T, is possible through the feedline in the transmission
geometry.

Box 2.3 — Scattering parameters for a two-port network

The scattering matrix (S-matrix) is the standard framework
for characterizing linear microwave networks [51]. For a two-
port network with characteristic impedance Z;, the S-parameters
relate incoming wave amplitudes a; and outgoing wave amplitudes
b; (each normalized to /Py, o< Vi, with P, the input power and
Vi the input voltage):

(M)=(3 ) (). -

The diagonal elements S;; and Sy are the complex reflection
coefficients at each port; the off-diagonal elements S5; and Sis
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are the complex transmission coefficients. If port 1 acts as a
source, the transmitted power fraction is [Sy;]?, and the reflected
power fraction is | Sy |?; for a passive, lossless, reciprocal network,
energy conservation requires |Sy;|? + [S21|? = 1. In practice, | Sy |
is displayed in decibels: 20log;, [S21|, where 0 dB corresponds to
full transmission and a large negative value to a deep resonance
dip or strong absorption. A VNA measures both the magnitude
and phase of the S-parameters as a function of frequency, enabling
complete characterization of the network.

In the vicinity of fy, both lineshapes are described by the same
fitting function [60,61]:

N—1| i
Suip— |1 —@ele Jle_@f (Af+B), (215
e 1+ 2iQr, foo

where @ is the total (loaded) quality factor, Q. = |Qc|e is a
complex coupling quality factor accounting for impedance mismatch
at the coupling point (Box 2.4), and Af + B is a slowly varying linear
background. For the hanger geometry, the resonance appears as a
dip of depth Q1 /Q. (see Fig. 2.3). For the transmission geometry the
Lorentzian term only survives at resonance and the resonance appears
as a peak of height Q1 /Q.. In both cases the fit yields fy, Qr, and
|Qc|, from which @; can be recovered as described in Box 2.4.

Box 2.4 — Quality factors of a coupled resonator

The quality factor of a resonator is defined as [51]:

) __fo
Pdiss Af—?)dB’

Q@ =wo (2.16)
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Figure 2.3: Transmission coefficient |S21(f)| of a NbTiN CPW resonator
in the hanger geometry, showing the Lorentzian dip at fp. The red curve is
the fit of Eq. 2.15 on the data. The full width at half maximum Af = f,/Qr,
is indicated by the arrows.

where (U) is the time-averaged stored energy, Py is the dissi-
pated power, and Af_54p is the full width at half maximum of the
power response. Three quality factors characterize a resonator:

e Internal quality factor ();: encodes all energy loss mecha-
nisms intrinsic to the resonator itself. Its inverse is additive
over all dissipative channels: Q; ' = anlel + Qr_aé + Q;pl +
Quriox + - .., accounting for dielectric loss (Eq. (2.12)),
radiation, quasiparticle absorption, and vortex-induced dis-
sipation [62], respectively.

e External (coupling) quality factor Q).: quantifies the
energy coupled out of the resonator into the feedline per
cycle. It is set by the coupling capacitor geometry and is
independent of material losses.
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e Loaded quality factor (), : the directly measured FWHM
quality factor. In the absence of impedance mismatch

(o =0):
11 1

@@ a

Three coupling regimes are distinguished: under-coupled (Q. >
Q);, dominated by internal loss), critically coupled (Q. = @;), and
over-coupled (Q. < @Q;, dominated by coupling loss, Qr ~ Q.).
The resonators in this thesis are deliberately designed in the under-
coupled regime (Q. > Q;, so Qp ~ Q;) [28,47], ensuring that
changes in the material properties (flux penetration, photodoping)
are reflected directly in Q..

(2.17)

2.1.4 Kinetic inductance: a uniquely superconduct-
ing contribution

The expressions for L) and €' given in Box 2.2 treat the inductance as
purely of geometric (magnetic) origin, which is a property of the field
distribution around the conductor and is independent of its material.
In a superconductor, however, a second inductive contribution arises
from the quantum condensate of Cooper pairs. Cooper pairs have
a finite effective mass m* = 2m,, and when a current flows they
carry a kinetic energy density uy, = %m*nsvz, whose volume integral
Ukin is proportional to the square of the current (Box 2.5). Since
Uin = %L;J 2 by definition of an inductance, this kinetic energy
behaves as an additional inductive element in series with the geometric
inductance [53,63]. The resulting contribution is called the kinetic
inductance L. An inductance can also be interpreted as a delay
between the applied voltage and the circulating current. In the
present case, the kinetic inductance represents the delay caused by
the inertia of massive Cooper pairs to react to an oscillating voltage.
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Box 2.5 — Origin of kinetic inductance

The electrodynamics of the superconducting condensate are gov-
erned by the first London equation |63]:

oJ, ns(2e)2E _E
o mr T e’

(2.18)

where J, = ng(2e)v; is the supercurrent density, n, is the Cooper-
pair density (counting pairs with charge 2e and mass m* = 2m,),
and
e

AL = W (2.19)
is the London penetration depth. Equation (2.18) is purely in-
ductive: 0J,/0t x E with no resistive component. For an AC
excitation at angular frequency w, it gives a purely imaginary sur-
face impedance Z, = iwppA%, confirming the inductive character.
For a superconducting strip of length ¢, width w, and film thick-
ness d < Ay (the thin-film limit), the kinetic energy of the
superfluid expressed in terms of the total current I is:

L I?

S

1 m*/l 1
Ukin = =m™ng il = — == 2.20
5 " /US 2ng(2e)?wd * 2 (2:20)

which identifies the kinetic inductance per unit length that simply
adds up to the geometric one:

[10A],

L, === 2.21
= B (221)

For a CPW geometry, the non-uniform current distribution across
the strip transverse direction introduces a geometric correction
factor gi(w, g) of order unity [58,64]. An equivalent expression
in terms of the normal-state sheet resistance Ry and the super-
conducting gap A(T), derived from Mattis-Bardeen theory [54],
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18:

hRn 1
mw A(T) tanh(A(T) /2kgT)
Both forms show that L), oc A7 o< 1/n: the kinetic inductance

18 1nversely proportional to the superfluid density, and therefore
diverges at T.

LL(T) = (2.22)

The total inductance per unit length of a superconducting CPW
is L' = Lj, + Lj, and the resonance frequency accordingly becomes:

fo= c , (2.23)
20, /(L + 1) "

with o« = 1 (resp. 1/2) for a A/2 (resp. A/4) resonator. The kinetic
inductance fraction ay = L}, /(L;, + L},) quantifies the relative weight
of this contribution. For both the NbTiN resonators of Chapter 5
and the YBCO resonators of Chapter 6, the kinetic part of the total
inductance remains marginal, of the order of 10%.

Crucially, L} o 1/n, and ny is a function of temperature, so the
resonance frequency fy is intrinsically temperature-dependent. As
T increases toward T,., n, decreases toward zero: fewer and fewer
Cooper pairs are available. Box 2.6 gives the quantitative form of
this dependence. Since the total supercurrent must be maintained,
each Cooper pair must carry a larger share as their number dwindles,
implying a larger drift velocity v, o< I,/ (ns(2e)). More kinetic energy
is therefore stored per unit current squared, which is precisely what
a larger inductance means. The kinetic inductance thus diverges as
T — T,, driving fo toward zero.



22 CHAPTER 2. THEORY

Box 2.6 — Two-fluid model and the superfluid density |—

The two-fluid model, proposed phenomenologically by Gorter
and Casimir in 1934 [65], and the microscopic justification by
BCS theory [53], partitions the electron system into a superfluid
component and a normal-fluid component of density n,(7"), with
2ns(T) + n,(T) = n, where n is the total electron density and nj
remains the Cooper-pair density of Box 2.5 (each pair removing
two electrons from the normal fluid). The model is often written
in terms of the condensed electron density 2n,; since the two differ
by a constant factor, the temperature dependence and the scaling
L) o 1/ng are identical in either counting. In the Gorter—Casimir

model: A
2ns(T) T
=1—(— 2.24

n (Tc) ’ ( )

so that ny(T = 0) = n/2 and ns(T = T.) = 0. This exponent
4 applies to conventional isotropic (three-dimensional, s-wave)
superconductors. For the high-T, cuprate YBCO used in Chap-
ter 6, the d-wave symmetry of the order parameter and the
quasi-two-dimensional electronic structure lead to deviations [53];
the temperature dependence of L is instead fitted to a general-
ized form of Eq. (2.24), in which the exponent 4 is replaced by a
free exponent a, so that L o 1/ng gives:

/
Lk,O

O = Ty

(2.25)

with the exponent a treated as a fitting parameter (typically
a ~ 1.5-2 for YBCO [47,66]). For conventional NbTiN, the full
Mattis—Bardeen expression (Eq. (2.22), Box 2.5) can be used
instead, with the gap approximated by [53]:

A(T) ~ A(0) tanh (1.74\ /% = 1) . (2.26)
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In both cases, as T'— T,: either ny — 0 (Eq. (2.24)) or A — 0
(Eq. (2.26)), and Lj(T) — oc.

The divergence of L;. causes the resonance frequency to decrease
steeply near T, following Eq. (2.23). The resulting fo(7') curve
displays an asymptotic plateau at T < T, giving way to a sharp
downward curvature near 7T,.. Some examples measured on NbTiN and
YBCO resonators are shown in Fig. 2.4 where both fitting strategies
(fitting Eq. (2.23) with either Eq. (2.25) or (2.22)) are compared. This
standard procedure yields the material parameters L , T, and Rg.
The deeper consequence of these expressions is that f; is sensitive to
any perturbation of n,, whether driven by temperature (uniform, or
local as in Chapter 6), penetrating vortices, or optical Cooper-pair
breaking. This single fact that the resonance frequency transduces
changes in the superfluid density underpins the two experimental
chapters that follow.
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Figure 2.4: (Left) Resonance frequency fo(7') of a NbTiN superconducting
CPW resonator, showing the plateau at T" < T, and the steep decrease
toward T driven by the divergence of L. Lines indicate the Gorter—Casimir
(Eq. (2.25), the fitting exponent yields 3.76 + 0.11) and Mattis—Bardeen
(Eq. (2.22)) fits. The inset shows the fitting error. The shaded region
(T < T./2) marks the temperature range in which flux avalanche activity
is observed in NbTiN (Chapter 5). (Right) Resonance frequency fo(7') of
an optimally doped YBCO superconducting CPW resonator. The Mattis—
Bardeen fit fails to reproduce the weaker plateau at T' < T}, because YBCO
is not described by BCS theory. The Gorter—Casimir form captures this
discrepancy and yields a fitting exponent of 1.60 4 0.03.



Chapter 3

Magneto-Optical Imaging:
Principle and Practices

Mapping the magnetic field distribution at the surface of a supercon-
ductor is one of the most direct routes to asses its electromagnetic
response. The spatial pattern of the out-of-plane flux density B, (z,y)
encodes the location of vortices, the topology of screening currents,
and the influence of material inhomogeneities, information that bulk
measurements inherently average away. This chapter describes the
magneto-optical imaging (MOI) technique, which provides this infor-
mation with micrometer spatial resolution over millimeter-scale fields
of view, and underpins the experimental work reported in Chapters 5
and 7.

3.1 Physical principle

Several local techniques exist for imaging B, in a superconductor [67].
Scanning Hall probe microscopy (SHPM) rasters a sub-millimeter Hall
sensor across the sample and provides a quantitative, calibrated field
map [68,69]; however, its point-by-point acquisition is intrinsically
slow and requires a mechanically stable cryogenic scanning stage.
Scanning SQUID microscopy achieves field sensitivities well below a

25
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nanotesla [68] at comparable mechanical complexity, while magnetic
force microscopy (MFM) offers nanometer-scale resolution but at
the cost of a potentially invasive probe tip that can perturb the
vortex state being imaged [70]. Magneto-optical imaging circumvents
these limitations by converting the entire B, (x,y) distribution into
a light-intensity map captured in a single widefield camera frame,
combining a large field of view (~mm?), sub-second acquisition, and
little magnetic invasiveness [71-73].

The operating principle of MOI relies on the Faraday effect in a
magneto-optically active indicator film placed on top of the sample.
The indicator possesses a large Verdet constant and a spontaneous
magnetization fixed in plane by the Bi doping. A local field B, tilts
this magnetization slightly out of plane, rotating the polarization of a
linearly polarized beam that traverses the indicator proportionally to
the magnetization component along the light path. After reflection
from an aluminum mirror at the bottom of the indicator stack, the
beam makes a second pass through the active layer (doubling the effec-
tive rotation) before passing through an analyzer whose transmission
axis is nearly crossed with the initial polarizer. The resulting intensity
distribution, recorded by a CCD or a CMOS camera, constitutes a
pixel-wise map of B, at the indicator plane. The physical mechanisms
governing this conversion are formalized in Box 3.1.

Box 3.1 — The Faraday effect in a Bi:YIG indicator

The indicator used throughout this work is a Bismuth-doped
Yttrium Iron Garnet film (Y3 4 Bi,FesOq2, Bi:YIG) of thickness
d ~ 3 m, epitaxially grown on a 450 um-thick Gadolinium Gal-
lium Garnet (GGG, Gd3;Ga;0;y) substrate. The GGG provides
a matched lattice parameter for epitaxial Bi:YIG growth and
is optically transparent at the operating wavelength. A 100 nm
aluminum mirror is deposited on the optically active face of the
indicator.

Faraday rotation. When linearly polarized light propagates along
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z through a medium of magnetization M, the polarization plane
rotates by the Faraday angle |74]

b = V(N MO/ M- dl, (3.1)

where V() is the wavelength-dependent Verdet constant and the
integral is taken along the optical path. For normal incidence on
a homogeneous film of thickness d, and accounting for the double
pass upon reflection by the Al mirror,

Op =2V (A) o M. d. (3.2)

At A = 550nm, the Verdet constant of the Bi:YIG indicators
used in this thesis is Vaiyic = 0.018 £ 0.005 degmT ! ym~! [74].

Indicator response to B,. Due to its magnetocrystalline anisotropy
induced by the Bi doping, the saturation magnetization M, lies
in the film plane at zero field. A perpendicular field B, tilts M,
by an angle ¢ from the plane. Minimizing the magnetic energy

Erog = E,sin’¢ — B, M, sin ¢ (3.3)

yields the equilibrium condition

B 2F
t == Ba= =
an ¢ B A

(3.4)

where By =~ 80mT is the anisotropy saturation field of the in-
dicator and F, is the uniaxial anisotropy energy density [75].
Substituting M, = M, sin ¢ into Eq. (3.2),

B
O = C M, sin (arctan ﬁ) , C =2V(N)pod . (3.5)

s

The response is linear for B, < B, and saturates near B, ~ B;.
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Detected intensity. After the analyzer, set at a small angle 8(x, y)
from the 90°extinction, Malus’ law gives

I(B.,z,y) = Io(z,y) sin’[0p(B.,z,y) + B(z,y)] . (3.6)

The spatial variation of f(x,y) arises from the finite numerical
aperture of the objective and any inclination of the indicator
relative to the applied field. It is accounted for pixel by pixel
during calibration (see Section 3.3.1).

3.2 Experimental setup and cryogenic en-
vironment

The polarization microscope is a modular commercial system (Olym-
pus BX-RLA2). A 56.4 W LED lamp (CoolLED pE-300 white) pro-
vides the broadband source, filtered to A = 550nm by a bandpass
element (Olympus U-25IF550); this wavelength is chosen to coincide
with the emission peak of the LED and with the region of highest
Verdet constant for Bi:YIG indicators [74]. The filtered beam passes
through a fixed linear polarizer, then is deflected by a beam splitter
toward the sample through a x5 objective (LMPLFLN 5 BD), and
impinges on the indicator. After the double pass through the Bi:YIG
active layer and reflection from the Al mirror, the returning beam is
transmitted through the beam splitter to an analyzer (U-AN360-3,
angular precision 0.1°). The signal is finally recorded by a 2048 x 2048
pixel, 12-bit CCD camera (RETIGA-4000R). A schematic of the full
optical path is shown in Fig. 3.1.

The sample is maintained at cryogenic temperature in a closed-
cycle helium cryostat (Montana Instruments Cryostation C1) with a
base temperature of ~ 3.2 K. An external cylindrical copper solenoid
(resistance R = 22 (), inductance L = 26 mH), fed by a precision cur-
rent source (Keithley 2400 series), generates a perpendicular applied



3.2. EXPERIMENTAL SETUP 29

field with spatial homogeneity better than 1% over a 5 x 5mm? area
at the sample location [75]. The entire assembly rests on an actively
damped, non-magnetic optical table.

The Bi:YIG indicator is placed face-down on the sample (i.e. the
active layer is as close as possible to the sample surface). The air
gap between the Al mirror and the sample surface, set by surface
roughness, dust particles, and mounting conditions, is typically 10 pm
for standard free-standing placement, and constitutes the dominant
factor limiting spatial resolution, which is of the same order. The gap
can be reduced to ~ 2 pm by pressing the indicator against the sample
with a mechanical clip, improving spatial resolution at the cost of
greater mechanical stress on the indicator and a higher propensity for
magnetic domain pollution.

Filter I . CCD camera
P I mnalyzer
/w

LED Polarizer Objective

Indicator

Sample

Figure 3.1: Schematic of the magneto-optical imaging setup. A filtered
LED lamp provides monochromatic 550 nm illumination that is polarized,
reflected onto the indicator-covered sample inside a cryostat, and collected
by a nearly-crossed analyzer before detection by a CCD camera. This
schematic representation is not to scale, as the sample is usually much
smaller than the objective.
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Incompatibility with radio-frequency measurements. The 100 nm
Al reflective coating on the indicator is essential for achieving a
comfortable signal-to-noise ratio by doubling the optical path through
the Bi:YIG layer and by prooviding a nearly uniform background
irrespective of the topogrphy and design of the sample. On top of
that, it avoids the interaction of light with the sample. At GHz
frequencies, however, this conducting layer supports eddy currents
driven by the microwave field, strongly attenuating the RF signal inside
a superconducting resonator placed beneath it. In situ combination of
MOI with microwave spectroscopy is therefore not feasible with this
indicator; the experimental consequences for the NbTiN resonator
measurements are discussed in Chapter 5.

Magnetic domain artifacts. The Bi:YIG layer is subdivided into in-
plane magnetic domains with different orientations of M,. When the
indicator is slightly tilted with respect to the applied field direction,
neighboring domains exhibit different Faraday rotations (Eq. (3.5)),
producing bright or dark triangular patches polluting the raw image
and rendering the post-processing very challenging |74, 75]. Their
impact can be reduced by applying a small in-plane bias field (~ 2mT)
to force a single-domain state in the indicator (though at the cost of
reduced perpendicular-field sensitivity).

3.3 Post-processing

3.3.1 Calibration: intensity to magnetic field

Raw CCD images carry intensity values governed by Eq. (3.6), but the
three spatially varying parameters, incident intensity Iy(x,y), local
sensitivity A(z,y), and analyzer offset (x,y), must be determined
empirically for each experimental configuration. In the regime B, <
Bg, the Taylor expansion of Eq. (3.6) reduces to a parabola in B, [75]:

[(Bz, T, y) ~ ]min(x>y) + A(:L’,y) [Bz(xa y) - Bmin(ma y)}z : (37)
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Here Buin(z,y) is the local field at which the intensity reaches its
minimum 7y, (z,y), and A(z,y) encodes the local sensitivity of the
indicator.

The three parameter maps are extracted from a calibration dataset
acquired at T" 2 T., where the superconducting film is in the normal
state and the field at every pixel equals the uniform applied field poH.
A common measurement protocol consists of acquiring sequence of
images recorded while sweeping H from —4mT to +4mT in steps of
0.1mT, with several frames averaged at each step to reduce shot noise.
The intensity profile I(H) at each pixel (z,y) is fitted to Eq. (3.7),
yielding the pixel-wise calibration maps {liin, Bmin, A}z, y).

Any subsequent image acquired below T, is converted to B,(z,y)
by inverting Eq. (3.7) pixel by pixel by using the acquired calibration
maps. The analyzer is deliberately set ~ 4° from maximum extinction
so that the intensity minimum falls outside the measurement field
range, ensuring that each intensity value unambiguously corresponds
to a single branch of the calibration parabola. The field resolution
achieved by this procedure is &~ 0.1 mT for a point-like source, improv-
ing to ~ 0.01 mT for spatially extended sources where pixel averaging
can be exploited.

3.3.2 MOI inversion: from flux density to current
density

The calibrated B,(x,y) map gives the perpendicular flux density at
the indicator plane, located a height h ~ 10 pm above the supercon-
ducting film. The in-plane supercurrent density J(z,y) responsible
for this field is related to B, by the non-local Biot—Savart law. Re-
covering J requires a full-field inversion that cannot be reduced to
a local operation. The computationally efficient FFT-based scheme
introduced by Jooss et al. [76], and employed in the experimental
analysis of Chapter 7, performs this inversion with a computational
cost that scales as N log N rather than N3 for an N-pixel image. The
key mathematical steps are summarized in Box 3.2.
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—| Box 3.2 — Biot—Savart inversion for thin-film I—

For a superconducting film thinner than the London penetration
depth, the supercurrent density J(z,y) lies in the film plane and
satisfies V - J = 0. It is conveniently expressed through a scalar
stream function g(z,y):

J=V xig. (3.8)

The Biot—Savart relation between g and the measured B, becomes
a product in Fourier space:

B.(K) = o K, (k, h,dy) §k) , (3.9)

with the analytical kernel (k = |k|, measurement height h, super-
conducting film thickness d;)

. kd
K,(k,h,ds) = e " sinh( 5 ) : (3.10)

Inverting Eq. (3.9) gives g; the current components then follow
as J, = —ik,g and J, = ik,g.

In practice, K . L acts as a high-pass filter that amplifies measure-
ment noise at large k; a Hanning window is applied in Fourier
space to regularize the inversion. To suppress aliasing artifacts
from the periodic continuation implicit in the FFT, the measured
image is padded with the value of the applied magnetic field to
approximately three times the sample area before transforma-
tion [77]. The indicator-to-sample distance h ~ 10 pm and the
superconducting film thickness ds (200 nm for the Nb films of
Chapter 7) enter as fixed parameters of the kernel (3.10). Note
that dg is the thickness of the superconducting film under study,
not that of the Bi:YIG indicator, which enters only through the
standoff distance h.

The current density streamlines reconstructed in this way, super-
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imposed on calibrated B, maps, are used in Chapter 7 to identify the
role of LIPSS domains in redirecting the screening current flow and
to validate critical-state model simulations.






Chapter 4

Scanning Laser Microscopy

Scanning laser microscopy (SLM) is a technique that raster-scans the
surface of a sample under test (SUT) pixel by pixel using a focused
laser beam as the optical probe. The interaction between light and
the SUT locally alters the properties of the sample (or of the probe)
and gives rise to a position-dependent photoresponse, Pr(z,y).

The technique has reached maturity and is routinely applied across
a broad range of disciplines, including biology [78,79], engineering [80],
and materials science [81]. Several books [82] and review articles
[83-86] have examined its fundamentals and practical realization,
and have proposed robust instrument designs. Commercial confocal
microscopes are widely available, but they are built for reflectivity and
fluorescence imaging at ambient conditions; probing the microwave
response of a superconducting device requires the beam to be delivered
into an optical cryostat and the photoresponse to be read out from the
device itself, which is why such instruments are, as a rule, assembled
in the laboratory.

Depending on the chosen photoresponse, a variety of imaging
modes can be implemented, selected according to the SUT and the
specific sample property to be probed. The most common is reflec-
tometry, in which Pr(z,y) is modulated by variations in the local
refractive index and surface orientation.

35
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SLM has proven particularly useful in the study of superconduct-
ing films, for which integration of the setup in an optical cryostat is
essential [38,87-94|. For a current-carrying superconducting film, a
convenient response signal is the change in the voltage drop across the
sample arising from the change in resistivity at the illuminated spot.
The primary mechanism governing this change in resistivity is the lat-
tice heating by low-energy phonons. In addition, the photon-induced
breaking of Cooper pairs, which generates high-energy quasiparticles,
may also need to be considered [95]. Imaging modes other than optical
and voltage contrast that reveal the superconducting properties of
the SUT are described in Ref. [92].

Although the technique itself is mature, no such instrument was
available in Liége at the start of this work. The microscope described
in this Chapter was therefore built from the ground up over the course
of this thesis: the optical architecture was designed, the components
selected and assembled, the control and acquisition software written,
and the spatial and thermal responses calibrated. The detection
modes of Section 4.2, including the time-resolved multi-harmonic
scheme of Section 4.3, were developed on this platform.

This Chapter describes that setup, used in the second part of
Chapter 6, together with the practical implementation and core ele-
ments of such a microscope and the different sample-probing modes
available. It is written as a practical guide rather than a purely
theoretical chapter, with enough detail, down to the part numbers of
Table 4.1, for the instrument to be reproduced elsewhere.

4.1 Experimental setup

The central architecture of the scanning laser microscope is illustrated
in Fig. 4.1(a) (optical elements) and Fig. 4.1(b) (integrated assembly).
The system comprises a collimated laser source coupled to a dual-axis
galvanometer scanner, which deflects the beam toward a scan lens
(see Fig. 4.1(c) for a detailed view). The mirror positions are set by a
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control voltage applied to the galvo-controller inputs. The scanner
and the scan lens are arranged so that the mean pivot point of the
mirrors coincides with the back-focal plane of the scan lens; the beam
therefore emerges from the scan lens parallel to the primary optical
axis of the microscope. It then passes through a tube lens, positioned
so that its back focal point coincides with the image point of the scan
lens, thereby forming a 4 f relay system.

Finally, a 50/50 beam splitter reflects the beam toward a micro-
scope objective placed at the focal point of the tube lens'. The beam
enters the objective pupil with a pivot angle that is linearly converted
into a lateral displacement of the focused spot on the sample under
test (see Fig. 4.1(d)). The light reflected from the sample passes back
through the beam splitter and is collected by a photodiode.

The elements composing the core of the microscope (i.e. the
essential parts needed to steer and focus the beam on the sample, laser
source excluded) are listed in Table 4.1. Unless otherwise specified,
the part numbers all correspond to the Thorlabs catalog.

4.2 Detection modes

A focused laser beam can give rise to a wide variety of light—matter
interactions, each of which produces a distinct photoresponse that
can be probed. This Section details the modes developed and used in
this thesis, beginning with the most conventional and intuitive one,
the measurement of the reflectivity.

!The microscope can also be converted into a nitrogen-vacancy (NV) micro-
scope, although this is not pursued in detail in this thesis: an NV-rich diamond
placed on the sample acts as an indicator (as in MOI, see Chapter 3), and the
optically detected magnetic resonance (ODMR) signal is collected while the sample
is raster-scanned. In that configuration, the signal-to-noise ratio can be greatly
improved by replacing the beam splitter with a dichroic mirror (ref. DMLP567R).
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4frelay Tube lens
L

.- -

Scan lens
Galvo scanner

Optical chopper Microscope objective ,
Laser source Sample under test ’

Beam splitter

Figure 4.1: (a) Schematic of the optical elements of the scanning laser
microscope. The collimated laser beam passes through a mechanical chop-
per, is steered by a dual-axis galvo scanner, propagates through a 4 f-relay
system, and is reflected toward the objective pupil by a 50/50 beam splitter.
A photodiode can be mounted on top of the beam splitter to measure the
reflected light intensity. (b) Schematic of the complete mechanical assembly,
machined as a single block that can be attached to any three-dimensional
positioning mount. (¢) Close-up of the dual-axis scanner, whose center is
placed at the focal point of the scan lens. (d) Sample under test electrically
connected to the instruments used for the susceptibility measurements.
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‘ Category Part number Purpose ‘
0] GVSK2-EC Galvanometric scanner (GS)
0) CLS-SL Scan lens (SL)

@) TTL180-A Tube lens (TL)

0O CCM1-BS013/M Beam splitter (BS)

0O Olympus LMPLFLN series Objective (O)

O DJ532-40 532 nm laser

S GCM102/M Mounting frame for GS
S SM2L05 + SM2V05 SL mount and focal adjustment
S LCP34/M SL and TL cage mounts
S ER18 Structural rods

S MB1030/M Optical breadboard (OB)
S LCP33B Cage to OB mounts

S LCP33/M Cage adapter for BS

S SM1QA + SM1A3 + CP33/M O quick release mount

Table 4.1: Non-exhaustive list of the optical (O) and structural (S)
elements used in the SLM setup. All elements are supplied by Thorlabs,
except for the objectives, which are from Olympus.

4.2.1 Optical mode

As shown later, the microscope developed here reaches a resolution
down to the sub-micrometer scale. At these scales, the laser spot
must be placed reliably and accurately at the desired position on
the sample. To this end, a converging lens (LA1951-A-ML) and a
single pixel photodiode (SM1PD1A) are mounted on top of the beam
splitter and collect the light reflected by the sample at the position
where the laser is focused. By raster-scanning a region of interest,
the reflectivity is measured pixel-by-pixel and reconstructed into a
single image, analogous to the one obtained with a widefield optical
microscope. Two distinct notions of resolution should be distinguished
here. The pizel resolution (the number of pixels in the image) is, in
widefield imaging, limited by the camera sensor size (of the order of
103 x 10%); in SLM it can be made much larger, since the pixels are
acquired sequentially. The spatial resolution (the ability to resolve
small features) is instead limited by diffraction, and is therefore set
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by the Gaussian spot size on the sample.

Determination of the optical spot size

The size of the laser spot on the sample depends on the magnification of
the objective used. Furthermore, the X/Y driving voltage-to-distance
conversion factor and distortion amplitude are objective-dependent.
Therefore, it is necessary to carry out a calibration procedure for each
magnification used. To do so, calibration chessboards of different
lateral size (each 11 x 11 squares) made of reflective 50-nm-thick Al
were patterned on top of Si/SiOs (300nm) substrates. Fig. 4.2(a)
shows an image of one of the chessboard patterns as acquired by
the SLM with a 20x objective using 500 x 500 px? resolution. An
example of a single 103 px line scan along the segment A-B is shown
in panel (b). This position-dependent photoresponse is fitted using
the expression:

Pr(z, 1) = A erf((x — z0)/V20) + Bz + C (4.1)

with erf(z) the error function, zy the position of the border of the
corresponding Al square, o the standard deviation and A, B, C' con-
stants. Fig. 4.2(c) shows the spot size (width of the gaussian intensity
distribution at 1/e?) of the focused beam, corresponding to four times
the standard deviation obtained with Eq. 4.1, for each border of the
square on the board. This figure shows that the beam exhibits little
distortion across the entire field of view for magnifications below 50,
and a tendency to increase in size for 50x and 100x objectives near
the field-of-view boundaries. We have also investigated pincushion
field distortion. This distortion is caused by the finite distance be-
tween the rotation axes of both mirrors and results from the increase
of magnification with distance from the optical axis, thereby causing
straight lines to bow inward. By using a hyperbolic fit, we found that
these distortions have a maximum amplitude of 6 pm for a line scan
of 1mm, and can be readily corrected if needed, although they repre-
sent a negligible source of error which can typically be ignored. In
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Fig. 4.2(d), the dependence of the spot size on the numerical aperture
of the objectives is shown. The gray dashed line shows the Airy disk
diameter d = 1.22X\/NA (where NA is the numerical aperture of the
used objective) expected from the diffraction limit for a laser source
of wavelength A = 532nm. A more rigorous derivation accounting for
the gaussian character of the laser yields a smaller diffraction limit,
given by d = 0.635A/NA [96], shown in dashed black.

4.2.2 Electrical modes

In addition to being reflected, a fraction of the incident light is
absorbed by the sample and, in the most general case, converted into
heat. Consequently, if the transport properties of the sample are
temperature-dependent, as is the case for all samples studied in this
thesis and in general for most of the electrical samples, raster-scanning
the sample reconstructs an image of its local temperature susceptibility.
The word susceptibility is chosen with care: because heat propagation
is diffusive, the electrical response acquired when illuminating a single
pixel results from the modification of the transport properties across
the entire induced temperature variation, which may span a large
region. The extent of this region is set by the thermal diffusivity of
the sample,

D= o (4.2)
where x is the thermal conductivity, p the mass density and C,
the specific heat of the substrate/sample. The thermal probe can
therefore be very local (low diffusivity) or, conversely, very broad
(high diffusivity); at best, it is of the same size as the optical probe.

Induced thermal profile

To better characterize the temperature profile generated by light
absorption, a 50-nm-wide Nb bridge in a four-wire configuration,
fabricated on top of Si/SiO, (see inset of Fig. 4.3), is used as a sen-
sitive thermometer. The laser is scanned across the surface while
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Figure 4.2: (a) Representative 501 x 501 px?> SLM image acquired using
the sample reflectivity as photoresponse, obtained with a 20x objective
and a photodiode as detector. The scale bar in the upper-right corner
corresponds to 250 pm. (b) Line scan along the segment A-B indicated
in panel (a), spanning the transition between the substrate (blue) and a
reflective Al square (white). The solid line is the fit of Eq. (4.1), which
yields the 1/e? beam diameter (spot size). (c) Measured spot size at various
zr-axis scan positions, normalized by the size a of a single chessboard cell
(a =272.8, 272.8, 90.9, 22.7 and 11.4 um for the 5x, 10x, 20x, 50x and
100x objectives, respectively). Dashed lines indicate the mean values, and
the black arrow marks the spot size associated with the fit in panel (b). (d)
Mean beam diameter for each objective tested. The light-gray dashed line

is the Airy-disk limit, spot size = lﬁ?‘, and the dark-gray dashed line is
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the Gaussian-beam limit, spot size =
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the temperature at the junction is monitored through its resistance;
tracking this temperature as a function of the spot position amounts
to measuring the temperature profile, as represented schematically in
Fig. 4.3(b). The resistance of the junction as a function of tempera-
ture is shown in Fig. 4.3(a). In the vicinity of the critical temperature
T. (around 8.5 K), the resistance varies by several ohms over a narrow
temperature interval, which makes the junction a sensitive local ther-
mometer. More precisely, the technique can resolve the temperature
profile only when the laser spot lies in the region where it induces a
temperature increase AT at the junction such that Tyaee + AT ~ T,
where T, is the temperature of the cold finger to which the back side
of the sample is thermally anchored. When the cold finger is kept at
low temperature, AT must be large and the profile is measured over
small radial distances r (see inset of Fig. 4.3(a)) from the junction;
conversely, when the cold finger is held at a temperature close to
but below T., AT can be small and the profile is resolved over large
distances.

Following this method, R(r) curves are acquired at various fixed
Thase and are shown in Fig. 4.3(c). As the laser, fixed at an optical
power of 2.5 mW, approaches the junction, a sudden temperature
rise is observed once the junction temperature reaches the vicinity
of T, ~ 8.5 K. From these curves, the temperature profile AT'(r) is
reconstructed in Fig. 4.3(d). The profile follows a 1/r law, as expected
for a steady point source (see Box 4.1, Eq. (4.7)) [97]. The method
cannot resolve the temperature in the region close to the optical
spot because, as visible in Fig. 4.3(c), even at the lowest cold finger
temperature the junction reaches the normal state at a distance of
approximately 5 pm. Nevertheless, a clear bump is observed when the
laser is close enough to the junction. This rise in resistance occurs
in the normal state, where the slope of R(T') is much weaker, so the
heating induced by direct illumination is expected to be significantly
larger. This is further enhanced by the fact that the heat is deposited
directly into the Nb, rather than in the substrate, from which it would
otherwise have to cross the substrate—device interface, associated with



44 CHAPTER 4. SCANNING LASER MICROSCOPY

10.0 Substrate

3.2K
5.0K

10\ -

R (Q)

r(um) r(um)

Figure 4.3: (a) Resistance of the junction as a function of temperature.
The range over which the resistance-to-temperature conversion is exploitable
is shaded in yellow. The inset shows a scanning electron microscope image
of the probing device: the current is injected through the top and bottom
terminals and the voltage is measured across the left-hand lines, and the
arrow 7 defines the reference used in panels (¢) and (d). (b) Schematic
of the temperature profile induced by the absorbed laser light; the Nb
junction measures the temperature rise as the laser is scanned across the
surface. (c) Resistance as a function of the distance between the center of
the laser spot and the center of the junction, for various base temperatures.
The rise occurs when the laser reaches a distance at which the temperature
profile drives the junction through its superconducting-to-normal transition
at T,; the additional bump at distances of a few microns corresponds to
the laser directly illuminating the junction and heating it far above T,. (d)
Reconstruction of the thermal profile, with each curve in (c) contributing
one region of the profile, as indicated by the color coding. The inset shows
the same data on a log—log scale, where the dashed line corresponds to
AT o< r~ 1,
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a non-zero interface thermal resistance. This effect is balanced by the
fact that the Nb junction reflects more light than the substrate which
reduces thermal absorption.

In summary, despite the lack of resolution at short range, we
are confident that the laser-induced heating is intense locally and
extends far from the device at a weaker magnitude. This far-range
characteristic distance is substrate-dependent through the thermal
transport characteristics of the substrate.

Time dependence of the thermal profile

Because heat propagation is diffusive, the longer the heat is allowed to
diffuse from an immobile source, the farther a significant temperature
increase is observed. This behavior is governed by the heat diffusion
equation

oT 0*T

vp% = “% +4q, (4.3)

where ¢ is the quantity of heat introduced in the system per unit
volume and time. From this equation, a characteristic time can be

defined,
l2
— 4.4
roc (4.4

with D the thermal diffusivity of Eq. (4.2) and [ a given characteris-
tic distance. This scaling, the steady-state 1/r profile measured in
Fig. 4.3(d), and the diffusion length that governs the chopped-laser
response of the following Section all follow from the same equation,
as shown in Box 4.1. This characteristic time can be interpreted in
two ways:

e [t is the time required to heat up significantly an area of size
[2. In the particular case of laser heating, a laser spot of fi-
nite size acts as the source, and the optical spot reaches its
saturation temperature after the laser has been turned on for a
time proportional to the area of the spot. In practice, given the
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micron-range size of the spot and for the substrates used in this
thesis, these timescales range from nanoseconds to microseconds.

e If the laser is chopped before entering the galvo scanner, the
temperature of the sample oscillates at that same frequency.
Far from the spot, however, this modulation is so strongly
damped that it becomes negligible (as discussed in the following
paragraph). When chopping at a frequency f = 1/7, the area
over which the temperature effectively oscillates is given by
l < v/D7. Therefore, the faster the chopping, the smaller the
perturbed area. This effect has been used extensively to improve
the spatial resolution of numerous SLM studies [92,98,99].

Box 4.1 — Characteristic length and time in heat diffusion

Neglecting the source term, the heat diffusion equation reads
T = DV*T, with D = x/pC, (Eq. (4.2)). The Laplacian
carries dimensions of (length)~2 and 9; of (time)™!, so any solution
must relate a length [ and a time ¢ through the single scaling

I? ~ Dt, (4.5)

which underlies the whole thermal behavior of the technique.
Read as a time, it gives the characteristic timescale T ~ [?/D of
Eq. (4.4); the two results below read it, instead, as a length.

Diffusion length. For a source modulated at angular frequency
w, the natural time is t ~ 1/w, and Eq. (4.5) reads as a length,

A= \/?, (4.6)

the thermal diffusion length: the distance over which a temper-
ature oscillation is attenuated by 1/e [97]. It sets the damping
and phase factors e~"/* appearing in the chopped-laser response
of the following Section.
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Steady point source. The measured 1/r profile (Fig. 4.3(d))
follows from the same equation in the static limit. In three
dimensions, a steady point source releasing power Q produces
a radial profile obeying V2T = 0 away from the origin; with
V2T = r=29,(r?d,T), the bounded solution vanishing at infinity

is )
Q

Ak r’

AT(r) (4.7)
obtained by matching the total flux —x § VT - dS = Q through
a sphere of radius r. The prefactor is set by x alone: the local
temperature rise reflects the thermal conductivity, whereas the
diffusivity D controls only how the profile spreads in space and
time.

Thermal Waves Induced by Chopped Laser Heating

To examine in greater detail what happens when a sample is locally
heated by a chopped laser, we must turn to the framework of thermal
waves. Even though heat is a diffusive process and therefore does
not propagate like a wave, it can be shown that the modulation of
the temperature at a given location does propagate as a wave. It
is nonetheless not a wave in the strict sense, as it does not carry
energy [100].

Thermal waves are generally analyzed in the harmonic regime, in
which heat is delivered to the sample sinusoidally. In this case, the
temperature distribution at the surface of a semi-infinite substrate
(w > d, where w is the width and d is the thickness) is given by

1 ,
AT(r,t) = Re ﬁe’r/’\ezw’r/’\) , (4.8)

where AT(r,t) is the temperature rise at radial position r from the
source and time t, [y is the amplitude of the power input, w is the
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angular frequency of the excitation, and A = /2D /w is the thermal
diffusion length (see Box 4.1, Eq. (4.6)) [97].

When a mechanical chopper is employed, the heat input into the
system is approximated by a square wave that modulates the power
between 0 and the laser power absorbed by the sample, Iy. This input
can therefore be expanded as a Fourier series of harmonic components:

Las(t) = ho + 2l Z = sin(nwt). (4.9)

2 T n
n=1,3,5,...

By substituting this modulation into Eq. (4.8), the resulting tempera-
ture response is expressed as

AT(r,t)

B Iy 1
 drrk |2

2 = 1, = [ nw
+;n123:5 Ee 2D sin (nwt—r ﬁ)]

This expression corresponds to a low-pass-filtered representation of
a square wave, in which the filter exponentially attenuates the higher-
order harmonics over distance. Several distinct dynamic regimes
emerge from this relation, which are illustrated in Fig. 4.4. The top
row displays the normalized temperature modulation AT as a function
of the reduced time ¢/7 within one period of the excitation, together
with the ideal square-wave drive delivered by the chopper (green
dashed line). The bottom row shows the corresponding amplitude of
the Fourier coefficients |C,,| as a function of the harmonic number n,
compared with the 1/n decay characteristic of an ideal square wave.

(4.10)

For r < X\ = ,/%, the exponential term in the summation

approaches unity and the phase shift of the sinusoidal function is
negligible for the dominant harmonics. Under these conditions, the
summation reproduces the Fourier series of a square wave, so that the
local temperature profile closely tracks the square profile of the exci-
tation source. This is apparent in Fig. 4.4(a), where the temperature



4.2. DETECTION MODES 49

follows the drive almost instantaneously, and in Fig. 4.4(d), whose
Fourier amplitudes lie along the 1/n line up to high harmonic orders.

At intermediate distances, where r &~ \, the Fourier coeflicients are
attenuated by a factor e”V™. At the same time, the higher harmonics
acquire distinct phase shifts —r\/% ~ —4/n relative to the lower-
order ones, misaligning their respective maxima. The superposition
of these two effects introduces a pronounced time asymmetry in
the temporal response, yielding a saw-tooth waveform characterized
by a rapid relaxation immediately after a transition of the source
state, followed by a gradual stabilization. This behavior is shown
in Fig. 4.4(b): the response now lags the drive by a slight phase
delay and loses its abrupt transitions, while the Fourier amplitudes
in Fig. 4.4(e) fall increasingly below the 1/n line as the exponential
damping suppresses the higher harmonics.

Finally, in the asymptotic limit » > A, the high-order harmonics
are strongly damped, leaving only the fundamental component; in this
regime, the temperature undergoes low-amplitude, purely sinusoidal
oscillations. As illustrated in Fig. 4.4(c), the surviving fundamental
is subject to a large phase delay relative to the excitation, so that
its maximum is markedly shifted in time with respect to the rising
edge of the drive. Consistently, only the first few harmonics remain
measurable in Fig. 4.4(f), the rest having been extinguished by the
exponential attenuation.

Notably, these anharmonic thermal waves offer, in theory, the
distinct advantage of decoupling the respective contributions of £ and
D. In the near-field regime, the thermal diffusivity has a negligible
influence on the local maximum temperature, which is predominantly
governed by the prefactor inversely proportional to x. This happens
because the maximum temperature at the optical spot position results
from a competition between heat generation (the laser power) and
heat extraction (the thermal conductivity). Conversely, the diffusivity,
together with the modulation frequency, sets the characteristic damp-
ing length of the oscillations. This spatial decay therefore determines
the distance over which the thermal response transitions from a square
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Figure 4.4: Temperature modulation induced by a chopped laser as a
function of the reduced distance r/\, computed from the Fourier expansion
of Eq. (4.8). (a-c) Temperature response AT over one period of the
excitation (solid line), together with the ideal square-wave laser drive
(green dashed line). (d-f) Amplitude of the associated Fourier coefficients
|Cy| versus harmonic number n, compared with the 1/n decay of an ideal
square wave (dashed line). (a,d) In the near-field regime (r < A), the
temperature closely retraces the square-wave drive and the coefficients
follow the 1/n law up to high orders. (b,e) At intermediate distances
(r = \), the response acquires a slight phase delay relative to the drive and
develops a saw-tooth shape, with a rapid relaxation after each transition
followed by a gradual stabilization; the higher harmonics are progressively
damped below the 1/n line. (c,f) In the far-field regime (r > \), only the
fundamental survives, giving a low-amplitude sinusoidal oscillation subject
to a pronounced phase delay with respect to the excitation, and all higher
harmonics are strongly suppressed.
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wave to a saw-tooth profile, and asymptotically to a purely sinusoidal
waveform.

4.3 Periodic time reconstruction via mul-
tiple harmonics collection

The multi-harmonic reconstruction developed here relies on a lock-in
amplifier (LIA), which extracts the complex Fourier coefficient C,, of
a signal at the n-th harmonic of a reference frequency f; its operating
principle is recalled in Box 4.2. For the particular case of the Stanford
Research SR830 LIA used in this work, the harmonic index n is
restricted to values satisfying both n < 19999 and nf < 102kHz. It
is worth noting that the technique is restricted to perfectly periodic
Pr(z,y), and that the time-resolved reconstruction does not work for
samples exhibiting hysteretic behavior.

Box 4.2 — Lock-in amplifier and Fourier-coefficient extraction

A lock-in amplifier contains an internal oscillator that generates
two reference signals phase-shifted by 90°, R, ,(t) and R, ,(t),
which can be phase-locked to an external TTL trigger signal.
Assuming that no phase shift relative to the sample excitation
is configured and that the trigger event from the TTL signal at
t = o,

R, (t) = sin(2nnf(t — ty)) (4.11)
Ry, (t) = —cos(2mnf(t —to)), (4.12)
where f is the frequency of the reference signal and n is an
integer multiple of the fundamental frequency f (i.e. the n-th
harmonic). The measured voltage signal V;,(t), which can be
single-ended or differential and DC- or AC-coupled, is multiplied
by each reference signal and passed through a low-pass filter of
user-defined time constant 77;74. This analog signal processing is
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the mathematical equivalent of

-
VeulT) = / Vin(t) Ry n(t) dt, (4.13)
T—7riA

and similarly for V,,, using R, ,,. For 7,74 > 1/(nf), the output
of the LIA corresponds to the n'® Fourier coefficients of the input
signal. Since the LIA uses a sine reference to measure the in-phase
signal, the complex Fourier coefficients needed to compute the
inverse transform are given by

Cp=—Vyn+iVan, (4.14)

where C,, is the Fourier coefficient of the n® harmonic and i? =
—1.

Collecting a large number of harmonics allows the inverse Fourier
transform to be computed accurately pixel-by-pixel. The result is the
time evolution of the local thermal susceptibility of the SUT within
one period of the excitation, 7 = 1/f. For N collected harmonics, 2N
frames spaced in time by 6t = (2N f)~! = 7/2N are obtained. Because
the reconstructed signal must be purely real, the imposed Hermiticity
adds a factor 2, effectively doubling the temporal resolution. Therefore,
irrespective of the chopping frequency, the maximum achievable time
resolution is set by the highest harmonic the LIA can measure, which
in our case corresponds to Ot ~ 1/(2 x 102kHz) ~ 4.9ps. In
principle, a similar procedure could be carried out with an oscilloscope,
but with much poorer voltage resolution.

As previously emphasized, this time-domain 2D reconstruction
should not be misinterpreted as a direct visualization of the local
thermal relaxation that follows localized heating. Although the re-
constructed frames are evenly spaced in time, the mapped quantity is
the macroscopic dynamic susceptibility Pr(z,y) to the applied local
stimulus. The evolution recorded at a given pixel is therefore a proxy
for the rate of thermal diffusion toward the most sensitive regions
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of the sample, parameterized by the phase shift relative to the peri-
odic excitation. In essence, it is a transformation from the frequency
domain rather than a strict spatiotemporal thermograph.

To validate the technique, we first apply it to reconstruct the time
evolution of light reflected from a mirror. In this case, the detector is a
photodiode, which is expected to record a square-wave photoresponse
resulting from a laser source modulated by a mechanical chopper.

The time-domain voltage across the reverse-biased photodiode,
measured with the oscilloscope, is shown in Fig. 4.5 for a chopping
frequency f = 188.27 Hz. To obtain the frequency-domain response,
the photodiode output is then connected to the LIA input, and
the values of V,,, and V,,,, are collected for all accessible harmonics.
The sensitivity of the instrument is adjusted progressively as the
amplitudes of the Fourier coefficients decrease. The resulting complex
Fourier coefficients, plotted in a polar graph as amplitude and phase,
are shown in Fig. 4.5(b). Because the inverse FFT takes as input
the coefficients in both the negative and positive frequency domains,
the complex Fourier coefficients are extended in a Hermitian manner,
ensuring that the temporal reconstruction is a purely real function.
The DC coefficient at f = 0 Hz cannot be measured by the LIA and
must instead be obtained with a voltmeter to fully reconstruct the
FFT. Its effect, however, is merely to shift the IFFT vertically, so that
it carries no information about the temporal dynamics of the response.
It is measured in this example but subsequently ignored in the case
study presented in the second part of Chapter 6. Fig. 4.5(c) shows the
amplitude of the Fourier coefficients. As expected for a 1/2 duty-cycle
square wave, the amplitude decreases inversely proportionally to the
odd harmonic number, whereas the even harmonics are negligibly
small. Fig. 4.5(d) shows the reconstructed signal (red dots), obtained
from the IFFT of the frequency-domain measurements, plotted on
top of the time-domain signal of panel (a). The inset in panel (c)
shows a close-up of the downward transition in the photodiode voltage,
emphasizing the excellent fidelity of the reconstruction to the original
signal.
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Figure 4.5: (a) Example signal measured with an oscilloscope. The
laser is chopped at a fixed frequency f = 188.27 Hz and the reflected light
is collected by a photodiode. The signal is periodic and can therefore
be reconstructed by the inverse Fourier transform method. (b) Fourier
coefficients measured with the LIA for the first 40 harmonics, shown in the
complex plane. The fundamental (n = 1) is the strongest, the amplitudes of
the odd harmonics decrease inversely with harmonic number, and the even
harmonics are markedly weaker; the phase encodes the synchronization
of the detected signal with the reference TTL signal. (c) Amplitude of
the measured coefficients. (d) Reconstructed signal (red) overlaid on the
signal of panel (a). The inset in panel (c¢) shows a close-up of the downward
transition in the photodiode voltage, highlighting the excellent fidelity of
the reconstruction to the original signal.



Chapter 5

Magnetic Flux Dynamics in
Low-T7, Superconducting
Resonators

Planar superconducting resonators operating at radio-frequencies
have driven major advances in a wide range of applications, including
quantum sensing and detection [1,5], quantum computing |2, 3|, and
information processing [4,6]. Their unique advantage stems from the
zero electrical resistance of the superconducting materials composing
these resonators. The aforementioned applications require low energy
losses, characterized by high quality factors (), and superconducting
resonators have been shown to reach quality factors up to nearly 107,
several orders of magnitude higher than their metallic counterparts [1].

To achieve such performance, it is crucial that the superconducting
resonator remains free of superconducting vortices, as their motion
leads to significant energy dissipation and deteriorates the quality
factor [8]. Although magnetic screening methods can be used to miti-
gate this problem, some applications require exposure to an external
magnetic field [101]. Some qubit implementation schemes such as spin
ensembles in solid-state systems [13-15], phase-slip qubits [16-18,102],
and trapped electrons [19,20] require inevitable exposure to a magnetic

95
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field. In addition, even though planar superconducting resonators
are resilient to in-plane magnetic fields [21], unwanted small in-plane
misalignments can give rise to out-of-plane magnetic field components
that can severely affect their performance. For all these reasons, 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 the magnetic field can be attributed to the
penetration of magnetic flux quanta, or vortices [7]. Their interaction
with the induced radio-frequency (RF) currents gives rise to energy
absorption, resulting in dissipation that translates into a decrease in
the quality factor and the resonance frequency [8—11,103,104]. Not
only the total number of vortices penetrating the CPW resonator is
relevant, but also their exact location [105]. Two broad approaches can
be adopted to lessen vortex-induced losses: (i) hinder their movement
by creating artificial pinning sites |9,11,22,103,104], and (ii) decrease
their number in the critical regions by, for example, reducing the
ground plane [23,106] or dividing it into fractal structures [24,25].

At temperatures below approximately half the superconducting
critical temperature T,, these strategies are further complicated by
the emergence of thermomagnetic instabilities. These instabilities can
trigger magnetic flux avalanches, the rapid nucleation and propagation
of magnetic flux into the superconducting material [29], which, as
this chapter will show, introduce stochastic, unpredictable behavior
manifesting as fluctuations in the resonance frequency as a function
of the applied magnetic field. Strategies based on increasing vortex
pinning, such as through holes, may actually favor the triggering of
magnetic flux avalanches at low temperatures and thereby deteriorate
the performance [35, 36].

In order to seize and quantify the impact of these various phe-
nomena, the complete sample surface must be taken into account.
Magneto-optical imaging (MOI) has proven to be an excellent tool
for examining macroscopic structures such as superconducting CPW
resonators with pm spatial resolution [30,38|. A one-to-one com-
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parison between MOI observations and high-frequency transmission
measurements allows direct identification of the non-local magnetic
origin of the features observed in f,.(uoH,).

An important open question is whether the RF excitation itself
stimulates the nucleation and propagation of magnetic flux avalanches.
From a theoretical standpoint, at temperatures close to the critical
one, the first-vortex penetration field for RF magnetic fields is some-
what larger than for DC fields [107,108], which could be beneficial for
keeping vortex penetration at bay. However, this difference is expected
to become less pronounced at low temperatures [109, 110]. Experi-
mentally, some studies have suggested that RF excitation promotes
flux avalanches [30-32|, while others report suppression of avalanche
activity for probing frequencies near the depinning frequency [33].
Numerical simulations show that AC excitation reduces the threshold
field for avalanche onset [34]. The literature thus remains inconclusive,
partly due to the lack of direct experimental evidence.

In this chapter, we first investigate the effect of magnetic field
penetration on the resonance frequency of NbTiN superconducting
resonators by combining sequential MOI and high-frequency measure-
ments (Sections 5.4 and 5.5). A clear and unambiguous correspondence
between both independent methods is demonstrated. We then address
the question of RF-induced avalanches (Section 5.6) by upgrading
the setup to perform simultaneous RF transmission and MOI mea-
surements, enabling for the first time the unambiguous tagging of
individual avalanche events to specific jumps in resonance frequency.
Electromagnetic simulations further clarify the influence of avalanche
location on the resonance response.

A note on the structure of this chapter. The results presented here
were obtained over two experimental investigations, separated in time.
The first, adapted from L. Nulens & N. Lejeune et al., “Catastrophic
magnetic flux avalanches in NbTiN superconducting resonators” [28],
relied on sequential measurements: the magnetic landscape and the
RF transmission were acquired in separate cooldowns and setups
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on twin samples (Device #1). For the second study, adapted from
J. Baumgarten & N. Lejeune et al., “Magnetic landscape of NbTiN
superconducting resonators under radio-frequency excitation” [48],
the experimental setup was upgraded to allow simultaneous magneto-
optical imaging and RF transmission on a single device (Device #2),
which required removing the metallic mirror of the magneto-optical
indicator to avoid parasitic eddy currents. The chapter follows this
chronology: Sections 5.3, 5.4 and 5.5 present the sequential study,
and Section 5.6 the simultaneous one. Because both works address
the same physical system, some concepts (device layout, temperature
characterization, the four flux-penetration regimes) recur across the
two parts; they are introduced once, in the sequential part, and only
the genuinely new elements are developed in the simultaneous part.

Personal contribution. In the first study [28|, the samples were fab-
ricated at Chalmers University of Technology and the radio-frequency
characterization was carried out at KU Leuven, where it was later re-
produced in Liége after publication. I carried out the magneto-optical
imaging and its analysis. The correspondence between the magnetic
landscape and the field-dependent resonance frequency, and its inter-
pretation, were established collectively with the co-authors. For the
second study [48], I adapted the cryostat and the magneto-optical
setup to make them compatible with radio-frequency measurements,
which included the removal of the metallic mirror of the indicator
discussed in Section 5.6.2. The measurement campaign was conducted
jointly with J. Baumgarten, who took the lead on the data analysis;
the interpretation and the discussion were a collective effort, and the
respective contributions of both authors are essentially equivalent.

5.1 Sample design

Two device geometries, shown in Fig. 5.1, are used throughout this
chapter. Device #1 (Fig. 5.1(a)) is used for the sequential MOI
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and RF measurements described in Sections 5.4 and 5.5. Several
identical samples were fabricated to allow subsequent comparison
between MOI and RF measurements. In order to fit the complete
resonator structure within the field of view of the MOI setup, a
substrate size of (5x4) mm? was chosen, with a superconducting region
of (2.5 x 2.5)mm?. Two overcoupled, hanger-type \/4 resonators
with lengths 4089 pm (shorter) and 3953 um (longer) are capacitively
coupled to a central feedline. The central conductor has a width
w = 20pm with a separation from the ground plane of g = 10 pm,
resulting in a 50 {2 impedance. The resonators are meander-like, with
five U-turns.

Device #2 (Fig. 5.1(b)) is used for the simultaneous RF-MOI
measurements described in Section 5.6. It contains three overcoupled
A/4 resonators (labeled #1, #2, and #3) with lengths 4392 pm,
4561 pm, and 4744 pm, capacitively coupled to a central feedline with
w = 20pm and gap ¢ = 10pm. In contrast to Device #1, the
resonators in Device #2 are limited to a single U-turn and each
includes an unused DC flux-biasing line.

5.2 Experimental methods

5.2.1 Sample fabrication

The resonators of Device #1 were fabricated on double-side polished
C-plane Al,O3 wafers of thickness (430 4 25) pm, or on 525 pm-thick
highly resistive Si for Device #2. The wafer was first cleaned using
a standard 5:1:1 RCA process of deionized water, ammonia water,
and HyO, heated to 80°C for 10min [111]. A 100nm NbTiN film
was then deposited by sputtering from a Nbg; ¢Tijs 1N target [112]
in a near-UHV sputter system under an Ar:Ny partial gas pressure
ratio of 60:37, with in-situ annealing at 660 °C for 30 min prior to and
during deposition. The coplanar waveguide resonators were patterned
using electron-beam lithography (PMMA A4 resist with an E-spacer
conducting layer to mitigate charging effects), followed by Ar/Cl
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Device #2

Figure 5.1: Layout of the two devices studied in this chapter. (a) De-
vice #1, with two meander-like \/4 resonators (shorter and longer) of five
U-turns each, capacitively coupled to a central feedline. (b) Device #2,
with three single-U-turn resonators (#1, #2, and #3) coupled to a central
feedline, each terminated by an unused DC flux-biasing line; the label colors
match the color code used for the resonators throughout the chapter. The
superconducting NbTiN is shown in gray and the etched regions in white;
the scale bar is common to both panels.
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(4:50 scem) ICP plasma etching [3,113]. Residual resist was removed
by heated acetone. A critical temperature of 16.5 K was obtained using
SQUID magnetometry on a reference layer of 100 nm. The fabrication
was carried out at MyFab, Chalmers University of Technology.

5.2.2 RF measurements

High-frequency measurements were performed using a Rohde &
Schwarz ZNL20 Vector Network Analyzer (VNA) for Device #1 and
a Keysight P5003B Streamline VNA for the second. For Device #1,
a Janis ®He cryostat was used; the input line was attenuated with
60 dB distributed across different temperature stages. The sample
was mounted on an oxygen-free copper holder and connected via
wire bonding to an RF holder with a sample space of (7 x 4) mm?.
A 4-8 GHz circulator /isolator and 4-8 GHz high-electron-mobility
transistor (LNF-LNC4_8C) were connected at the 4K stage after
the output line of the sample. The magnetic field was applied per-
pendicular to the sample using a superconducting magnet with a
sweep rate of ~ 184 Oe/s. 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 along
the sequence 0 — 5 — —5 — 5 — O0mT. Initial field cycles were
executed at —40 dBm driving power and compared to 0 dBm; since no
significant difference was observed, all measurements were executed at
0dBm. For the simultaneous RF-MOI measurements with Device #2,
a Montana Instrucent closed-cycle cryostat Cryostation C1 was used
and the magnetic field was applied via a copper coil with a sweep rate
of ~ 44mT/s. The VNA acquires the forward transmission coefficient
So1; the resonance frequency f, and quality factors are extracted via
the fitting routine described in Chapter 2.
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5.2.3 Magneto-optical imaging

The magnetic flux landscape was visualized by magneto-optical imag-
ing (MOI), whose physical principle, setup, and post-processing are
described in detail in Chapter 3. In short, a 3 pm-thick Bi-doped
yttrium iron garnet (Bi:YIG) indicator film is placed in direct contact
on top of the sample and the Faraday rotation of linearly polarized
light yields images whose intensity is proportional to the local out-
of-plane field B,. Crucially for the simultaneous measurements of
Section 5.6, the standard indicator carries an aluminum mirror on its
back. This metallic layer is removed in the upgraded configuration,
as discussed in Section 5.6.2.

5.2.4 SQUID magnetometry

Magnetic measurements were carried out in a SQUID magnetometer
(Quantum Design SQUID VSM MPMS3). The DC magnetization
versus temperature was measured in a parallel applied field upon
heating from 1.8 to 300 K under a remanent magnetic field of the
order of 0.01mT. The critical temperature T, was defined as the
highest temperature with a measurable diamagnetic magnetization
contribution. A demagnetization procedure was conducted at 300 K
prior to each measurement by oscillating the field from —7T to
near zero to minimize the remanent field from the superconducting
magnet [114].

5.3 Temperature-dependent resonator char-
acterization

The resonance frequencies f, of the two resonators in Device #1, at
7.06 GHz and 7.44 GHz, manifest themselves as absorption dips in the
So1 transmission spectrum, with internal quality factors of ~ 2000 and
~ 800 extracted from the fitting routine described in Section 2.1.3 [61].
The dips show a pronounced skewness caused by the impedance



5.4. MAGNETIC FIELD RESPONSE 63

mismatch caused by the lengthy wire bonds (~mm) required by the
high-frequency setup [60,115,116]. As the temperature increases, f,
shifts to lower values and the linewidth broadens, indicating increasing
losses.

As recalled in Section 2.1.4, the resonance frequency of a super-
conducting A\/4 resonator (Eq. (2.23)) carries, beyond its geometric
contribution, a temperature-dependent kinetic-inductance term L} (T')
that diverges at T, (Eq. (2.22) and Box 2.6). Fitting the measured
relative frequency shift 6 f = [f(0) — f.]/f(0) with Lj,, T, and L as
free parameters yields the values gathered in Table 5.1.

Resonator | L (nH/mm) L), (nH/mm) T. (K)
Shorter 0.382 £ 0.0005 0.0373 £ 0.00006 17.27 £ 0.02
Longer 0.389 £ 0.0007 0.0511 £ 0.00009 17.21 £ 0.02

Table 5.1: Fitting parameters of the two resonators of Device #1, ob-
tained from the temperature-dependent resonance frequency (Egs. (2.23)
and (2.22)).

The geometric inductance is relatively close to its design value
L, = 0.419nH/mm, and the excellent fit (not shown for Device #1)
confirms that the resonance frequency serves as a sensitive probe for
any variation of the superconducting energy gap.

5.4 Magnetic field response at low tem-
perature

5.4.1 Different regimes of flux penetration

Let us now investigate the response of the resonators as a function of
the applied out-of-plane magnetic field poH,. Fig. 5.2(a) shows the
resonance frequency of the longer resonator of Device #1 after a zero-
field cooling process and subsequent sweep 0 — 5 — —5 — 0mT at a
fixed temperature of 5 K. For clarity, the cycle has been unfolded so
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that the abscissa can be associated with the measurement chronology.
As the magnetic field increases, f, shifts down at a rate smaller than
the subsequent increase rate when decreasing field. This irreversible,
hysteric behavior of f, is a universal feature observed for Nb [104,117],
NbN [118], YBCO [119], MgB, [120], and Al [121] CPW resonators,
and can be linked to the inhomogeneous distribution of RF current
I, s shaking an inhomogeneous magnetic flux distribution. As shown
in Supplementary Note 1 of Ref. [28], the internal quality factor Q;
has a very similar magnetic field dependence, demonstrating that the
same interplay defines dissipation in these resonators.

A close inspection of Fig. 5.2(a) reveals several distinct features,
labeled with Roman numerals (I-IV), which are directly correlated to
the MOI observations in panel (d).

Magnetic screening regime (1). In the field range 0 < poH, <
0.4mT, screening currents circulate in the ground plane. The ground
plane and resonators are capacitively coupled to the excitation line
and therefore physically disconnected from it, making the structure
topologically equivalent to a ring surrounding a disk. Screening
currents circulating clockwise in the ground plane produce a magnetic
field of opposite polarity at the inner border of the ground plane and
a small positive field inside the central hole (where the feedline sits).
As long as 0 < pgH, < 0.4mT, the resonators are protected by the
screening currents and f,. gently decreases as the field increases.

Magnetic perforation (transition between | and Il). At poH, ~
0.5mT, a magnetic perforation event occurs: a sudden breakdown of
the screening currents in the ground plane with simultaneous injection
of magnetic flux into the central hole [122-124]|. This event marks
the start of a steeper field dependence of f.. The injection of the
magnetic field becomes apparent in the differential MOI image at this
transition (Fig. 5.2(e)), where the nucleation point of the magnetic
perforation is indicated with a dotted circle.
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Figure 5.2: (a) Resonance frequency f, along a full field loop 0 — 5 —
—5 — 0mT (inset: zoom of the framed region). Features I-IV are described
in the text; the red arrow marks the kink. (b) Derivative df,/duoHa,
revealing the noisy and smooth regimes. (c) Induced field Bi,g = B — poH,
averaged over the meander central conductor (blue), the gap (red), and the
ground-plane pitch (gray), as sketched in the inset. (d) Magneto-optical
images at the field values labeled I-IV in panel (a); gray arrows in image I
indicate the magnetic screening currents. (e) Differential images between
consecutive field steps; the dotted circle marks the magnetic perforation
nucleation point.
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Flux avalanche regime (Il). As the field increases beyond the
perforation point (0.5 < poH, < 5mT), f.(uoH,) exhibits a noisy
behavior with a global linear decrease, better seen in the derivative
df,/duoH, shown in Fig. 5.2(b). The origin of this jumpy behavior is
the development of magnetic flux avalanches caused by thermomag-
netic instabilities [125]. A snapshot of the magnetic landscape showing
finger-shaped flux avalanches at point (II) is shown in Fig. 5.2(d).
These avalanches are neither fully reproducible [126, 127] nor totally
random, and can originate at border spots with either high or low
degrees of perfection [124,128].

A kink in the middle zone of the noisy regime, indicated by a
red arrow in Fig. 5.2(a), is also observed. To identify its origin, the
local induced field Bj,q = B — o H, is measured in three regions: the
central conductor of the resonator meander (blue), the gap separating
the resonator from the ground plane (red), and the ground plane pitch
between the meander structure (gray). The kink arises precisely when
the induced field in the ground plane starts to increase, due to the
development of flux avalanches in the ground plane. These events
relieve the magnetic pressure everywhere in the resonator and slow
down the decrease of f,.

Smooth flux removal (I1l). When decreasing the magnetic field
from poH, = 5mT, the local field inverts polarity at the sample
border before the applied field changes sign [37,129,130]. Antivortices
nucleate at the border and annihilate with the trapped vortices. Since
no flux avalanches occur in this regime, f,.(uoH,) does not exhibit any
jumpy behavior. The efficient removal of flux from the border due to
the pronounced decrease of the total magnetic field at the sample’s
borders results in a lower vortex density during the downsweep than
the upsweep at the same applied field, giving rise to a steeper increase
of f. as poH, decreases. Although previously created avalanche
channels leave a frozen imprint on the magnetic landscape that may
act as channels for the penetration of antivortices [131], the differential
imaging demonstrates that no new avalanches develop in this regime.
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Anti-avalanche regime (IV). This smooth regime ends at a thresh-
old field poH™* ~ 2.5 mT. Decreasing the applied field below this value
triggers avalanches of flux with polarity opposite to the applied field,
accompanied by a jumpy f,.(uoH,) response down to poH, = —5mT.
After each anti-avalanche event, the magnetic pressure at the border
of the resonator is relaxed and f, increases abruptly; as pgH, contin-
ues to decrease, the system rebuilds magnetic pressure and f, slowly
decreases again, producing a characteristic sawtooth pattern visible
in the inset of Fig. 5.2(a).

5.5 Temperature dependence of the avalanche
activity

Flux avalanches have a critical impact on the overall performance of
the CPW resonators. Fig. 5.3(a) shows the magnetic flux penetration
after zero-field cooling for three temperatures (5, 9, and 12K) at
the same applied field poH, = 1.1 mT. Finger-like avalanches clearly
visible at 5 K are no longer present at 9 and 12 K. The occurrence
of thermomagnetic instabilities is known to be restricted to low tem-
peratures (roughly 7' < T,./2). At T = 9K, border defects act as
magnetic faucets from which magnetic flux is injected into the ground
plane [128]. At T' = 12K, the sample is largely penetrated by the
magnetic field and non-penetrated regions shrink to form discontinuity
lines where the supercurrents change direction [132].

The threshold field pgH* at which anti-avalanches are triggered can
be identified as the onset of the jumpy f,(uoH,) response (shadowed
region in Fig. 5.3(b)) or directly from MOI measurements. Fig. 5.3(c)
shows poH* as a function of temperature from both independent
methods, for the decreasing (V) and increasing (A) branches of
the hysteresis loops. To ensure consistency, the experiment was
repeated during a second cooldown at 5K and 9K. As T increases,
poH* progressively diminishes and no avalanche activity is observed
above 10 K. Both methods are in excellent agreement, validating the
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Figure 5.3: (a) Magnetic landscape after zero-field cooling at three
different temperatures (5, 9, and 12 K) for the same applied field poH, =
1.1mT. (b) Hysteresis loop of the resonance frequency f,(uoH,) obtained at
4 K. The region where (anti-)flux avalanches are triggered when decreasing
(increasing) from a maximum (minimum) applied field is highlighted with a
gray background. (c) Threshold field poH* as a function of temperature as
determined by the onset of the noisy regime in f,(10H,) measurements (red
triangles) and by MOI measurements (blue triangles), for the decreasing
(V) and increasing (A) branches of the hysteresis loops. The dashed line
indicates the field poH, = 0.2mT at which the images in panel (d) were
selected. (d) Magnetic landscape in the decreasing branch of the hysteresis
loop at ugH, = 0.2mT for the same three temperatures, illustrating the
presence of anti-flux avalanches at 5 and 9 K and their absence at 12 K.
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use of RF transmission measurements as a non-invasive probe of
thermomagnetic instabilities.

5.5.1 Strategies for magnetic field resilience

Based on the measurements and analysis presented above, we can de-
vise a roadmap for design optimization of superconducting resonators
with the goal of improving their resilience under perpendicular mag-
netic fields.

In order to increase the threshold field needed for magnetic per-
foration, it is essential to decrease the local field at the outer rim of
the ground plane. In the magnetic screening state, this local field
can be approximated as ~ \/W/t uoH, [129], where W is the width
of the ground plane and ¢ is the film thickness. The desired effect
can therefore be achieved by reducing the lateral dimension W of the
ground plane [23,106].

If flux avalanche-induced noise needs to be suppressed, a possible
solution consists in reducing the pitch of the meanders. It has been
shown that thermomagnetic instabilities are progressively suppressed
as the width of the superconductor decreases and are fully absent be-
low a certain threshold value [133], as exemplified in the field resilience
of nanowire NbTiN resonators [134]. Alternatively, introducing ar-
tificial roughness along the borders of the superconducting device
can shrink the H-T region where avalanches occur [128,135]. The
introduction of periodic pinning (through holes) can be beneficial for
reducing losses caused by flux shaking, but only at sufficiently high
temperatures where flux avalanches do not take place; at low tem-
peratures, such pinning may actually favor avalanche triggering and
deteriorate device performance [35,36]. Another interesting approach
consists in adding pinning centers in the resonator where the RF local
field maximizes [41]. Finally, it may be worth exploring asymmetric
pinning landscapes forming flux lenses [136], although the efficiency
of such ratchet potentials demonstrated at relatively low frequencies
seems less promising at GHz frequencies [137].
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It is worth noting that the maximum applied magnetic field of
5mT explored in this section may seem modest, but the required
field intensities for various applications can greatly exceed this range.
For instance, in solid-state spin ensemble systems the required field
typically falls within 15-200mT [13-15], for phase-slip qubits the
range is around 0.3 mT [16, 17|, whereas for trapped electrons it lies
in the Tesla range [19,20]. While the magnetic field is applied in-
plane in some of these systems, a slight misalignment can introduce a
significant perpendicular field component. It is therefore crucial to
extend the present studies to higher fields in future work.

The sequential measurements presented so far establish an unam-
biguous correspondence between the magnetic flux landscape and the
resonance frequency. However, they leave a central question open:
does the RF excitation itself promote or stimulate magnetic flux
avalanches? Answering this requires acquiring the magnetic landscape
and the RF transmission simultaneously. As anticipated above, this
endeavor is highly non-trivial, since the proximity of the metallic
mirror and the magnetic indicator needed for MOI may substantially
distort the performance of the resonators. In the following, we de-
scribe the setup upgrade that overcomes this difficulty and the new
physics it reveals.

5.6 Simultaneous radio-frequency and
magneto-optical measurements

The upgraded setup is sketched in Fig. 5.4(a): the three multiplexed
A/4 resonators of Device #2 are excited through the feedline of a VNA
while, at the same time, the magnetic landscape is imaged in widefield
through the Bi:YIG indicator placed on top of the sample. Beyond
confirming the sequential picture, this configuration removes its main
limitation being the impossibility of identifying which individual flux
avalanche is the source of a given jump in resonance frequency. It
allows us to address the causal relation between RF excitation and
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avalanche activity in both directions.

5.6.1 Characterization of Device #2

The three resonances of Device #2, observed around 5.08, 5.42, and
5.72 GHz (Fig. 5.4(b)-(d)) and corresponding to resonators 1, 2, and 3,
are fitted following Eq. (2.15). In contrast to Device #1, the presence
of the DC bias lines distorts the resonance peaks, indicating additional
losses and parasitic modes [138]|. In particular, resonator 1 exhibits a
marked asymmetric shape due to overcoupling, whereas resonator 2
shows a lower quality factor. Quality factors on the order of 103-10%
are found for all bare resonators.

The relative frequency shift § f,. = f,.(T)— f,-(Ty), with Ty = 3.33 K,
again follows from the temperature-dependent kinetic inductance
(Egs. (2.23) and (2.22)) and is fitted (Fig. 5.4(e)) with L, C', Ly,
and T, as free parameters. The resulting values for the three resonators
are gathered in Table 5.2.

Resonator | L) (nH/mm) ¢’ (nF/m) L, (nH/mm) T. (K)

#1 0.544 £0.003 0.161 £0.008 0.1230 £ 0.0006 14.51 +0.45
#2 0.562 £0.003 0.15240.008 0.1080 £ 0.0005 14.61 & 0.46
#3 0.421 £0.003 0.2024+0.002 0.0690 £ 0.0005 14.56 & 0.62

Table 5.2: Fitting parameters of the three resonators of Device #2,
obtained from the temperature-dependent resonance frequency (Egs. (2.23)
and (2.22)).

These T, values are lower than those of Device #1, consistent with
the samples having been fabricated at different times and a possible
poorer thermal contact between the sample and the cold finger. They
nonetheless confirm that the measurements performed at 3.2 K lie
well within the avalanche regime (T' < T,/2).

The power dependence of the resonance dip (inset of Fig. 5.4(e))
reveals a gradual decrease in resonance frequency as the probing
power increases. At RF powers exceeding —20 dBm, the transmission
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Figure 5.4: (a) Experimental setup combining RF excitation of three
multiplexed A/4 resonators and simultaneous magneto-optical imaging of
the sample. (b)—(d) Transmission coefficient So; in the vicinity of the three
resonance frequencies at 3.3 K and a RF power of —30 dBm; black curves are
fits. (e) Relative change of the resonance frequency, ¢ f, = f.(T) — f-(T =
3.33K), as a function of temperature; the lines are fits combining Egs. (2.23)
and (2.22). The inset shows the resonance peak shape as a function of
excitation power. (f) Magnetic field dependence of the resonance frequency
for an applied out-of-plane field cycled 0 — 3.3 — —3.3 — 0mT, with dark
arrows indicating the sweep direction. The green arrow marks the situation
shown in panel (g); the dotted box indicates the field interval studied in
Fig. 5.7. (g) Transmission parameter for two consecutive applied magnetic
fields, evidencing a single avalanche-induced jump event.
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spectrum shows a steep, discontinuous jump on the low-frequency
side of the resonance dip, indicating entry into a nonlinear regime
characterized by bifurcations in the Sg; spectrum [139-141]; at 0 dBm
the resonance peak is already entirely suppressed. This effect may
arise from the power-dependent current and the nonlinear kinetic
inductance. At elevated microwave powers (above 0dBm), other
mechanisms can develop, such as hot-spot formation [142,143|. In-
creasing the RF power naturally leads to a larger RF magnetic field,
which can eventually exceed the vortex penetration field (a few mT am-
plitude) and thereby produce microwave hysteresis losses, as discussed
for YBayCu3zO7_s and NbN thin films in Ref. [144].

Finally, the resonance frequency 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
characteristic butterfly-like shape [104] shown in Fig. 5.4(f), in which
fr(1oH,) exhibits an irreversible response when cycling the field. The
critical state model for hard superconductors naturally accounts for
this behavior through the magnetic field dependence of the surface
impedance and the effective RF field penetration [62,145,146]. A noisy
response, in which the resonance frequency undergoes sudden jumps
(one such jump is shown in Fig. 5.4(g)), is observed over an extensive
range of applied fields. Such stochastic response was also reported for
in-plane applied fields in Ref. [26], likely due to unwanted out-of-plane
field components. It is worth mentioning that the actual magnetic
field felt by the superconducting circuit can exceed the applied field by
an order of magnitude or more due to the flux focusing effect [23,147].

5.6.2 Invasiveness of the magneto-optical indicator

To perform MOI on the planar devices, an optically active indicator
is placed on top of the sample. Unfortunately, the presence of the
magnetic indicator significantly influences the transmission spectrum
and the resonance parameters, as illustrated in Fig. 5.5.

In the standard MOI indicator configuration, the Bi:YIG film is
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Figure 5.5: (a)-(d) Magnetic flux penetration after zero-field cooling
during a field sweep 0 — 3.3 - —3.3 — O0mT at T = 3.2K, imaged at
0.67mT (), 1.33mT (), 0.59mT (), and —0.71mT (). (e)—(g)
Transmission coefficient Ss; at —30dBm and 3.3, 5.1, 6.4, and 7.1 K for
the resonator alone (e), with the indicator and its mirror (f), and with the
mirrorless indicator (g). (h, i) Evolution of the relative change in resonance
frequency, 0 f, = fr(d) — fr(d = 100 um), and quality factor with decreasing
distance d between sample and indicator, obtained from Sonnet simulations.
The gray line marks the width of the central microstrip line.
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deposited on an electrically insulating transparent gadolinium gallium
garnet (GGQG) substrate with an aluminum mirror at the bottom. This
conducting layer absorbs dissipative eddy currents induced by the RF
field, severely affecting the resonator performance: the resonance peaks
become significantly broader and the resonance frequency decreases
(Fig. 5.5(f)). A trade-off is found by removing the metallic mirror
layer (Fig. 5.5(g)): the shift in resonance frequency persists, but the
resonant lines are better discerned. In addition, because the sample
itself is reflective, little loss of MOI signal is observed. Importantly,
with the mirror removed, delayed magnetic flux avalanches can be
observed even up to a minute after increasing the magnetic field.
This phenomenon was not observed with the mirror, because the
thin metal layer suppresses or deflects avalanche propagation through
eddy-current-induced magnetic braking [148,149] and its enhanced
thermal conductivity facilitates heat dissipation, thereby reducing the
thermal feedback loop responsible for triggering additional avalanches.
The mirrorless configuration is adopted as the final configuration
for simultaneous imaging and transmission measurements. In some
cases, the invasive character of the MOI technique can even lead to a
complete suppression of the resonance line.

Numerical simulations using the commercial software Sonnet [150],
taking into account the exact dimensions of the bilayer indicator
(e = 11.99 for the GGG substrate [151] and € = 10 for the Bi:YIG
[152]), show a significant reduction in both resonance frequency and
quality factor as the indicator approaches the sample (Fig. 5.5(h,i)).
Notably, the quality factor exhibits reduction even at relatively large
distances where the frequency shift remains weak. The resonance
frequency only becomes significantly affected at distances of the order
of the central track line width (~ 20pum). Both parameters reach
a plateau at small distances, indicating saturation of the indicator
influence in close proximity. The experimentally observed shift of
less than 0.5 GHz is consistent with a separation of approximately
5pm, in agreement with typical values reported for MOI setups
[75]. The observed downshift can be attributed to the increase in
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the effective permittivity of the medium surrounding the coplanar
waveguide, since f, o< 1/,/€, [50]. This influence is purely dielectric:
the excitation frequency (5-8 GHz) is orders of magnitude above
the uniform ferromagnetic-resonance band of Bi:YIG under in-plane
magnetic fields of a few mT. These results highlight the critical
trade-off: achieving high MOI resolution requires minimizing the
sample-to-indicator distance, but this increases the invasiveness of
the technique.

5.6.3 Effect of RF excitation on the avalanche
activity

We can now address the central question left open by the sequen-
tial measurements: does the RF excitation stimulate the nucleation
and propagation of magnetic flux avalanches? To this end, the
magnetic field is swept in a stepwise fashion over a complete loop
(0 — 3.3 - —3.3 = 0mT), and at each field step a frequency sweep
around the resonance is performed. Before and after each RF sweep,
MOI images are acquired to visualize the avalanches appearing during
the RF excitation. To determine whether observed avalanches are
RF-induced or simply of delayed nature, a control measurement is
performed in which the frequency sweep is replaced by an equivalent
waiting time with the RF power turned off. This protocol is summa-
rized in Fig. 5.6(a), and individual avalanches are color-coded with
respect to the field value at which they were detected. All avalanches
occurring outside the RF sweep/control period are removed by the
image subtraction.

A comparison between RF and no-RF measurements shows that
more avalanches appear during the RF sweep (Fig. 5.6(b)—(e)). How-
ever, increasing the delay time At between field steps reduces the
number of avalanches, suggesting that a fraction of them is delayed
rather than RF-induced. For larger delay times, the avalanche activity
becomes too weak for meaningful statistical analysis.

To investigate the effect of increasing RF power, the distribution
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Figure 5.6: (a) Experimental protocol followed to characterize the influ-
ence of a RF sweep on magnetic flux avalanches, applied after a zero-field
cooling. Subsequent images taken before and after the RF sweep or waiting
are subtracted to reveal the avalanches that appeared in between their
acquisition. (b)—(e) Avalanche activity appearing after waiting At when
increasing the magnetic field: (b) control and (c) RF sweep for At = 2s;
(d) control and (e) RF sweep for At = 6s. (f)—(h) Histograms of the
frequency jump sizes |0 f,| appearing during a field sweep for —30, —20,
and —15dBm; each graph results from 10 field sweeps with a constant field
step of 0.0216 mT. (i) Cumulative probability of the frequency jump sizes
for the three RF powers.
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of resonance frequency jump sizes | f,.| is analyzed for input powers
of —30, —20, and —15dBm (Fig. 5.6(f)—(h)), all measured without
an indicator. At lower RF power, larger jumps occur, although
less frequently: the tail of the histogram extends further into large
jump sizes at lower powers, while at higher RF power slightly more
jumps are detected but they are smaller. The cumulative probability
of jump sizes (Fig. 5.6(i)) shows that the curves overlap for small
steps but diverge for large frequency shifts: higher RF powers result
in steeper curves, indicating that large jumps are less likely. This
behavior can be understood as follows: avalanches result from the
decay of a metastable state. The gentler the shaking, the further
from equilibrium the metastable state, and therefore the larger the
resulting avalanche.

In summary, vortex shaking by the RF field within the low-power,
linear Campbell regime (pohgrr < H,, where H, denotes the vortex
penetration field) slightly enhances magnetic flux avalanche activity,
but this remains a marginal effect compared to the impact of chang-
ing the applied DC field. Notably, no evidence of excess avalanche
activity is found at the positions where the circulating RF current
(proportional to the RF field) maximizes. This is consistent with
previous reports suggesting that pphrr does not need to exceed the
vortex penetration field in order to trigger avalanches.

5.6.4 Effect of avalanche activity on the RF trans-
mission

The simultaneous RF-MOI measurements enable the unambiguous
association of individual avalanche events with specific jumps in the
resonance frequency, extending the analysis beyond what was possible
with sequential measurements.

Fig. 5.7(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 Fig. 5.4(f).
Representative snapshots showing the magnetic activity during the
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Figure 5.7: (a)—(c) Resonance frequency as a function of applied magnetic
field for resonators 1, 2, and 3, respectively, along the branch indicated by
the dotted box in Fig. 5.4(f). (d)—(i) MOI images corresponding to the field
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a number and linked to the corresponding jump in resonance frequency.
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magnetic field intervals, and marked with Roman numerals, are shown
in the left panels. 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, specifically 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 resonance
frequency in panels (a-c).

It can be seen that jumps in resonance frequency correlate with
magnetic flux avalanches nucleating on the corresponding resonator.
Upward jumps can be explained by an effective decrease of the mag-
netic 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 distribution is inhomogeneous
and peaks at the edges [55], a decrease in the local magnetic field
also results in a reduction of dissipation caused by vortex shaking.
Additionally, a decrease in the magnetic field reduces the kinetic
inductance, thereby increasing the resonance frequency. After this
event and until the next avalanche occurs, 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
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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 [37]. The immediate consequence of this observation 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. [124,153] 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 resonators. 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 thermalization of
this part of the substrate slightly less efficient. Since avalanche activity
decreases with increasing temperature, this resonator is expected to
exhibit fewer avalanche events.

5.6.5 Electromagnetic simulations

The variability in frequency jump size can arise from multiple factors:
the multiplicity of co-occurring events, the size of the avalanche, and
its physical location. To disentangle these contributions, method-of-
moment simulations of the electromagnetic response are performed
using Sonnet, in which a magnetic flux avalanche can be emulated
either by a local increase in resistance (Rgrp) or a local increase in
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kinetic inductance (Lg). As shown in Fig. 5.8(a), the former approach
decreases f, and simultaneously reduces @); the latter decreases f,
with little change in (). Since experimentally no net reduction of
() is observed during a single jump event (Fig. 5.4(g)), emulating
avalanches as local changes in Ly is the physically appropriate choice.
This is physically understood as follows: an avalanche renders a region
of the superconductor transiently resistive, but by the time the Sy (f)
measurement is carried out the region has cooled back below T, and
can be modeled as a region with a frozen high local magnetic field,
which raises L; and reduces f,. Conversely, for anti-vortex avalanches
the local field decreases, L, decreases, and f, increases.

Using the exact geometry of Device #2 (Fig. 5.8(b)), the simu-
lations compute the resonance frequency shift d f, as a function of
the position of a rectangular avalanche patch (kinetic inductance
increased by a factor of ten) along the resonator. The current density
distribution at resonance is superposed with the selected 20 possible
avalanche locations along both the outer and inner perimeter of the
U-turn. We stress that these calculations are static, linear electromag-
netic simulations, not intended to model the dynamics of avalanche
nucleation or propagation; instead, they provide a static picture of
how a completed avalanche modifies the microwave response. Three
main conclusions follow.

First, flux avalanches have a higher impact on f, where the ampli-
tude of the sheet current density is higher. This correlation is made
more apparent in panel (d), where ¢ f, of the 20 possible avalanche
locations is plotted as a function of the amplitude of the sheet current
density 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 [92,98].

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 attributed to the fact that inner avalanches



5.6. SIMULTANEOUS RF AND MOI MEASUREMENTS 83

1000

@
S
=3

[Jxy| [A/m]

&
S
3

N
S
3

o

f (GHz)
5
< 2175
- =
5 5 10 = o---0-—--0---9
o 5 -21.50
° .10 -15

=10 .® ®e 008 010
= °® o Area (mm?)
= °® A 15
~-15 °o® A °
o ° A .
w A ®e

-20 AA 20 o

AA S
L]
25 25
A A out .
B 10 15 0.1 0.2 03 0.4 05 200 300
Position Vxy|? (kA/m)? 6/ (um)

Figure 5.8: (a) Simulated S2; spectrum of the resonance peak for a
superconducting patch modeled with the same kinetic inductance as the
rest of the material, an increased kinetic inductance (10 L), and a resistive
component (Rrr). (b) Simulated current density at resonance for an
applied power of +13dBm, superposed with the 20 outer and 20 inner
avalanche locations considered. (c) Simulated relative change in resonance
frequency as a function of the avalanche position; triangles correspond to
the outer perimeter and dots to the inner perimeter, with marker colors
encoding the location. (d) Change in resonance frequency as a function of
the sheet current density squared at the center conductor near the simulated
patch. (e) Simulated relative change in resonance frequency as a function
of the contact length with the conductor edge; the upper inset shows ¢ f;.
versus the patch area, while the lower inset illustrates the contact length
and area of the patch.
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cover a substantially 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 those at the outer border. However,
care must be exercised with this interpretation, since the simulations
incorporate 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 L for inner avalanches
compared to outer ones.

Third, we observe that avalanches occurring at one resonator do
not influence the response of the neighboring resonators. This ab-
sence of inter-resonator coupling in the simulations is an expected
consequence of the model’s design and does not contradict the experi-
mental observations. Experimentally, non-local inter-resonator effects
arise because, in a thin-film superconductor under a perpendicular
field, the current density at any point is determined by an integral
over the current distribution of the entire film [154]: a sudden vortex
rearrangement in one region necessarily modifies screening currents
throughout the chip, including in neighboring resonators that did not
host the avalanche. This is a fundamentally non-linear and non-local
process [155]. The Sonnet model, which represents avalanches as
static, local perturbations of kinetic inductance on a linear perfect
conductor, cannot capture this dynamical current redistribution. The
model is accurate for its intended purpose (quantifying the static
electromagnetic response to a completed, localized avalanche), but
its linearity and locality preclude the reproduction of inter-resonator
effects. Capturing this non-local coupling self-consistently would re-
quire thermomagnetic models that co-evolve the vortex distribution,
local temperature, and current density in time [34,155]. Furthermore,
we do not observe an influence of avalanches at the feedline on the
resonator.
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5.6.6 Dynamic regime analysis

A concluding discussion of the dynamic regimes explored in this study
is warranted. It is important to acknowledge that the presence of vor-
tices in superconducting resonators is essentially unavoidable. Most
resonators are designed to operate in the gigahertz range, requiring
fabrication on a scale of several millimeters. For NbTiN, the supercon-
ducting characteristic lengths are £ ~ 4nm and A ~ 400 nm, meaning
there is ample space to host a large number of vortices [12]. Since RF
currents are localized along the edges, vortices in the perimeter of the
structure are particularly deleterious.

Concerning vortex trapping, it has been shown that in a 20-pm-
wide NbTiN strip under field-cooling conditions, trapping can occur
at magnetic fields as low as 10 pT [12]. Taking B, ~ 4mT and the
demagnetization factor ~ /W/t with W = 5mm and ¢ = 100 nm,
the first penetration field into the outer rim of the sample is estimated
as B, ~ 20pnT, assuming Bean-Livingston barriers are suppressed
by border defects and inhomogeneities [153]|. The first discontinuity
in the resonance frequency is observed at much higher fields (100—
500 nT), corresponding to the magnetic perforation of the outer rim
and sudden injection of magnetic flux into the gaps of the structure.
This magnetic field is then locally increased by a factor of ~ 10 due
to flux focusing [23,147], rapidly populating the borders of feedline,
resonator, and ground plane with vortices.

A much larger length scale /* dominates the physics of avalanche
formation. This length represents the threshold penetration depth
above which thermomagnetic instabilities may develop [133,156]. In
Device #2, avalanches were clearly observed within the 60-pm-wide
spacing between the two branches of the U-shaped resonators, as well
as in both the central superconducting line of the resonators and the
feedline.

Concerning the RF excitation, the presented measurements span

a power range of —30 to 0 dBm, corresponding to circulating current
densities Jpp ~ 0.1-3 x 10° A/cm? and RF fields pohrr ~ 0.03-
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1mT after accounting for the flux focusing effect [147]. These val-
ues are respectively below the critical current density of NbTiN
(J, ~ 10" A/cm? [12]) and the lower critical field, confirming that
the RF excitation is limited to vortex shaking rather than vortex
reconfiguration, i.e., within the linear Campbell regime [146]|. This is
consistent with the threshold pohrr ~ 5mT for non-linear response
in NbN films [144]. It is worth pointing out that the magnetic flux
avalanches develop primarily in the ground plane or in the spacing
between the two branches of the U-shaped resonators, where even
lower current densities are expected [55]. Indeed, the edge currents
in the ground plane next to the excitation line or the resonators are
approximately a factor (1 4+ 2g/w) ~ 2 smaller than in the central
line [98].

5.7 Conclusions

We have explored NbTiN CPW resonator structures using magneto-
optical imaging and RF transmission measurements, both in sequential
and simultaneous configurations. A clear and unambiguous correspon-
dence between the two independent methods is demonstrated.

The sequential measurements allow a direct link between the
complex magnetic field penetration and the changes in resonance fre-
quency. Four distinct regimes are identified: a magnetic field screening
regime, a magnetic perforation event, a flux avalanche regime, and
a smooth flux removal regime. Thermomagnetic instabilities, active
below T' < T,/2, drastically impact the resonance frequency through
sudden jumps in both f,. and @);. The threshold field for avalanche
activity is consistently extracted from both MOI and RF measure-
ments, demonstrating that superconducting resonators are a valuable
non-invasive tool to investigate magnetic flux dynamics. A roadmap
for improving field resilience is proposed: reducing the ground plane
width, reducing the resonator line width, and carefully considering
the effect of artificial pinning sites at low temperatures.
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The simultaneous measurements, enabled by the setup upgrade,
extend these findings in two key ways. First, they establish that RF
excitation in the linear Campbell regime has only a marginal effect
on avalanche activity, providing a direct experimental answer to a
long-standing open question. The increased avalanche activity under
RF excitation is real but small, and correlates with the degree of
metastability rather than with the local amplitude of the RF current.
Second, the simultaneous measurements enable unambiguous tagging
of individual avalanche events to specific jumps in resonance frequency,
revealing the non-local character of the electrodynamics: avalanches in
one resonator, or even in the feedline, can affect all resonators on the
chip. Electromagnetic simulations confirm that the most deleterious
avalanche locations are those with the highest RF current density
and that the contact length of the avalanche with the conductor edge
more than its area determines its impact on f,.

The invasive character of the MOI technique is quantified and
shown to shift the resonance frequency and reduce the quality factor
due to increased effective permittivity and dielectric losses. Less
intrusive techniques, such as Quantum Diamond Microscopy [157],
could be implemented in future work to make the reduction of the
threshold field for triggering magnetic flux avalanches under RF
excitation more apparent. Finally, it is worth pointing out that the
magnetic flux avalanche regime is ubiquitous in thin films made of
conventional superconductors and may affect most technologically
mature quantum devices. High-T, superconducting thin films, which
are less susceptible to these events, may offer an alternative route to
magnetic-field-resilient resonators.






Chapter 6

Scanning Laser Microscopy
of High-T, YBayCu30~-_;5
Devices

The previous chapter established that the erratic field response of
a superconducting resonator is not simply experimental noise but
the consequence of thermomagnetic flux avalanches, and that the
magnitude of the frequency jump that each avalanche produces de-
pends on where the avalanche is triggered. That conclusion leaves
two threads hanging. The first concerns the material: flux avalanches
are notoriously hard to trigger in YBCO [133, 156], which therefore
offers a resonator platform free of the erratic field response reported
in Chapter 5. The second thread is the more pressing one, and it
concerns the second question posed in the Introduction: if the harm-
fulness of an avalanche is set by its location, then one must know
which regions of a resonator are actually more susceptible to affect
its resonance frequency. Chapter 5 mapped the magnetic flux density
and the associated screening currents . However, no information
is provided about the radio-frequency current of the resonant mode,
which is a distribution of an entirely different nature, set by the circuit
geometry and the standing-wave pattern rather than by the applied

39
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field, and which is present even in zero magnetic field. Mapping it
requires a different microscope.

This chapter takes up both threads, on YBayCuzO;_5 (YBCO)
coplanar half-wavelength resonators, and with scanning laser mi-
croscopy (SLM), the second of the two local probes on which this
thesis rests. The strategy remains the one announced in the Intro-
duction: map, point by point, the local quantity that governs the
phenomenon at hand, and confront that map with the averaged mi-
crowave observable that a conventional measurement would return.
What changes is the local quantity, now the RF current density, and
the means of accessing it, a focused laser beam that perturbs one
micrometer-sized spot at a time while the resonance is being tracked.

A note on the structure of this chapter. The results presented
here were obtained over two experimental investigations, separated
in time. Sec. 6.1, adapted from N. Lejeune et al., “Spatially resolved
photodoping of oxygen-deficient YBayCuzO7_s resonators” [47], re-
lies on a simple home-built laser-scanning arrangement combining a
widefield illumination path with a galvanometer-steered laser, which
is introduced in the section in which it is used. Sec. 6.2, adapted from
N. Lejeune, S. Van der Heyde and A. V. Silhanek, “Time-Resolved
Thermal Susceptibility Mapping via Low-Temperature Scanning Laser
Microscopy” [158], instead employs the new dedicated scanning laser
microscope whose optical layout and the calibration of its optical and
thermal spot size have already been already presented in Chapter 4.

Personal contribution. In the photodoping study of Sec. 6.1, the
YBCO films were grown and patterned at ICMAB-CSIC; I led all
the remaining aspects of that work, namely the measurements, the
phenomenological convolution model, and the analysis. The scanning
laser microscope used in Sec. 6.2 and described in Chapter 4 was
specified, designed and assembled by myself, from the selection of the
individual components to the control and acquisition software. Its
optical and thermal spot sizes were calibrated together with S. Van der
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Heyde, while the time-resolved measurements, the COMSOL thermal
simulations underpinning their interpretation, and the analysis of the
delayed response were led by myself.

6.1 Photoexcitation of YBCO resonators

6.1.1 Introduction

When considering the interaction of electromagnetic waves with con-
ventional superconductors, one encounters a large diversity of physical
mechanisms and phenomena, including high reflectivity [159], in-
verse Faraday effect [160], light-induced superconductivity [161-163],
quasiparticle poisoning [95], bolometric (thermal) effect [90,92], room-
temperature transient superconductivity [164], photovoltaic effect
[165] and many more. Cuprate superconductors behave the same way
under short illumination pulses and for low-photon doses. However,
some cuprates, such as oxygen-depleted YBayCuzO7_s (YBCO), ex-
hibit a striking enhancement of their superconducting properties at
much longer illumination times [166]. More concretely, the super-
conducting transition temperature increases considerably, and the
photo-induced change remains after the light has been switched off
as long as the sample is kept below a certain temperature (7% ~
250 K). Besides this property, coined persistent photoinduced super-
conductivity (PPS), there is also an increase of conductivity in the
normal state, known as persistent photoinduced conductivity (PPC).
For temperatures exceeding T, the system relaxes very slowly to
its initial conditions. As for the underlying mechanism, after much
debate, there seems to be some consensus on the fact PPS and PPC
are associated with the presence of oxygen vacancies in the basal
CuO chains. Recently, it has been proposed that PPS results from
photo-induced oxygen ordering within the CuO chains, leading to
a decrease in the electronic scattering rate, whereas PPC can be
naturally explained by the excitation of electron-hole pairs followed by
electron trapping in the oxygen vacancies and the promotion of holes
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to the conduction band (photodoping) [167]. This level of control
has enabled practical implementations, such as writing Josephson
junctions using a scanning near-field microscope [168], demonstrating
the method’s potential for device engineering.

A particularly suitable way to investigate the photoresponse of
YBCO superconducting systems is through coplanar transmission
line resonators. These circuits can achieve quality factors as high as
Q ~ 107 in low critical temperature superconductors |1,169] and on
the order of 10> — 10* in cuprate superconductors [170-172], offering
unparalleled sensitivity to minute changes induced by external stimuli
or environmental variations [138|. The demonstration of bolometric
changes under laser light on superconducting thin films has spurred
the use of localized photoresponse as a probe of superconducting
resonators by scanning a laser spot across the transmission line. In
this technique, an amplitude-modulated laser beam is focused onto the
surface of the superconductor, and the absorption of this light results
in a modulation of the local temperature. Since the superconducting
penetration depth is dependent on temperature, the local penetration
depth and thus the local stored magnetic field energy will be modulated
[39]. In other words, the effect of illumination is attributed to the
photoinduced change of the kinetic inductance due to laser heating.
This approach has permitted imaging the local microwave current
density in a superconductor [39,40] and enables tuning the resonant
frequency of the resonator with negligible change of the quality factor
[173].

The investigations described above were conducted on optimally
doped YBCO thin-film resonators, where the low density of oxygen
vacancies renders persistent photo-induced effects negligible, mak-
ing thermal heating the dominant mechanism. In this Chapter, we
explore the long-term photo-response of oxygen-depleted YBCO half-
wavelength resonators, focusing on the effects of photodoping. This
mechanism initially counteracts the bolometric effect and eventually
becomes dominant, exhibiting persistent and metastable behavior.
By locally illuminating a spot of comparable size as the width of the
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resonator’s track, at the center of the resonator (where the radio-
frequency field is strongest), we are able to enhance the resonator’s
characteristics. This improvement has been previously demonstrated
through the introduction of non-uniform columnar defects created
by heavy-ion irradiation [41]. Our approach is reversible and en-
ables repeated and multiple comparisons using the same device. This
method is applied to map the standing waves at both the fundamental
resonance and the second harmonic and complements the bolometric
method described in Ref. [92,98,99, 174].

6.1.2 Sample fabrication and resonator design

Epitaxial YBayCuzO7_s films of thickness 100nm were grown on
top of Lag3Sro.7(AlggsTagss5)O03 (LSAT) single crystal substrates by
pulsed laser deposition. LSAT is a convenient choice due to its low
dielectric constant, structural stability, low losses, isotropic microwave
response, and it has no twinning [99, 170]. Substrates were heated up
to 810 °C, with an oxygen partial pressure of 0.3 mbar and a target-
to-substrate distance of 52.5 mm. Ablation of the target material was
achieved by using a high fluence laser operating at 2J/cm? and a
frequency of 5 Hz. During the cooling process to room temperature,
the samples were maintained in an oxygen atmosphere of 1 bar. This
way, an optimally doped film § ~ 0.1 with superconducting critical
temperature T, ~ 90 K was obtained. A second film was deoxygenated
through an ez situ post-annealing process at 400 °C for 4 hours in
a 99.5% N, atmosphere, leading to a lower oxygen concentration
0 ~ 0.7 with superconducting critical temperature T, ~ 60K [175].
Prior to sample patterning, the 7, of the films was confirmed using a
SQUID magnetometer. Both films were patterned by photolithography
and wet etching into 8 mm-long 50 2 A/2 resonators with a 20 pm-
wide coupling finger-like capacitor, as illustrated in Fig. 6.1(a). The
coupling capacitors have been deliberately designed within the weak
coupling regime to ensure a quality factor high enough to detect
minor changes in the resonance frequency (see Box 2.4) [171]. The
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resonance frequency of such a device is set by its geometric and kinetic
inductance per unit length through Eq. (2.23), the kinetic contribution
following the Gorter—Casimir temperature dependence of Eq. (2.25),
as detailed in Sec. 2.1.

The 8 mm-long resonator was designed such that its resonance
frequency is close to 5 GHz, with design values ¢’ = 214.1 pF/m
and L, = 634nH/m. The transmission scattering matrix element
So1(f) in the vicinity of the resonant frequency is measured through a
vector-network analyzer (Rohde & Schwarz ZN1.20). A representative
example of Sy1(f) is shown in Fig. 6.1(c). Its asymmetric shape reveals
an impedance mismatch [61] and is fitted with Eq. (2.15) of Sec. 2.1.3,
which returns the resonance frequency fy together with the internal
and external quality factors ) and ().. For the particular example
of Fig. 6.1(c), the fitted resonance frequency is fo = 5.153 GHz
+2.5kHz and the quality factor values are () = 2128 +4 and Q. =
8.284 10° £ 16 102, confirming that the resonator is strongly under
coupled and that losses are dominated by internal losses. Fig. 6.1(b)
shows the evolution of f, with temperature for both investigated
YBCO resonators. The observed sharp decrease of f; as temperature
increases is due to the divergence of the kinetic inductance when
approaching the superconducting transition. It is precisely this strong
temperature dependence that has motivated the use of these devices
as sensitive bolometers. In addition, the resonance frequency is also
dependent on the magnetic field and magnetic history, as shown
in Sec. 6.1.5 [172]. Fig. 6.1(d) shows the magnetic field landscape
obtained by the magneto-optical Faraday rotation technique [75] (see
Chapter 3) of the optimally oxygenated resonator at 7' = 3.2 K and
under an out-of-plane magnetic field pgH, = 0.6 mT after zero-field
cooling. This technique enables probing the degree of uniformity in
the superconducting properties, as well as identifying the entry points
of magnetic flux.

The experimental setup used to investigate the photoresponse
of the planar resonator is shown schematically in Fig. 6.1(a). The
sample is mounted inside a closed-cycle optical cryostat, allowing
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Figure 6.1: (a) Schematic representation of the experimental setup that
features a double illumination composed of a widefield red-filtered LED
used to image the resonator concurrently with a 532 nm laser that is focused
on a desired zone of the sample. When photoexciting the entire sample,
the 650nm long-pass (LP) filter and mirror are replaced by a 550 nm
bandpass filter, and the laser is not used. (b) Resonance frequency for
the optimally oxygenated YBCO resonator and the deoxygenated one.
The resonance frequency drops at temperatures close to T, due to the
diverging kinetic inductance. (c) Selected spectrum measured at 15K on
the deoxygenated sample. By fitting the transmission coefficient Sa(f)
with Eq. (2.15), it is possible to obtain the resonance frequency for all
explored temperatures. At temperatures close to T, the uncertainty on
the resonance frequency rapidly increases because of the decrease in the
intrinsic quality factor. (d) Magneto-optical image of the zero-field-cooled
optimally oxygenated resonator at T' = 3.2 K and applied an out-of-plane
field poH, = 0.6 mT. Black color corresponds to local magnetic field with
out-of-plane component opposite to the applied field. The inset shows a
zoom of the coupling capacitor region, evidenced by the bright spot at the
center.
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for simultaneous RF measurements, optical imaging, and optical
excitation. Two illumination modes are employed in parallel. In
the widefield illumination mode, a white LED provides broadband
light that passes through an infrared blocking filter and a 550 nm
bandpass filter with a 100 nm bandwidth. This filtered light uniformly
illuminates the sample over its entire area. The resulting images are
captured using a CCD camera.

In the localized photoexcitation mode, a 532nm laser beam is
steered by a dual mirror scanner and then passes through a carousel
of neutral density filters used to modulate its power. The beam is
subsequently reflected toward the sample by a 650 nm long-pass filter
that features a mirror coating on the side facing the laser. This
element reflects the laser beam while also transmitting about 1% of
the LED light (used for widefield imaging) and filtering its spectrum,
thereby combining both light paths without interfering with the laser.
The reflected laser beam is then focused onto the sample through a
10x microscope objective, producing a spot approximately 60 pm in
diameter. Even though the photoexcitation efficiency is stronger in
the red part of the visible spectrum [176], the photon dose per unit
time coming from the laser is about 10° times larger than from the
red broadband illumination, ensuring that all photoexcitation effects
detected are caused by the laser. Images are recorded with the laser
beam blanked, using the CCD camera with exposure time adjusted
to capture the faint red illumination (see Sec. 6.1.5).

6.1.3 Results and discussion
Uniform photon irradiation

The critical temperature for both samples can be extracted from the
temperature dependence of f; shown in Fig. 6.1(b) by fitting with
Egs. (2.23) and (2.25). This yields, respectively for the optimally
oxygenated and deoxygenated samples, a similar geometrical induc-
tance for both devices of 636.8 + 0.5nH/m and 633.9 £ 1.3nH/m,
in good agreement with the theoretical design value (634 nH/m cal-
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culated using elliptical integrals for CPW structures (see Box 2.2),
and a critical temperature T, = 90.0 + 0.1 K and 7. = 58.1 £ 0.1 K.
The zero-temperature kinetic inductance of the optimally oxygenated
sample L, , = 18.1 & 0.5nH/m is significantly lower than for the
deoxygenated sample L , = 49.9 + 1.4nH/m, manifesting that the
latter has a larger sheet resistance and lower superconducting gap.

After characterizing the properties of the deoxygenated sample,
the transmission So1(f) was recorded over time every 10 seconds,
and the green-filtered LED lamp was switched on for two minutes
after the start of the experiment, irradiating the sample with 3.6 mW
of 550 nm light. Fig. 6.2(a) shows the time evolution of f; at fixed
temperature 7' = 30 K =~ T./2. The dose applied over the entire
illumination time is estimated to D = 5 - 10*! photons/cm?. As soon
as the illumination is switched on, a sharp drop of f; is observed
(see inset of Fig. 6.2(a)), as a result of the heating caused by the
light absorption. The thermally-induced drop takes place on a short
timescale of the order of hundreds of milliseconds (see Sec. 6.1.5),
and is followed by a recovery with a characteristic time scale of the
order of hours, resulting from the photoinduced superconductivity.
In this regime, fy(t) follows a stretched exponential functionality
in accordance with previous reports [176,177], such that the global
response of the resonance frequency can be modeled using

fO (t) :fO,T - 5fthermal

+8fpe (1 _ exp{ <_ (t —Ttof) }) CE

where fo 7 is the dark resonance frequency at temperature 7', 0 firermai
is the drop in resonance frequency due to light-induced heating, ¢ fpg
is the saturation increment of the resonance frequency due to photoex-
citation, ty = 2min is the time at which the illumination starts, and
[ is a dispersion parameter. The fit of the experimental data, shown
in Fig. 6.2(a), yields fos0x = 5.103 GHz, 6 finerma = 3.77 £ 0.02 MHz,
0fpp =14.04 £ 0.1 MHz, 7 = 53 £+ 1.1 hours and § = 0.497 + 0.002.
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From the thermally-induced frequency drop, one can infer the temper-
ature load using the previously acquired slope of fo(T") (Fig. 6.1(b))
yielding a global temperature rise in the superconducting film of
about 0.65 K. Furthermore, incorporating the saturation frequency
fsat = fo + 0fpr, and the obtained geometrical inductance, into
Eq. (2.23), the kinetic inductance at saturation can be estimated as
62.1nH/m compared to the initial value of 65.75nH/m at 30 K. The
fact that reaching 95% of the asymptotic state requires continuously
photoexciting the sample for approximately 97, which in the case of
the LED source is about 20 days, makes it highly time consuming
to reach the saturation frequency. Repeating the experiment with
a higher-power laser source permits reducing the time required to
reach saturation without changing the asymptotic value, as the PPS
is only a function of the absorbed dose. It is worth pointing out that,
unlike most previous investigations of the PPC and PPS based on
R(T') measurements, in which the change in 7, or the normal state
resistivity is reported, in this work we directly probe the changes in
superconducting properties while at sub-critical temperatures.

Persistent photoinduced superconductivity manifests itself as an
increase of the superconducting critical temperature. This effect
should become visible as the fo(T') curve shifts toward higher temper-
atures. In addition, there is also an increase of conductivity in the
normal state (persistent photoinduced conductivity), which in turns
reduces the zero-temperature kinetic inductance (L}, , = iwg—?())>' A
manifestation of both these effects is shown in Fig. 6.2(b), in which
the temperature dependence of the resonance frequency fo(7") is mea-
sured after 42-hour-long illumination and compared with the response
before illumination. The increase in resonance frequency ¢ f resulting
from the photoexcitation is shown in Fig. 6.2(c).

Focused photon irradiation

Once we have characterized the influence of uniform photon irradia-
tion on the deoxygenated YBCO resonator, we proceed to implement



6.1. PHOTOEXCITATION OF YBCO RESONATORS 99

Dose (102! ph./cm?)
2 4

5108 » Before PE
v, After PE —_
‘ T
5.106 >05
— . W
N Time (min) ©14.8
5 5.104 5 101 -
© Q LED on I ~N
5.102 = 1 dlig T
Q ;sfthermal Sfpe ]11;11 E
LED | ¥ oo 2 it ©
5.100 gy off I — 2 &
0 10 20 30 40 10 20 30 40 50
Time (h) T (K)

Figure 6.2: (a) Evolution of the resonance frequency of the deoxygenated
YBCO resonator with time. When a green LED illuminates the sample,
starting at ¢ = 2min, the resonance frequency suddenly drops due to
the light absorption-induced heating. On a much slower timescale, the
resonance frequency increases due to the photoexcitation. (b) Temper-
ature dependence of the dark resonance frequency of the deoxygenated
sample before and after illuminating the entire sample with a dose of
D =5 10%! photons/ cm?. The inset zooms in on the upshift in resonance
frequency 0 fo. The dashed lines correspond to fits of Eq. (2.23) to the data
points. (c) Frequency shifts extracted from panel (b). For temperatures
lower than T,/2, the upshift is constant and approximately 2 MHz, then for
higher temperatures it diverges. The solid line corresponds to the frequency
shift predicted by the fits in panel (b).
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focused photon irradiation as a local probe, allowing us to map the
sensitivity of the device under local excitations. To that end, we focus
a laser beam into a 60 pm-diameter spot, which is raster scanned
throughout the resonator’s surface while tracking the changes in fjy.
As a consequence of the large difference in timescales of the bolometric
effect and the photoexcitation, they can be discriminated using the
protocol 1llustrated in Fig. 6.3(a). For each laser position, the reso-
nance frequency fo Jark 18 Tecorded with the laser blanked. Then, the
laser beam is unblanked and another resonance frequency measure-
ment foign: is acquired. Eventually, after 60 seconds of irradiation,
the laser is blanked again, and the resonance frequency féf;)wk is
probed one last time. The result of the three-point measurements
is shown in Fig. 6.3(b), and the inset emphasizes the slight shift
toward higher frequencies of the resonance peak after the photoexci-
tation. The negative frequency shift, purely due to heating, is given
by 0 fihermat = fo1ight — fo Jark> Whereas the photoexcitation-induced

shift to higher frequency is given by 6 fpr = fO,dark — fO,dark‘ As
shown in Fig. 6.2(a), the time required for the PE to compensate the
bolometric effect is of the order of hours, and hence, the PE shift is
expected to be orders of magnitude smaller than the one obtained
from bolometric effects. On top of the purely electrically probed
change, the reflectivity of the sample surface, measured locally using
the CCD camera, increases over the same timescale, as discussed in
Sec. 6.1.5.

The resulting thermal and photoexcitation maps (9 finermar (2, ¥)
and ¢ fpg(x,y)) on the deoxygenated sample, probed at the fundamen-
tal frequency for a scanning grid of 40 x 50 pixels over a 2230 x 2790 im?
area centered on the resonator, are shown in Fig. 6.3(c,d). A clearly
different response is observed through these two methods. Indeed,
the thermal response exhibits a more pronounced frequency change in
the ground plane, in particular around the mid-point of the resonator,
than along the central track and the gap of the resonator. In addi-
tion, the excitation and detection lines, capacitively coupled to the
resonator, are visible. In contrast to that, the photoexcitation map
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Figure 6.3: (a) Schematic representation of the protocol executed at
each laser position. Three measurements are performed and synchronized
with the unblanking of the laser. At each position, the sample is locally
photoexcited for 60s. A picture is taken using a CCD camera with the laser
fully blanked to keep track of the change in reflectivity. The inset shows
a schematic view of the neutral density filters carousel used to modulate
the laser power by respectively blanking (0%), strongly attenuating (0.3%)
or exposing the sample (100%). (b) S21(f) spectra before, during and
after the irradiation. The inset is a zoom emphasizing the slight shift of
the resonance peak toward higher frequencies after the irradiation. (c)
Thermally-induced (0 fo thermat) and (d) photoexcitation-induced (9 fo, pE)
resonance shift from the fundamental resonance acquired while sweeping
the laser over the sample. (e) and (f) are the same maps as panels (¢) and
(d), but for the second harmonic at double the fundamental frequency. The
insets in panels (c-f) show the resulting map obtained using the convolution
model described in the main text. (g) (resp. (h)) corresponds to the
simulated current density at the fundamental (resp. second harmonic)
resonance. (i) and (j) are line profiles following the resonator’s shape of
the PE shifts for the fundamental and the second harmonic, respectively.
The path direction starts at point A and ends at point B as indicated in
the panels (d) and (f). The gray bars correspond to uncertainties in the
measured shifts. The continuous blue lines represent the current density
extracted from panels (g) and (h).
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reveals essentially the central track of the resonator, with the ground
plane and excitation/detection feedlines remaining largely insensitive.
A similar trend is obtained at the second harmonic f; = 2fy (I = A,
where )\ is the wavelength associated with the resonance frequency),
as shown in Fig. 6.3(e,f).

These findings suggest that the thermal response is much broader
than the laser spot size due to the heat diffusion in the sample and
substrate, whereas the photoexcitation induced directly by the ir-
radiation remains localized to the optical spot. Indeed, numerical
modeling reveals that the local temperature at the center of the laser
spot increases by approximately 5 K and the thermal spread, charac-
terized by the full width at half-maximum, reaches around 120 pym in
diameter. Notably, the initially sharp Gaussian heat source broadens
significantly in the thermal response, leading to an increase in temper-
ature of more than 0.5 K across a region 500 pm in diameter, covering
roughly one-third of the resonator’s surface. The spatial temperature
distribution and more details about the numerical calculations are
provided in Sec. 6.1.5.

Phenomenological model

A simple model can account for the observed contrasting behavior
between bolometric and photoexcitation maps. Indeed, the convo-
lution of physically grounded kernels, i.e. kernels able to describe
the mechanisms at play, can faithfully capture the obtained maps.
A graphical representation of the phenomenological model described
below is presented in Sec. 6.1.5.

The first step consists of identifying the absorption function M.
For the resonance frequency to be impacted by the irradiation, the
laser beam must be absorbed by the sample. Note that the laser
irradiation is more absorbed by the superconducting YBCO sample
(86% transparent) [178] than by the LSAT substrate (20% transparent)
[179]. Therefore, when the laser beam is parked in the gap of the
CPW geometry, the sample is substantially less heated, and the
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change in frequency is attenuated. In contrast, when it sits in the
ground plane, the frequency change is accentuated. This is modeled by
taking the convolution of the sample local absorbance S(z,y) with the
Gaussian profile from the laser L(z,y). The end result is a qualitative
approximation of the quantity of light absorbed at each scanned pixel

by the laser, Mys(x,y) = S(x,y) * L(x,y).

Second, we convolve the theoretical current density of the sample
J(z,y) with a kernel representing either the bolometric (Gg(z,y)) or
the photoexcitation effect (G, (z,y)). Here, the argument justifying
the use of the current density lies in the fact that measurements are
sensitive to changes in L}, which in turn is correlated to the current
density (L} oc I?) [53,64]. Previous studies have similarly shown that
shifts in the resonant frequency can be traced back to the surface mag-
netic field and, by extension, to the surface current density, thereby
confirming that the measured frequency shifts provide insight into
the underlying current distribution [98]. To that end, the current
density along the resonator’s track line is approximated by a sine-like
profile with one anti-node for the fundamental mode, and two for the
second harmonic. We assume that the current density at resonance is
negligible in the rest of the ground plane, which is consistent with sim-
ulations. In the case of photoexcitation, since the physical mechanism
implies direct absorption of photons without diffusion, the convolution
uses a Gaussian profile G, (z,y) of the same size as the laser optical
spot. In contrast to that, for the bolometric response, the kernel cor-
responds to a function Gr(z,y) reproducing the temperature spread
resulting from the finite element simulation. Ultimately, the element-
wise products, denoted by ®, given by Mans(x,y) ©[J(x,y) * G, (x, y)]
and Mops(z,y) © [J(z,y) * Gr(x,y)] express the requirement that, for
any frequency modification to occur, two conditions must be met
simultaneously at each point (z,y): (1) light must be absorbed (as
indicated by M,s), and (2) the resonator must be sensitive at that
location (as described by the convolution J % ). The results of these
models are presented in the insets of Fig. 6.3 (c-f) and qualitatively
reproduce the measured maps. The predicted bolometric response
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even captures the observed broadening of the thermally induced fre-
quency shift region over the whole resonator at 2fj, resulting from
the fact that the current density is delocalized due to the presence
of two anti-nodes in the standing wave. A comparison of the profiles
obtained from the experimental data and the phenomenological model
can be found in Sec. 6.1.5.

It is worth mentioning that the bolometric response has been
extensively investigated as a method to map current distribution in
superconducting waveguides and resonators [98,174|. In this case, in
order to achieve high spatial resolution, the laser beam is focused into
a ~ 1.5 pm diameter spot, and the laser intensity is modulated at a
frequency of about 0.1 MHz to limit the lateral thermal spread to a
few pm [98,99] (see Sec. 6.1.5). This approach is applicable as long
as the thermal cycling does not lead to irreversible processes. The
present work deals precisely with the metastable process of persistent
photoconductivity, and therefore, a lock-in technique based on laser
modulation is not a viable option.

As we pointed out above, the photoexcitation is not only able to
reveal the standing wave of the fundamental frequency, but also clearly
depicts the double anti-node of the current density in the resonator at
the second harmonic. Further compelling evidence demonstrating the
correlation between the photoexcitation map and the actual current
density in the resonator can be obtained through simulations (Sonnet
software) of the sample’s response at both the fundamental frequency
and the second harmonic. The resonance frequencies obtained for
fundamental and second harmonics are 5.05 and 10.02 GHz, without
considering the kinetic inductance. The resulting current density
maps are shown in Fig. 6.3 (g,h). The extracted current density
profiles along the resonator are shown in Fig. 6.3 (i,j) as a continuous
line for both the fundamental and the harmonic, and they are com-
pared with the experimentally determined ¢ fpr data (solid circles).
The good agreement between the numerically determined current
density and the experimentally measured photoexcitation sensitivity,
for both fundamental and second harmonic resonances, validates the
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interpretation discussed above.

6.1.4 Intermediate conclusion

In this first part of Chapter, we demonstrated the potential to locally
modify the properties of oxygen-depleted YBCO resonators through
photodoping. Several key findings merit emphasis. First, unlike
traditional bolometric excitation, which is fast, volatile, and highly
diffusive, the photodoping process is slow, stable, and non-diffusive.
Despite this, it enabled us to map the current density within the
resonators, as evidenced by imaging standing waves at the fundamental
and second harmonic frequencies. Second, our approach can identify
and highlight regions that are more susceptible to changes in the
resonator’s response. Third, the photodoped areas can be detected via
changes in reflectivity using a photodoping-inactive wavelength or low-
photon doses. While this technique is presented as a proof of concept,
with clear opportunities for refinement, particularly in reducing the
laser spot size and increasing scanning speed, it demonstrates great
promise for direct and erasable laser-based scribing of resonators
with tailored precision. Additionally, the proposed technique can be
applied to other cuprates exhibiting photoexcitation, such as oxygen-
deficient GdBayCuz0, [180] and likely BisSroCasCusOqgy, [181], and
could be extended to study persistent photoconductivity in strontium
titanate [182] or lanthanum aluminate [183].

6.1.5 Annex
Magnetic field dependence of the resonance frequency

In order to probe the magnetic field dependence of the resonator
response, the resonance frequency as a function of out-of-plane (OOP)
magnetic field poHpop for zero-field cooling (ZFC) and field cooling
(FC) has been measured. The results for the optimally doped YBCO
at T = 70K are shown in Fig. 6.4. The response is similar to
that presented in Ref. [172|. According to these authors, during
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Figure 6.4: Dependence of the resonance frequency on the OOP magnetic
history of the sample. FC shows a monotonic decrease as fluxons homoge-
neously populate the sample, whereas ZFC exhibits a sharp drop around
1mT due to screening currents and increased magnetic field at the edges.

FC measurements, where magnetic field gradients are absent, the
resonance characteristics are determined only by the vortex dynamics,
exhibiting a nearly linear decrease with field. In contrast, in ZFC
measurements, where highly inhomogeneous field distributions exist,
the effect of screening current becomes relevant and gives rise to a
more complex field dependence.

Transitory to stationary temperature evolution due to laser
irradiation

When illuminating the sample with the laser, a non-uniform spatial
temperature distribution is developed (see Sec. 6.1.5). In addition,
this non-uniform distribution evolves over time, as it requires a finite
amount of time for the heat diffusion to reach a steady state. During
the procedure to obtain the maps presented in Fig. 6.3(c-f), it is
essential to ensure that the sample has reached the steady state before
measuring the resonance frequency. To that end, the time evolution of
the resonance frequency needs to be characterized. This is achieved by
measuring the transmission coefficient Sy; as a function of time with
a 4ms time step at fixed frequency. This procedure is repeated for
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Figure 6.5: Time dependence of the resonance frequency when blank-
ing/unblanking the laser spot parked at the center of the resonator. In
both cases, the resonance frequency saturates in approximately 1 s.

equally spaced frequencies around the resonance frequency to obtain a
matrix Sg; (¢, f). By transposing the data, it is possible to reconstruct
S21(f) as a function of time. A similar procedure was performed to
measure the cooling-down process when the laser is blanked after
reaching the stationary state. The results are summarized in Fig. 6.5.
Both during the heating (unblanking) and the cooling (blank-
ing) processes, the resonance frequency saturates to its final value
in approximately 1s with a characteristic time constant of 111 ms,
indicating that the sample has reached its thermal equilibrium.

Change in reflectivity

In addition to reducing the normal state resistance and increasing
the critical temperature of oxygen-deficient YBCO, photodoping also
increases its reflectivity [168]. To demonstrate this, the laser was
parked at a fixed position in the ground plane, and images were
taken over time. The mean value of the light intensity is measured in
the spot area, and the relative change, equivalent to the change in
reflectivity, is plotted in Fig. 6.6. The change in reflectivity tends to
saturate over hours, similarly to 7. and p.

In a similar manner to how we previously detected minute shifts
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Figure 6.6: Relative change of reflectivity JR as a function of time
acquired by parking the laser and tracking the change in gray value in
the center of the laser spot. The light intensity is recorded using a CCD
camera.

in the resonance frequency induced by laser irradiation on timescales
much shorter than the characteristic photoexcitation time, we can
also monitor changes in the sample’s reflectivity during the laser
scan. While the sample is continuously exposed to low-power red
light, spatial variations in reflectivity are tracked in real time. To
achieve this, images were acquired with the laser completely blanked
(see Fig. 6.3(a)) at successive stages of the scan. These images were
compiled into an animation (available in the Supplementary Materials
of [47]), revealing a clear contrast between regions already scanned by
the laser, where the reflectivity is noticeably enhanced, and regions
yet to be irradiated. The average reflectivity of a set of regions along
the slow scanning direction shows a jump in the reflectivity after the
laser passes.

Local temperature rise due to laser heating

The change in resonance frequency due to laser heating, as shown in
Fig. 6.5, could in principle be used to estimate the local increase in tem-
perature. However, this is a complex problem requiring multiphysics
modeling. Instead, to estimate the thermal spread during the laser
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Figure 6.7: Numerical simulation of the heat distribution induced by
a nonuniform Gaussian beam heating modeling the laser spot. The heat
propagates laterally to distances much larger than the spread of the laser.
The inset shows a 3D view of the heat distribution in the thickness of the
simulated bi-layer.

scanning process, the numerical resolution of the stationary heat trans-
port equation V-(kVT) = —(Q via finite element COMSOL solver, has
been implemented. The considered parameters are sample thickness
d = 100 nm, thermal conductivity of the YBCO film kygco = 0.258
Wm K™ [184], substrate thickness dzsar = 500 pm, thermal con-
ductivity of the substrate kpgar = 1.2 Wm1K~! [185], heat transfer
resistance between film and substrate h = 1.5 107" m?K /W [186, 187],
Gaussian laser spot diameter D = 60 pm, and light power 10 mW from
which 86% is absorbed in the YBCO layer [178|. A Dirichlet boundary
condition corresponding to 7' = 30K is imposed at the bottom of
the substrate. The resulting temperature distribution based on these
parameters is shown in Fig. 6.7.

The modeling indicates that the local temperature rises by ap-
proximately 5 K at the center of the laser spot, and that the thermal
spread, as characterized by the full width at half-maximum, increases
to approximately 120 pm in diameter. However, the sharp Gaussian
profile of the heat source turns into a much broader thermal response,
such that the sample is heated by more than 0.5 K over a region
500 pm in diameter, which is approximately one third of the resonator
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surface. Furthermore, when the laser is parked in the gap of the
resonator, less light is absorbed by the LSAT, i.e. approximately
one fourth compared to the YBCO film. This ultimately produces
approximately 4 times less heat and the maximum temperature rises
by 1.2 K.

Validation of the phenomenological model

Fig. 6.8 shows a visual representation of the kernels and convolutions
described in the phenomenological model above.

Fig. 6.9 compares the profiles from experimental frequency shifts
with those from the phenomenological model described above. Be-
cause of its highly local nature, both the measured and modeled
photoexcitation-induced frequency shifts shown in panels (a,b) reflect
the local current density. They display a single anti-node sine function
for the fundamental resonance frequency (panel (a)) and a double
anti-node for the second harmonic (panel (b)). The thermally-induced
frequency shifts, shown in panels (c,d), do not accurately reproduce
the current density due to heat’s diffusive nature. This results in
maximum shifts at the device’s center for the fundamental resonance
frequency (panel (c)). Because of the meandering structure, the pro-
file inherently oscillates as it enters and leaves the device center. In
the second harmonic case (panel (d)), the maxima of the thermally-
induced shifts occur where the current density peaks, i.e., at 2mm and
6 mm. Despite minimal current at the resonator’s center, a relatively
high frequency shift is still detected when the laser is parked there.
This occurs because the heat generated at the center node diffuses
toward the two anti-nodes.
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Figure 6.8: Convolution-based modeling of laser-induced frequency shifts.
The absorbed light map My;s(x,y) (c) is obtained by convolving (*) the
local absorbance of the sample S(z,y) (a) (20% for LSAT and 86% for
YBCO) with the Gaussian laser profile L(z,y) (b). The spatial sensitivity
of the resonator, which quantifies how strongly absorption at a given
point affects the resonance frequency, is calculated by convolving the
current density distribution J(z,y) (d) at resonance, with spatial kernels
representative of the underlying physical mechanisms. For the bolometric
contribution, a broad thermal response function produces Gr(z,y) (e),
whereas a Gaussian profile matching the laser spot size produces G, (x,y)
(f) for direct photoexcitation. Finally, the absorbed-light map (c) and
the sensitivity maps (g,h) are multiplied element-wise (®) to obtain the
expected spatial distribution of the frequency shift (i,j), which occurs only
where absorbed light overlaps with resonator sensitivity.
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Figure 6.9: (a-b) Photoexcitation-induced and thermally-induced (c,d)
frequency shifts measured (points) and modeled (continuous lines) extracted
along a path in the center of the main meander of the resonator. The
photoexcitation-induced frequency shift faithfully reproduces the current
density in the device. Since the model is purely qualitative, the extracted
profiles have been offset to correlate with the experimental data.
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6.2 Time-resolved SLM

6.2.1 Introduction

Unlike wide-field imaging, scanning techniques suffer from inherently
low speed acquisition, typically in the range of 10® px/s, which trans-
lates into a few seconds for a 512 x 512 px? image. Therefore, they
are well-suited to investigating the quasi-static properties of the sam-
ple but offer limited access to short-time-scale processes. Achieving
high spatial resolution while capturing dynamic effects still remains a
challenging task.

A possible way to overcome this limitation is the so-called lazy
fisherman method [188-191], in which the probe remains stationary at
a single point while the system is driven by a periodic signal (electric,
magnetic, elastic, etc.). Using the AC reference signal to set the time
counter and assuming that the system response is also periodic, one
can combine the periodic signal picked up at each pixel to construct a
two-dimensional map revealing the oscillatory response of the system
over time. If the excitation is not periodic, the collected signal
represents a time-average, as illustrated for instance in Ref. [192-194].

An important extension of earlier approaches for systems driven
by periodic excitations was introduced by Borgani et al. [195] to
achieve sub-millisecond time-resolved conductive atomic force mi-
croscopy measurements. In this method, the sample is excited by an
amplitude-modulated, square-wave—focused laser beam at a fundamen-
tal frequency wyp, while a large number of harmonic components of the
photoresponse at integer multiples nwy are simultaneously acquired
using lock-in detection. The frequency-domain data thus obtained
can then be transformed into the corresponding time-domain response
through an inverse Fourier transform. A somewhat similar approach
has been used to reconstruct magnetization loops from magnetic
susceptibility harmonic data [196, 197].

In this section, we apply this concept using hundreds of harmonics
to reconstruct thermal-susceptibility images of a superconducting
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YBCO resonator with a few-ns time resolution, demonstrating a pow-
erful and broadly applicable platform for resolving rapid thermal
phenomena in condensed-matter systems. Both the scanning laser
microscope used to acquire the data presented below and the multi-
harmonic lock-in reconstruction scheme have already been described
in detail in Chapter 4; only their application to the superconducting
resonator is presented here.

We briefly recall the principle of the reconstruction. The photore-
sponse is chopped periodically at a fundamental frequency f, and a
set of harmonics nf is collected simultaneously with lock-in amplifiers,
each harmonic returning the complex Fourier coefficient C), of the
pixel signal. Applying an inverse Fourier transform pixel-by-pixel then
yields the time evolution of the local thermal susceptibility within one
chopper period 1/f. For N collected harmonics the reconstruction
provides frames spaced in time by 6t o< 1/(2N f), so that the achiev-
able temporal resolution is set by the highest measurable harmonic
rather than by the acquisition speed. The method, its validation on a
square-wave photodiode signal, and the thermal-wave picture under-
lying the reconstructed dynamics are detailed in Chapter 4 (Eq. (4.8)
and Figs. 4.5 and 4.4). As emphasized there, the reconstructed frames
map the macroscopic dynamic susceptibility to the local stimulus
and should not be read as a direct thermograph of the local heat
relaxation.

6.2.2 Case study: superconducting resonator

The time-resolved reconstruction technique was implemented on the
optimally-oxygenated YBay,CusO;_s half-wavelength superconducting
resonator described in Sec. 6.1. The specimen was mounted within a
Montana Instruments optical cryostat. One port of the resonator was
coupled to a Vector Network Analyzer (VNA) operating in continuous
wave (CW) mode, while the output port was connected to a 15dB RF
amplifier followed by a Krytar 203B RF diode. The diode rectifies the
RF signal into a DC voltage proportional to the transmitted power.



6.2. TIME-RESOLVED SLM 115

This voltage was subsequently processed by a lock-in amplifier phase-
locked to the reference frequency of the SLM optical chopper. To
characterize the device, the scattering parameter Sy (f) was initially
recorded to identify the fundamental resonance frequency. The inset
of Fig. 6.10(a) displays the resonance peaks obtained at ' = 30K
(black) and 7" = 32K (yellow). Note that the resonance frequency
shifts to lower frequencies with increasing temperature, a behavior
attributed to the enhancement of the material kinetic inductance, as
discussed in Sec. 6.1. This redshift leads to a measurable change in
DC output § of the RF diode, which is used as photoresponse. This
preliminary characterization facilitates the selection of an optimal
probe frequency for the LIA. During SLM operation, the modulated
laser beam induces a periodic shift in the resonance peak (as illustrated
in the inset) thereby modulating the rectified DC output voltage at
the chopper frequency. In the perturbative regime, wherein the laser
irradiation does not induce significant bolometric heating of the device,
the modulation of the transmitted power remains directly proportional
to the shift in the resonance frequency.

Time-resolved response

As previously detailed, SLM images were acquired using a chopping
frequency of 180 Hz. To achieve a comprehensive time-resolved recon-
struction, 300 harmonics were recorded simultaneously by employing
three LIAs in parallel, with each instrument dedicated to a spe-
cific harmonic range: 1-100, 101-200, and 201-300. The high input
impedance of the SR830 (10 M) facilitates the parallel coupling of
multiple instruments without inducing signal distortion or loading
effects. Consequently, the total acquisition time is reduced by a factor
of approximately N = 3, where N represents the number of instru-
ments utilized in parallel. To ensure precise temporal synchronization
between the reconstructed frequency response and the optical excita-
tion, the signal from the photodiode was monitored using a fourth LIA
restricted to odd harmonics. As previously demonstrated in Fig. 4.5,
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Figure 6.10: (a) Time-resolved reconstruction of the average response of
the superconducting resonator over one chopper period. The signal captured
by the photodiode, corresponding to the on/off state of the laser, is plotted
in a dashed line. (b) Graphical representation of the probed photoresponse 9,
corresponding to the change in RF power transmitted through the resonator
at fixed frequency and which depends on the temperature distribution in
the sample. The black (yellow) curve illustrates the case where the laser
is off (on). (c) Optical (dashed gray) and thermal (yellow) spot profiles.
The thermal profile is obtained from simulation and is used as the kernel
for the convolution model of the bottom row. Snapshots at five different
instants, labeled I-V and indicated in panel (a), are shown in the bottom
three rows. The first row corresponds to images of the photoresponse of the
entire sample using a 10x objective, whereas the second row shows images
collected using a 20x objective, zooming on the bottom left half-turn of
the meander. The bottom row shows the result of the time-dependent
convolution model developed in the text.
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collecting even harmonics is not necessary as they are weak compared
to the odd ones. This configuration provides sufficient resolution to
accurately determine the onset of the laser-induced transition.

The spatially averaged microwave response of the resonator is
presented in Fig. 6.10. Upon laser excitation, an initial rapid re-
sponse is observed within 100 pns. The relative shift 0 is negative,
as the continuous-wave probing frequency is situated on the high-
frequency slope of the resonance; consequently, the thermally induced
redshift of the resonance peak results in a decrease in transmission
(see Fig. 6.10(b)). Following this initial onset, § continues to decrease
at a significantly lower rate.

To elucidate this two-step behavior, we examine five temporal snap-
shots showing §(z, y) captured during the periodic stimulus. These
images represent time-resolved maps of the local photothermal sus-
ceptibility. Immediately following the onset of irradiation (I), the
response is localized strictly to the meander. Since the central con-
ductor carries the highest current density (proportional to the quality
factor), it exhibits the highest sensitivity and yields the fastest re-
sponse time. This characteristic timescale likely scales as a?/D, where
a denotes the beam waist and D is the thermal diffusivity.

After 185 us (IT), the susceptibility of the meander reaches satu-
ration, while the edges of the ground plane, characterized by lower
current densities, begin to emerge. 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 [98], where g is
the gap between central track and ground plane, and w is the width
of the central track. By the conclusion of the heating phase (III),
the central conductor remains saturated, whereas the ground plane
exhibits a pronounced susceptibility. This suggests that over these
extended timescales, heat deposited in the middle of the ground plane
diffuses through the substrate to the central conductor, resulting in a
delayed contribution to the reconstructed signal.

This interpretation is further supported by the dynamics observed
immediately following laser extinction (IV): the susceptibility of the
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central conductor decays rapidly, while the signal from the ground
plane persists. This behavior demonstrates a clear phase delay gov-
erned by the finite thermal diffusivity of the system. Finally, the cycle
concludes as heat dissipates through both the film and the underlying
substrate.

Modeling

To substantiate these claims, a modeling approach analogous to that
described in Sec. 6.1 was implemented. This model relies on the
principle that the resonance frequency of the resonator is determined
by the total capacitance and inductance of the device. Because the
inductance contains a kinetic contribution from the superconduct-
ing condensate, its value depends directly on the local temperature.
Furthermore, the magnitude of the resonance frequency shift is pro-
portional to the current density circulating through the regions of
varying kinetic inductance. Consequently, local temperature fluctua-
tions in areas supporting negligible current density yield no observable
effect on the global response, and conversely. This rationale moti-
vates the introduction of a convolution product between the local
current density and the spatial temperature profile induced by the
laser. To implement this, COMSOL Multiphysics was employed to
simulate the time-dependent temperature profile generated by the
laser illumination. The numerical simulation modeled a 500 pm-thick
LSAT slab (with parameters k = 1.5 W/mK, C, = 200 J/kgK, and
p = 6740 kg/m®) thermalized to 30 K at the bottom surface. Those
parameters were optimized to match the experimental response of the
sample. Unfortunately, little thermal properties measurement for this
particular substrate were found in the literature [185].

Focus on the delayed response

To conclude the analysis of the time-resolved response, we focus
on the slight delay that develops between the excitation and the
response when the laser is positioned far from the sensitive regions.
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As recalled in Sec. 4.2.2; the harmonics of the square-wave input all
propagate at different speeds and are damped exponentially more
strongly at shorter wavelengths (i.e., higher harmonic excitations).
This progressively distorts the response, which evolves from a square
wave into a sawtooth and eventually retains only the fundamental
sine component. Moreover, the differing phase velocities introduce a
delay between the temperature extrema close to the source and those
far from it.

Fig. 6.11 reproduces a snapshot of the resonator response intro-
duced above, while its normalized local response, probed as a function
of time in several regions, is shown in Fig. 6.11(b). The light-blue
region is measured within the resonator meander, where the response
most closely follows the excitation. The farther the probing point
lies from the sensitive regions, the more the waveform is distorted,
gradually adopting the shape of the intermediate regime presented in
Fig. 4.4.

We next turn to the delay between the switching on of the laser
and the maximum of the response. Fig. 6.11(c) maps this delay,
extracted for each pixel from the time-resolved response. This delay
is obtained by fitting the response with an empirically chosen periodic
saturating-exponential function with two characteristic timescales:
a short one accounting for the rapid variations, and a longer one,
of the order of the total period, accounting for the global response.
When the laser is parked at the center of the meander, the delay is
virtually zero, since the response is synchronized with the excitation.
As the illumination point moves deeper into the ground plane, toward
the center of the image, a delay builds up, visible in the dark-blue
curves of Fig. 6.11(b), amounting to a few percent of the total cycle
time. Cross-sectional profiles of this delay as a function of distance
r are shown in Fig. 6.11(d), where r = 0 denotes the point closest
to the meander half-turn. As expected, the delay increases as one
moves away from the current-carrying parts, and two distinct trends
emerge. The red cross-section shows a delay that first increases and
then reaches a plateau. This can be understood as follows: for values
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of r up to the meander radius, the distance to the nearest current-
carrying part grows, so the delay grows accordingly. Beyond this
region, the area most strongly affected by the laser is no longer the
half-turn but the straight portions of the resonator, whose distance
to the cross-section line remains constant as r increases; the delay
therefore saturates.

Conversely, the orange cut line measures the delay radially outward
from the center of the resonator. In this case, as r increases, the entire
current distribution of the resonator recedes from the probing point.
The delay consequently increases linearly, since the current-carrying
region reached first by the heat is the one located at r = 0. Fitting this
delay with a linear law yields a propagation speed of 307 £ 4 pm /ms.
As noted in Sec. 4.2.2, although heat itself does not propagate like
a wave, its modulation does. The speed at which the fundamental
propagates, given by v = v/2Dw, is, to first approximation, the one
that gives rise to the measured delay. The higher harmonics are
neglected here, as they are damped more strongly and thus contribute
less to the delay.

From the above expression for the speed of the fundamental har-
monic, a diffusivity of 41.7 + 1.2mm? /s is found. This value differs
markedly from the one used in the COMSOL simulations presented
above, D = k/pC, ~ 1.1 mm?/s, being about a factor of 40 larger.
Such a discrepancy is nonetheless unsurprising, as the present prob-
lem is considerably more complex than the model used to describe
it. As noted earlier, all interfacial thermal effects were neglected in
the modeling, and the parameters were optimized to reproduce the
experimental response as closely as possible. As a result, the values
obtained should be regarded as effective quantities rather than as
absolute, metrological measurements.

Care must be exercised when interpreting these results. The
probed quantity is the global shift of the resonance frequency of the
resonator, obtained while illuminating a spot orders of magnitude
smaller than the device itself. This minute spot generates a thermal
profile that extends well beyond its own size and takes time to diffuse.
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Over this diffusion length, several regions of the resonator are heated,
some of which may carry a high current density. It is, however, difficult
to disentangle the contribution of a strongly current-carrying region
heated only slightly from that of a moderately current-carrying region
heated substantially, as both may produce the same frequency shift.
In other words, the notion of sensitive region introduced earlier is
more of a conceptual construct than a rigorously definable quantity.

6.2.3 Conclusion

In summary, we propose an experimental approach to obtain time-
dependent scanning laser microscopy images by periodically illumi-
nating each pixel, collecting multiple harmonics with a tandem of
lock-in amplifiers, and then applying an inverse Fourier transform.
We first validate the technique by reconstructing the square-wave pho-
toresponse from an amplitude-modulated laser source. Subsequently,
we apply this method to image a standing wave at the fundamental
resonance frequency of a YBCO resonator as a function of time during
laser irradiation. Regions with higher current density are more sensi-
tive to local heating and provide a sizable photoresponse signal. The
contrast variation of the images over time reflects the spreading of the
thermal spot due to thermal diffusion, whose regimes are described by
the thermal-wave analysis of Chapter 4. In principle, this technique
permits estimation of the thermal parameters governing heat diffusion
while revealing the more thermally susceptible regions of the sample.
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Figure 6.11: (a) Response of the resonator 55 s after illumination. (b)
Time-resolved local response of the resonator. Each probed area is marked
in (a) with a rectangle. The response is normalized, and the reconstructed
photodiode signal is shown as a dashed gray line. The dark-blue curves, deep
in the ground plane, exhibit a pronounced delay between the switching of
the laser and the maximal response. (c) Delay extracted pixel by pixel from
the temporal response; the darker a region, the longer the time required
for the heat to propagate from that pixel and affect the global resonance
frequency. (d) Profiles extracted from (c) along a line in the central ground
plane (red) and along a line in the ground plane extending away from the
resonator (orange). The red curve tends to saturate because the probed
points remain within the resonator structure, between the parallel arms
of the meander, whereas along the orange line the delay increases linearly
with distance, as the probed point moves farther from all current-carrying
regions. A propagation speed is extracted from the linear fit of the orange
data, shown in gray.



Chapter 7

Steering Magnetic Flux with
Laser-Induced Periodic
Surface Structures

The preceding chapters have shown that penetrating magnetic flux
is, almost invariably, detrimental to the performance of a supercon-
ducting device: in the NbTiN resonators of Chapter 5, vortices and
thermomagnetic flux avalanches affect the resonance frequency and
degrade the quality factor. The natural response, pursued there, is
to keep the magnetic flur out. This chapter takes the complementary
stance: rather than merely excluding flux, we wonder whether its
penetration can be actively steered, so that flux is guided along, or di-
verted away from, chosen regions of a superconducting film. The tool
used to achieve this is a purely topographic one, namely laser-induced
periodic surface structures (LIPSS), and the physics is read out with
the same magneto-optical imaging (MOI) technique developed in
Chapter 3.

Custom-shaped magnetic flux guiding channels are fabricated
on superconducting Nb thin films by laser nanopatterning of their
surface. Preferential pathways are defined by suitably combining
imprinted anisotropic pinning domains through LIPSS. Generated by

123
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the selective energy deposition of femtosecond UV laser pulses, quasi-
parallel ripple structures form under optimized irradiation conditions;
on average, each domain is composed of grooves with a lateral period
of 260270 nm and a depth of about 80 nm. By combining scanning
and transmission electron microscopy, magneto-optical imaging, and
conductive atomic force microscopy, we conclude that the boundaries
of the LIPSS-covered domains play a prominent role in the magnetic
flux diversion process within the film. This is confirmed by dedicated
modeling of the flux dynamics, combined with the inversion of the
magneto-optical signal. The created metasurfaces enable control of
the flux penetration process at the microscale.

A note on the origin of this chapter. This chapter is adapted from
E. Martinez & N. Lejeune et al., “Laser engineered architectures for
magnetic flux manipulation on superconducting Nb thin films” 77|,
and builds directly on the laser-nanostructuring study of Badia-Majos
et al. [198], from which the anisotropic critical-current picture is
inherited. The magneto-optical imaging technique and the Biot—
Savart current-density inversion used throughout are developed in
Chapter 3.

Personal contribution. The Nb thin films were deposited in Liége
and subsequently laser-nanopatterned at the University of Zaragoza,
where the critical-state modeling of the anisotropic flux dynamics
was also developed. I carried out the magneto-optical imaging of the
architectures presented here, as well as the Biot—Savart inversion of
the magneto-optical signal into current-density maps on which the
interpretation rests. The analysis of the flux penetration and diversion
mechanisms was led by myself, with the involvement of all co-authors.
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7.1 Introduction

The manipulation of electromagnetic (EM) fields plays a prominent
role in the development of cutting-edge technologies, in particular
within the field of microelectronics. Of special mention are the su-
perconducting circuits for quantum computation and magnetic sens-
ing [199,200], the nano-magnet based logical circuits [201,202], and
the so-called fluxonic devices [203-206], that may host conceptual
breakthroughs in computer engineering. Switching the system from
one state to another and reaching enough sensitivity require control of
the applied magnetic fields in the submicron scale, a target that may
be achieved by superconducting nanoarchitectures. Although all these
applications take advantage of many properties related to the super-
conducting state (zero dissipation, fast switching velocities, magnetic
flux quantization), one must also face a variety of shortcomings. In
particular, let us mention that the nucleation of quantized magnetic
flux units (vortices) [53] may become highly detrimental when they
penetrate in the form of catastrophic flux avalanches. This has been
observed in the superconducting radio-frequency resonators [28,42]
that are the subject of Chapter 5, where such avalanches were shown
to trigger abrupt jumps in the resonance frequency. Other issues to
be accounted for relate to geometrical effects, highly relevant due to
the quasi-2D nature of the integrated technologies. Thus, finite size
effects with the concomitant demagnetizing fields or the rapid spread-
out of field with distance require dedicated consideration if either field
concentration or shielding in a targeted area is to be achieved.

Focused on superconducting technologies, the idea of guiding mag-
netic fields by using artificial structures acting as flux rails comes from
aged contributions [207-210| showing that, in thin samples, perpen-
dicular magnetic flux vortices tend to be guided along microstructural
features such as grooves in grated structures. Characteristic grating
(line separation and depth) must be in the submicron scale, since
the basic underlying physical principle is the reduction of vortex-
line energy, being their typical dimensions in the range of tens or
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few hundreds of nanometers. More recently, the advent of powerful
nanofabrication techniques has allowed a further development and
deployment of this concept. For example, uniaxial nanogroove struc-
tures have been used to demonstrate the transition from isotropic
to anisotropic flux penetration regimes by tuning up the working
temperature [211] and a DC-tunable microwave low-pass filter has
been achieved by the construction of asymmetric nanogroove mor-
phologies [205]|. Taking a step further, here we put the focus on the
extension of the magnetic flux guiding process along quasi-2D channel
architectures, i.e. on the fabrication of pathways enabling the manip-
ulation of the magnetic flux piercing the superconducting film, either
by concentrating or diverting it from a specific area of the device.
Superconducting Nb thin films have been selected for this study for
their favorable properties (highest T, of elemental superconducting
materials, type-II, widely used and grown worldwide) and technologi-
cal relevance. Nb finds applications in planar resonators [28|, particle
accelerators [212], etc., for which relevant physical effects could be
affected by surface nano-structuring. The application of surface tai-
loring technologies to materials with higher complexity, in particular
to the high-temperature superconductors studied in Chapter 6, is still
a challenge to be addressed in future research.

Our proposal relies on a one-step processing approach that func-
tionalizes the material by modulation of its surface topography in
the submicron scale. Taking advantage of recent progress in laser
technologies for material processing, one may induce corrugation of
surfaces with control over: (i) the lateral periodicity, (ii) the depth,
and (iii) the local orientation of the topographical grooves, all these
with minimal alteration of the material itself. In fact, direct laser
processing enables a versatile matter manipulation via irradiation with
ultrashort (femtosecond) controllable laser pulses. Remarkably, owing
to the intrinsic thermalization processes related to the interaction of
matter and ultrafast laser pulses, one gets rid of unwanted heating
effects [213]. Therefore, material structure preserving modifications,
such as the good match between film and substrate, are allowed. In
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particular, this processing method has been used to produce quasi-
parallel surface patterns, the so-called Laser-Induced Periodic Surface
Structures, LIPSS. Often termed simply “ripples”, LIPSS are a univer-
sal phenomenon that manifests during the laser processing of solids
upon irradiation with coherent laser radiation [214-216|. Hitherto, it
has been applied to different materials and for different functionalities
such as iridescence of surfaces, wetting control (hydrophobic-philic
surfaces), medical cell growth or tribological uses. Details on these
applications may be found in Refs. [217,218]. Phenomenologically,
quasi-periodic arrangements of rippled lines or other surface features
with spatial periods A of the order of the irradiation wavelength A
or even far below are formed in “self-ordered” ways after multiple-
irradiation events in the focus of the pulsed laser beam. LIPSS
arise from coherent optical scattering and (intra-pulse) interference
effects at nanoscale surface defects along with subsequent positive
(inter-pulse) feedback [217,219]. Even if the seeding of LIPSS always
arises from electromagnetic effects, subsequent matter-reorganization
(e.g. via thermal melting and hydrodynamic effects) may additionally
affect the final surface topographies [216,220-224|. LIPSS, being
already present in the laser irradiated spot, can be “coherently linked”
together [225] via laser beam scanning approaches for covering the
desired macroscopic surface areas.

For the metal niobium, different types of LIPSS were reported
in the literature. Most prominently, so-called low spatial frequency
LIPSS (LSFL) with periods A\/2 < A < X form in the direction
perpendicular to the linear laser beam polarization for sub-ps laser
irradiation [226-229]. Tt is generally accepted that the LSFL originate
from coherent scattering and interference effects of the incident laser
radiation at the microscopically rough surface, eventually leading to a
spatially modulated absorption of the optical radiation. For suitable
optical properties of the irradiated material, this may include the
excitation of Surface Plasmon Polaritons (SPPs) [216]. Moreover,
Pan et al. reported the formation of high spatial frequency LIPSS
(HSFL) with 290-350 nm sub-wavelength spatial periods (A < A)
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being parallel to the laser beam polarization, upon irradiation with
near-infrared laser radiation (A = 800 nm) using pulses with a duration
of 100 fs [226].

Outstandingly, the pulsed-laser irradiation technique offers impor-
tant advantages with respect to alternative methods such as heavy
ion irradiation, nanolithography or chemical routes. In particular,
it is eco-friendly, scalable and efficient, allowing large surfaces to be
covered within a short time, and it has the possibility to tailor the
pinning landscape at will and with high resolution. Furthermore,
the presence of undesired chemical reactions, such as oxidation of
the metal film, may be avoided by performing the process under a
controlled inert atmosphere.

As a matter of fact, it is known that the morphological transfor-
mation of superconducting Nb induced by laser patterning gives way
to conspicuous anisotropy in its electromagnetic response [198,227].
In the case of thin films, LIPSS induce a noticeable anisotropy factor
Jej/Jer in the ratio of the critical superconducting current densi-
ties flowing either parallel (.Jj) or perpendicular (J) to their direc-
tion [198]. Thus, the electric current density J flows preferentially
along the LIPSS ridges. In addition, recalling that in type-II supercon-
ductors, flux penetration takes place in the form of incoming vortices
(magnetic flux quantum units, i.e. @,) boosted by the Lorentz-like
force and restrained by the pinning barriers, defined by the topo-
graphical undulations themselves, one straightforwardly finds that
flux preferentially penetrates along the LIPSS.

In this chapter we explore the magnetic flux guiding capacity
induced by imprinting conjoined domains of surface LIPSS with ap-
propriate orientations so as to control locally the critical current
density. We will always refer to LSFL-type LIPSS for which the
laser processing parameters were optimized. Dedicated simulation
studies based on the Nb optical response confirm this working hy-
pothesis (not reproduced here; see the supplementary materials of
Ref. [77]). Nanocrystalline Nb thin films deposited on a silicon wafer,
with initial thickness of 200 nm, were processed with an ultraviolet
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pulsed laser (343nm wavelength, 238fs pulse duration). The flux
channeling effects and their physical origin in these 2D structures
are studied by magneto-optical imaging (MOI), together with the
data inversion techniques introduced in Section 3.3.2 applied to the
experimental profiles, and analyzed in terms of the critical state model
(CS model) [230,231] for the penetration of magnetic flux in type-
IT superconductors. Scanning and transmission electron microscopy
(SEM, TEM) as well as topographic and conductive atomic force mi-
croscopy (AFM & cAFM) data are used in order to verify the surface
topography, and to analyze the correspondence between topographical
characteristics and magnetic flux profiles. Global superconducting
properties of the laser processed films are characterized by SQUID
magnetometry.

7.2 Materials and Methods

7.2.1 Fabrication

Film deposition and sample shaping

Thin films of Nb with a thickness of 200 nm were deposited onto
Si /Si04 wafers, using radio-frequency magnetron sputtering. The Nb
physical vapor deposition was conducted at a rate of 0.1nm/s under
an Ar pressure of 5 Torr, after pumping down the chamber to a base
pressure of 4 - 10~ Torr.

Before laser patterning, 4 x 4mm? samples were laser-cut using a
pulsed green laser (Light Conversion, Vilnius, Lithuania, model Car-
bide CB3-40W, A\ = 515 nm, 7, = 249 fs) working at a pulse repetition
frequency fiep = 10kHz and a laser scanning speed of 5mm/s. Subse-
quent to the cutting process, the samples were ultrasound cleaned in
isopropanol for 15 min.
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Laser patterning

For the surface nanopatterning of the thin film, the above described
laser with a wavelength of A\ = 343 nm was used, along with a pulse
duration 7, = 238fs. At the working distance, the output laser
beam exhibited a spatially Gaussian energy profile with an elliptical
spot, where 1/e? beam diameters were 2a x 2b = 36 x 60 pm?. An
optimization process was performed in order to determine the laser
parameters for sample processing, resulting in pulse energies in the
range 3.40-3.98 nJ, laser scan speed of 125 mm/s, pulse repetition
frequency frep = 20kHz, and distance between scan lines of 8 pm, for
the different samples under study, and in a controlled Ar atmosphere
(under gas flow in an open chamber). The inert atmosphere was used
in order to minimize the effect of oxidation processes that lead to
perceptible reductions of the critical temperature 7. [198], not to
mention the contribution to remove possible debris particles through
the gas flow. The laser scan speed and the distance between scan
lines were carefully selected for the above levels of pulse energies for
obtaining a nearly uniform nanostructure distribution in the Nb thin
film scanned area. A basic sketch of the laser-patterning process is
included in Fig. 7.1. We notice that, in all cases, the beam scanning
direction was parallel to the polarization of the beam. This relative
orientation is not critical for the generation of LIPSS, although it may
have effects on the overall morphology (specifically on their length)
according to previous studies in other materials [232]. Then, in order
to avoid data dispersion we were careful to keep the angle constant
throughout the treatments.

In order to create the various patterns considered, subsequent to
the calibration process, spatially resolved laser treatments were per-
formed. Subsequently, the sample was rotated precisely by 90° using
a goniometer and a home-made setup. Laser treatments were then
conducted on the non-treated areas to produce LIPSS perpendicular
to those generated previously, achieving the desired pattern. Finally,
in order to obtain a centered pattern, as well as to avoid boundary
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Figure 7.1: Sketch of the laser irradiation process. (a) The laser beam
scans over the film surface, with its linear polarization aligned with the
scanning direction. The corrugation of the surface emerges perpendicular
to this direction. As sketched in (b—d), complex domain structures were
created from the pristine sample (b) by using a two-step process according
to pre-established configurations. This particular example corresponds
to the sample that will be named after top-hat. Firstly, some selected
areas were irradiated to generate LIPSS parallel to the orange segment (c).
Secondly, the sample was rotated 90° and then (other) selected areas were
irradiated to create LIPSS in the orthogonal direction, i.e. parallel to the
green segment (d). Plain gray corresponds to non-irradiated areas while
stripped areas are indicative of the laser-scanned parts.
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effects due to imperfections in the cutting process, an additional laser
treatment was applied aiming at the removal of Nb in excess, with
inner dimensions 3 x 3mm? by applying an average power of 1.35 W
to the original 4 x 4mm? platelet in a two-fold process. In brief, we
end up with a perfect square-shaped film area with aligned LIPSS
morphology, surrounded by a small inert frame of uncoated substrate.

7.2.2 Microstructural characterization

SEM and TEM analysis

Surface characterization was carried out using a MERLIN field-
emission scanning electron microscope (FE-SEM) (Carl Zeiss in Jena,
Germany), equipped with an energy dispersive X-Ray spectroscopy
(EDS) system from Oxford Instruments (Abingdon, UK). The FE-SEM
was operated at 5kV and utilized secondary electron (SE), in-lens, and
energy-selective backscattered (ESB) detectors. Cross-sectional TEM
images were taken with a Tecnai F30 microscope of FEI (Lincoln, NE,
USA). With this aim, several lamellas were prepared using a Focused
Ion Beam (FIB) in a Dual Beam Helios 650 apparatus of FEIL. Prior to
the FIB-lamella extraction, samples were coated with C-Pt protective
layers.

Atomic force microscopy (AFM and cAFM)

Atomic force microscopy measurements were performed with a scan-
ning probe microscope (SPM) Ntegra Aura system of NT-MDT at
room temperature in order to analyze the LIPSS topography. Quanti-
tative local electrical resistance measurements were also performed
at room temperature using the c-AFM mode of a CSI Instruments
Nano-Observer AFM. The analysis of the AFM measurements as well
as the 2D-Fast Fourier transforms from SEM images were carried out
using Gwyddion software.
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7.2.3 Magneto-optical imaging

The magnetic flux penetration along the laser-patterned areas was
visualized by the magneto-optical imaging (MOI) technique, whose
physical principle, cryogenic setup, and calibration are described
in detail in Chapter 3. In brief, the local out-of-plane flux density
B, (x,y) at the sample surface is mapped through the Faraday rotation
imprinted on linearly polarized light traversing a Bi:YIG indicator
placed in direct contact with the sample. The 3.5 pm-thick Bi:YIG
active layer, epitaxially grown on a 450 pm-thick Gd;Gas;O12 (GGG)
substrate and backed by a 100 nm Al mirror, converts the field dis-
tribution into an intensity map recorded by a CCD camera. Since
no radio-frequency excitation is involved here (in contrast to the
resonator study of Chapter 5), the standard mirror-backed indicator
is used without restriction.

7.2.4 Magnetic characterization

The complex AC susceptibility, xac(7"), with in-phase x’ and out-of-
phase x” components, was measured at zero DC magnetic field and
AC drive magnetic field (sine wave of amplitude p,h, = 10T, and
frequency f = 10Hz) in a SQUID magnetometer (MPMS-5T from
Quantum Design, San Diego, CA, USA), in order to determine the
superconducting critical temperature T, of the samples, using the
onset, of diamagnetism criterion. In pristine films we found 7, = 8.9 K,
while laser treated samples show a reduced value T, = 8.7 K.

All magnetic measurements were performed on the above described
square samples with the magnetic field applied perpendicular to the
surface and after zero-field cooling. For each measurement, a reset of
the superconducting magnet was performed previous to sample cool
down in order to eliminate the remnant magnetic field.
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7.3 Critical-state modeling of the anisotropic
flux landscape

Magnetic flux penetration in the laser patterned Nb samples has
been simulated by a numerical extension of the CS model in type-II
superconductors. In its original form [230,231], the model postulates
the criticality condition J(x) = 0,+J, for the circulating current
density within the superconductor in 1D geometry (slabs and long
cylinders). In its simplest form J., the so-called critical current
density, is a material dependent parameter. Then, the actual magnetic
field profile is established by integrating Ampére’s law, implementing
boundary conditions on the sample’s surface and implicitly applying
Faraday’s law for choosing the 4+, — or 0 option. As a result, one
obtains the actual flux penetration profile for an arbitrary route of
the excitation field. In brief, this model is physically meaningful for
type-II superconductors with strong flux pinning mechanisms. Then,
the magnetic flux profile is basically determined by postulating the
maximum gradient law (J(z) = 0,+£J.). This scenario is valid as
long as the sample is well penetrated by “anchored” flux tubes and
thermal agitation is negligible. In our experimental conditions (low
temperatures and fields in the range of mT) both conditions are
satisfied. In fact, for the case of flat samples, flux penetration occurs
for fields well below H,,, i.e. Hypny = He+/0.36¢ [233], with ¢ the
platelet aspect ratio (=~ 7 x 107 in our samples). On the other hand,
the CS model will be used in upgraded form (2D model geometry
for thin films in perpendicular field [234]), which is also justified by
the small value of (. In this situation, not only the sign, but the
local orientation of the current density is unknown at each point. In
the quasi-steady regime, the electromagnetic problem is solved by
taking benefit of the divergenceless property of the current density
together with the negligible sample thickness d. As in the Biot—Savart
inversion of Section 3.3.2, these conditions allow the problem to be
posed in terms of a scalar function, here the streamfunction o(z,y)
that relates to the surface current density (averaged over thickness)
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by K = —2 x Vo [235], being

/2
K(z,y) = / J(x,y)dz. (7.1)

—d/2

Finally, the application of Faraday’s law together with the super-
conducting material law is accomplished by an optimization prob-
lem [234,236]. One has to minimize the functional

Flow] = % / /Q {VUnH("")'VUnH (') Vou(r) - Vou (r)

r =]l [ — |

+4m (HP™ — HP") / Opt1(r)dr
Q

with (2 the surface of the film, H®»" the z—component of the applied
external field, and the subindices n and n + 1 used to indicate two
successive time layers. The superconducting material law (action of
barriers for the flux dynamics that are codified by the critical value
K. = J.d) enters through a restriction function that accompanies the
minimization process and models the anisotropic and local character
of the current density. In our case, related to the preferential flux
slippage along given directions, it takes the form

K

=+ K} < K?, (7.3)
with K, K, the current density components either parallel or per-
pendicular to the “easy direction” defined by the LIPSS at a given
point. Minimization is performed step by step, adapting the response
of the sample to the external excitation process. Anisotropy and
inhomogeneity are introduced through the local parameter values
I'(z,y) = K /K... Further details concerning the background and
numerical implementation of the model (MATLAB encoded) may
be found in [198]. In particular, as explained in that reference, the
critical current parameter of Nb is better described as a function of

drdr’



136 CHAPTER 7. STEERING MAGNETIC FLUX WITH LIPSS

the local field, i.e. K. = K[l + B/B,]"2 In this work, this property
acquires relevance because flux is purposely concentrated in particular
spots. In fact, such dependence produces more realistic predictions of
the measured electromagnetic quantities.

The reconstruction of the experimental current-density stream-
lines from the measured B,(z,y) maps, used below to validate the
simulations, follows the FFT-based Biot—Savart inversion described
in Section 3.3.2 and Box 3.2. The superconducting film thickness
and the sample-to-indicator distance, which set the inversion kernel,
were 200 nm and 10 pm, respectively. As the superconducting sample
covers most of the imaging area, the images were numerically ex-
tended by padding them with the value of the applied field so that the
total image size is three times the original one. This leaves a region
3mm wide where B, = u,H, all around the sample, discouraging the
inverted current lines from flowing through the periodic boundaries
created by the Fourier-based technique and thereby ensuring that the
current lines form closed loops.

7.4 Results

7.4.1 Tailoring Nb thin films: laser-processed meta-
surfaces

Taking advantage of the observed anisotropy of the critical current
density J. for these laser-patterned samples [198|, we designed and
fabricated proof-of-concept structures aimed at controlling the mag-
netic flux penetration in the superconducting state (Fig. 7.2). In this
figure, we sketch the line-wise meandering laser scanning protocol
and the analyzed laser-patterned designs. The targeted orientation
of the LIPSS domains is obtained by commanding the laser beam
polarization direction (Fig. 7.1). As shown in Fig. 7.2a—c, basically
parallel groove nanostructures are achieved which, on average, display
a lateral spatial periodicity of ~ 260-270 nm, and a depth (from crest



7.4. RESULTS 137

to trough) of ~ 80 + 15nm. Further details on the experimental char-
acterization of the emerging LIPSS spatial frequencies, and on their
theoretical simulation from the optical properties of Nb, are given in
the supplementary materials of Ref. [77].

Conceptually [198], by using LIPSS, one might divert the nat-
ural tendency of the magnetic flux penetration, otherwise strongly
influenced by demagnetizing effects in 2D geometry. The tested
featured designs are (by order of complexity): (i) the fringe struc-
ture in Fig. 7.2d, aimed at the channeling of magnetic flux along
the central line of pristine Nb, (ii) the cross geometry (Fig. 7.2¢)
aimed at “compensating” the preferential penetration of magnetic
flux along the center of the film sides, and (iii) the top-hat geometry
(Fig. 7.2f), a specific pathway for the penetration of magnetic flux,
constructed by defining a structure of magnetic domains on the film
surface. This design aims to “guide” the penetration of flux along a
tailored path, which is flanked by parallel ridges of the LIPSS in the
neighboring laser-patterned domains (expectedly confining the flux
dynamics within the path by hindering the penetration perpendicular
to the LIPSS). For brevity, Fig. 7.2 shows specific instances for each
geometry, though equivalent designs with different sizes were also
tested.

7.4.2 Routing magnetic flux penetration
Magnetic flux channeling and diversion

In Fig. 7.3, we present direct imaging of the magnetic field landscape
obtained by the MOI technique, demonstrating the diversion of flux
penetration induced by texturing the sample with domains of properly
oriented LIPSS. Images correspond to two values of increasing out-of-
plane applied magnetic fields after zero-field cooling (ZFC) at a stable
temperature of T'= 8K for the fringe and cross-shape geometries.
According to SQUID magnetization measurements, this temperature
selection guarantees the restraint of the unstable flux avalanching
processes [237] that were shown in Chapter 5 to be a prominent effect
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Figure 7.2: Panels (a-b) show top-view SEM images of a LIPSS domain
observed by secondary electrons and in-lens detector, respectively, and
(c) a cross-sectional TEM image. The yellow double arrow indicates the
laser polarization. (d-f) show the geometries investigated in this work.
The domain structures in (e) and (f) were created by programming the
beam trajectories and rotating the sample by an angle of 90°, according
to the pre-established configurations as explained in Fig. 7.1. In the
three panels, plain gray corresponds to non-irradiated areas while stripped
areas are indicative of the laser-scanned parts. The transition between
pristine and irradiated zones, as well as the boundaries separating the areas
with different orientation of the LIPSS, are indicated. Small rectangles
point out boundary regions that were investigated in detail (as shown in
Section 7.5): BPL is for Boundary between Pristine & LIPSS regions and
BL for Boundary between LIPSS domains.
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well below T.

We notice that the fringe geometry displays a noticeably enhanced
flux penetration along the central channel (Fig. 7.3a,b), even beyond
the distance reached in the pristine region. In fact, as shown in
Fig. 7.3b, the LIPSS act as a barrier for the penetration of magnetic
flux. On the other hand, the transversal LIPSS structure in the cross-
shaped geometry “protects” the central part of the sides from the usual
enhanced flux penetration across that spot (Fig. 7.3c,d). These fea-
tures have been repetitively observed in a wide range of temperatures
(see the supplementary materials of [77]). In order to understand the
physical origin of the experimental behavior observed in MOI, we
carried out simulations of the penetration of magnetic flux. To that
end, we put forward theoretically predicted current density stream-
lines and related magnetic flux profiles that capture the principal
features revealed in the experiments (Fig. 7.3,i-1). In brief, numerical
simulations have been performed by a CS formulation [230,231], that
takes into consideration a non-homogeneous pinning landscape (as
described in Section 7.3). This coarse grained electromagnetic model
uses a conduction law whose main parameter is the so-called local
critical current density J. (maximum non-dissipative current density
allowed by the material at a given sample location). In terms of J., the
laser treated areas are simulated by using an anisotropy factor I, as
in Eq. (7.3), i.e. the ratio between the critical current density flowing
parallel (J,) and perpendicular (J.,) to the LIPSS, and relative to
the pristine Nb value. As sketched in the plot and justified below, here
we have used I' = 3, i.e. J, = 3J.. = 3J., with J, the original value
of the isotropic critical current density, characterizing the untreated
Nb film regions.

We note that our results indicate that the critical current density
is increased along the LIPSS (i.e. parallel to the LIPSS ridges), and
keeps its original value perpendicular to them. We also point out
that the ratio I' = 3, that produces good agreement with the MOI
observations, was obtained from the experimental discontinuity-line
criterion applied to our MOI experiments in saturated conditions (see
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Experimental
B, (mT)

Figure 7.3: Magnetic flux penetration and current density streamlines
in a laser patterned Nb film with the tailored fringe and cross-shaped
structures of LIPSS parallel to the sample’s perimeter. The experimental
MOI images (a—d) were obtained at the temperature T'= 8 K and for the
out-of-plane applied fields p, H, (mT) indicated on top. The reconstruction
of the current density streamlines based on the inversion of the recorded
magnetic flux density on top of the sample B, is also shown. Arrowheads
indicate the flow direction of the streamlines. The intermediate panels
(e-h) sketch out the anisotropic and inhomogeneous current density model
used in the simulations below. The lower panels (i-1) show theoretically
predicted current density streamlines induced in the film obtained from
the critical state model (see text), together with the related density plots
of B,(z,y). Normalized dimensionless units are used both for the applied
field and the resulting flux density (.J, is the critical current density and d
is the thickness of the sample).
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the supplementary materials of Ref. [77]).

Finally, it must be underlined that, in order to reproduce the
experimental observations, a reduction of the critical current density
within the boundary regions between patterned /unpatterned regions
has to be assumed (see Fig. 7.3e-h). In simple terms, the enhanced
flux penetration along the boundaries between the pristine and laser
treated areas is concomitant with the sag in the current density
streamlines. Such effect denotes a decrease in the modulus of the
circulating current density J because, in steady state conditions, the
separation between the streamlines is inversely proportional to J.

Notoriously, the phenomenological CS model (in particular, its
simplified numerical template) captures the main features of the
experiment, i.e.

(i) Magnetic flux penetration (darker areas indicate higher flux den-
sity) is preferential along the boundaries in between patterned
and unpatterned regions.

(ii) In the fringe structure, flux penetrates faster along the central
channel, followed by the penetration along the lateral boundaries
and the non-treated zones, and, eventually, along the central
part of the treated areas.

(iii) In the cross structure, the flux density on top of the untreated
square regions (corners of the sample) develops a deformed
pyramidal roof structure, with edges deviated from the diagonal
of the square.

(iv) Eventually, at higher magnetic fields, the magnetic flux reaches
the central area of the cross, by entering along the diagonal
boundaries between the domains.

(v) The flux density profiles within the patterned domains of the
cross develop a fish-like silhouette (Fig. 7.3d,1) that reveals the
underlying anisotropy, i.e. B,(x,y) penetrates faster parallel to
the LIPSS.
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Summing up this section, flux dynamics has been tailored by the
underlying pattern of isotropic/anisotropic LIPSS-covered areas and
their boundaries. Specifically, the natural trend in square platelets in
transverse field, i.e. the inhomogeneous penetration of magnetic flux,
mostly across the central part of each side [235], has been modified.
In the laser treated samples, flux is driven along the interfaces of the
areas patterned with LIPSS, that operate as principal flux distributors,
eventually followed by channeling along the LIPSS themselves when
flux enters the laser treated areas.

Steering magnetic flux: fabrication of pathways

Taking advantage of the above observations, we designed a surface
topography that combines neighboring laser treated and untreated
domains, acting as a magnetic hose for the flux penetrating in the
film, i.e. the top-hat structure sketched in Fig. 7.2f. Recall that the
targeted “magnetic path” combines the enhanced penetration along
the boundary lines and the hindered drift of flux across the flanking
ridges defined by the LIPSS.

We first concentrate on the laser-patterned surface domains. A
close inspection by SEM of the boundary regions indicated in Fig. 7.2f
is presented in Fig. 7.4. The microstructural detail around the channel
(Fig. 7.4a, region BPL) reveals a ~ 30 pm-wide band of, allegedly,
original Nb surrounded by a transition zone, that eventually connects
to the nanostructured area (the targeted gap between the centers
of the laser beam at the channel sides was 50 pm). The transition
band (10 pm-wide) displays an induced nanoscale roughness but no
pronounced LIPSS, which in fact start progressively forming beyond
this point and are aligned parallel to the channel. Here, it is impor-
tant to recall that in this case the laser beam scanned the sample
perpendicular to the channel, in a meandering bidirectional trajectory.
Therefore, the transition boundary is formed by the superposition
between the successive beginning/end points of the scan lines, and
may be affected by power delivery and beam acceleration issues related
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to the smaller overlap of the laser spot energy density profiles.

The morphological characteristics of the transition are similar to
those of the BPLs in the cross sample, but wider in that case (see the
supplementary materials of [77]). The difference stems from the fact
that, owing to the targeted arrangement of the LIPSS, for the latter
case the laser scan was parallel to the boundaries and the overlap
was smaller owing to the elliptic shape of the spot (see Section 7.2.1).
However, in both cases, the widths of the transition zones are of
the same order and always smaller than the semi-axes of the elliptic
Gaussian laser beam.

In fact, as described in Ref. [198], the formation of well-structured
LIPSS is a two-fold process strongly dependent on the initial profile of
energy density deposited by the laser beam and on its superposition
with the successive pulses in the scanning process. Consequently, a
well-defined boundary requires a precise overlapping strategy com-
promising the finite beam overlap and the precise allocation of the
sample’s rotation axis for the case of complex LIPSS-patterned do-
main geometries. With our setup, a mismatch of about 10-15pm
was achieved, and better and better results were obtained by a “trial
and error” strategy positioning the sample on the holder, limited by
the positioning and repeat accuracy of the motorized stages. More
advanced laser-scanner technology with full (“single-spot” (pixel))
control of polarization direction, scanning direction and scan velocity
is envisaged for the future.

The transitions of the surface topography in between domains with
different LIPSS orientations (spots BL1, BL2 and BL3) are detailed
in Fig. 7.4b-d. In the regions identified as BL1 and BL3, LIPSS of
the neighboring domains intersect around the orientational boundary
dividing them, as suggested by the highlighted discontinuous lines in
the images. On the contrary, in the zone BL2 there is a gap between
them, with a transition band similar to the one shown in Fig. 7.4a. By
comparing SEM and MOI images of this sample, the influence of the
different morphological characteristics of the intersections between
LIPSS domains on their superconducting behavior will be analyzed.
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Figure 7.4: SEM images of the boundary area BPL (a), BL1 (b), BL2
(c), BL3 (d) marked in Fig. 7.2 for the top-hat geometry. For each case,
different areas with different magnifications are displayed. Dotted white
lines are a guide to the eye for better visualization of the laser-patterned
domain boundaries. The colored bars indicate the microscopic orientation
of the LIPSS (orange: horizontal, green: vertical).
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Fig. 7.5 shows a selected set of MOI images obtained for the top-
hat path upon increasing applied magnetic field from 0 to 1.2mT
after ZFC down to 8.28 K.

Initially, flux enters the sample following the designed path, sym-
metrically from both sides. In fact, by closer inspection of the MOI
images around the path (see inset in Fig. 7.5 at 0.3mT), it is note-
worthy that the field is higher at the very boundaries than at the
central part. Then, at applied fields of 0.3-0.4mT the magnetic flux
pattern deforms properly, following the drawn path. However, against
expectations, upon further increasing the field, some flux leaks in
at the separation between some neighboring domains and eventually
leaks along the LIPSS. Leakage takes place:

(i) partly along the initial penetration direction, thus following the
boundary line (BL1) that separates two LIPSS domains (aligned
vertically /horizontally in its upper/lower side).

(i) for fields higher than 0.6 mT, flux also enters along the upper-
right large diagonal (BL2), again defined by boundary-lines
between orientational domains (Fig. 7.2).

Notwithstanding the above, the symmetrically disposed upper-
left diagonal (BL3) shows a perfect behavior; that is, the induced
supercurrents in this area of the sample allow appropriate shielding
of the magnetic field, avoiding leaks from the designed flux channel.

From the above, one may conclude that well-defined boundaries
are necessary in order to achieve optimum channeling conditions (as
revealed by comparison of the BL2 and BL3 zones), together with
some further considerations as deduced from the non-perfect behavior
in BL1. In Section 7.5, the flux penetration properties observed
by MOI and described phenomenologically by the CS theory will
be further connected to the laser-induced microstructural properties
through complementary experimental information.
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Figure 7.5: Magneto-optical images of the flux penetration process in the
top-hat channel described in Fig. 7.2f. The increasing values of the applied
magnetic field are indicated on the successive steps. The thin film was
zero-field-cooled to the base temperature of 8.28 K and field subsequently
ramped up. Darker areas correspond to the higher values of the local
magnetic field (basically along the top-hat channel), and are accompanied
by ramifications along the neighboring LIPSS in the boundaries between
orientation domains (compare to Fig. 7.2f). BPL, BL1-BL3 outline areas
around the boundaries between domains, with the presence of LIPSS with
different orientations that have been investigated in detail.
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Parceling magnetic flux

To this point, we have described the behavior of laser patterned
metastructures under monotonic increasing field processes for the
geometries sketched in Fig. 7.2. Below, we reveal a new feature
emerging under alternating field cycles. More specifically, we show
that by applying low frequency, i.e. < 100mHz AC cycles with
decreasing field amplitude, one may fabricate and store flux packets
of controllable size, consisting of alternating units of positive and
negative flux (see Fig. 7.6).

As shown in the upper panels, by virtue of a few number of cycles,
we achieve a rather robust structure of alternate positive/negative
flux segments within the channel, of size A controllable by the rate of
decrease of the applied field amplitude 0 H,. We notice that the forma-
tion of these chains is rather independent of the actual environment
surrounding the flanking LIPSS domains.

Again, from the physical point of view, the construction of these
regular alternating flux density profiles also finds an explanation in
the CS theory [230,231]. As shown in Fig. 7.6g,h, even the simplest
formulation (Bean’s model for infinite slabs in parallel magnetic field)
predicts a “saw-tooth” profile of positive and negative flux bits when
the applied field is cycled along the process Hy — Hy — H3; —
H, — Hs. For the more realistic 2D geometry accomplished in our
experiments with thin films, the structure within the channels flanked
by LIPSS domains is provided with high fidelity by the numerical
solution of the CS model as displayed in the panel i of Fig. 7.6.

7.5 Discussion

The results presented so far provide evidence of the successful achieve-
ment of magnetic flux diversion and channeling on superconducting
Nb thin films by an appropriate laser surface nanostructuring, in
particular as concerns the role of orientation domain boundaries. As
shown in Section 7.4.2, the actual microstructural modifications in-
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Figure 7.6: Magneto-optical images of the flur parceling process along the
channel of the fringe geometry (a—c) for different snapshots corresponding
to the “magnetization” protocol shown in panel (d). (e): the same for
the top-hat geometry. In the sequence (a—c), we used T/T, = 0.776, and
reductions of amplitude p,0H, = 0.2,0.1,0.05 mT respectively, whereas
panel (e) corresponds to T'/T. = 0.91, and p,0H, = 0.05mT. The same
color bar as in Fig. 7.5 was used. In panel (f) we plot the experimental “flux
packet” size A as a function of y,6 H,. Panels (g)—(i) depict the supporting
theoretical framework. (g),(h) display the flux penetration and current
density profiles induced by a demagnetizing process under Bean’s model
1D approximation, while (i) shows the expected flux density and current
density streamlines obtained through a numerical 2D model for a straight
channel structure.
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duced by the laser at the inter-domain frontiers are crucial for the
eventual behavior of magnetic flux. In particular, flux enters prefer-
entially along the rough transition regions between pristine Nb and
the domains of well-ordered LIPSS (BPL in Fig. 7.2f), and may be
conveniently expelled from those areas with neat transitions between
different orientations of the LIPSS (BL3 in Fig. 7.2f). This second
condition is nevertheless not sufficient, as one may notice by the flux
leakage along the boundary BL1 in Fig. 7.5. As a rule of thumb, the
“clean transition” requirement must be adjoined with a second basic
condition: within the flux-free areas, shielding current loops should
be allowed to flow with ease along shape-preserving paths following
the configuration of the channel. This basic property of every flux
screening distribution may be assessed from the observation of the
current density loops in Fig. 7.3, together with the improvement of
the behavior in the region BL1 by defining an oblique boundary, as it
is noticeable comparing Fig. 7.5 and Fig. 7.6e.

In order to further investigate the properties of the above men-
tioned “rough” transition zones that restrain the flux penetration
channels, additional experiments collected in Fig. 7.7 were performed.
Fig. 7.7a,b shows the MOI intensity decay with temperature mea-
sured in different zones of the fringe sample after field cooling to
the base temperature under an applied field of p,H, = 4mT and
subsequently turning the field off. This allows an estimation of
the local critical temperature, defined as the temperature where
MOI relative intensity reaches the constant value beyond the tran-
sition. As compared to the value of the non-irradiated zones in the
same sample, T istine, We Observe a small decrease in the LIPSS-
patterned regions, T¢. 1ipss/Te pristine ~ 0.975, which further reduces to
T transition/ L e pristine ~ 0.95 in all BPL boundaries. On the other hand,
cAFM measurements at room temperature across the magnetic flux
channel of the same sample (Fig. 7.7¢) indicate significant changes on
the measured contact resistance by tapping against the region around
the path.

The significant variations of the local electrical conductivity enable
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Figure 7.7: (a) MOI intensity decay as a function of temperature at
different zones (highlighted by squares in panel (b)), (¢) cAFM image at
room temperature around the magnetic flux channel of the fringe sample.
The graph shows the resistance measured along the line drawn in the image
above, (d) AFM images and corresponding line profiles near the flux channel
of the top-hat sample (consecutive scans over 10 x 3.5um? areas). TEM
images (cross-sections) of a non-patterned area (e) and BPL zone (f)—(g)
of the cross sample. Dotted lines are a guide to the eye. Yellow arrows
point to some grains featuring larger number of dislocations and defects.
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us to use the cAFM technique for mapping the different zones of the
analyzed samples with excellent correspondence to the magnetic flux
channels observed at low temperatures.

The topographical analysis around the magnetic fluz channels (see
Fig. 7.7d) reflects a progressive increase in surface roughness from
the channel in agreement with SEM images. It must be mentioned
that patterning occurs gradually, with an undefined spatial period
in the transition area until, eventually, self-organization initiates and
gives rise to the LIPSS. Note that the ripples near the boundary
have significantly lower depths than those inside the LIPSS-patterned
regions. Remarkably, the topographical changes observed by AFM
around the magnetic channel are an indication of underlying changes
related to the observed reduction of T, and implied decrease of J,.
observed by MOI. Whether these surface properties are the only
factor affecting superconductivity at the local level deserves further
investigation. For this purpose, the observation of cross-sectional
views of the full Nb layer at the regions of interest was addressed.
Reference lamellas were prepared from the transition zone in the
cross-shaped sample for TEM observation.

TEM images of the different zones are shown in Fig. 7.7e-g. In
all cases, we observed a perfect pairing between the Nb film and the
substrate, as well as the absence of cracks, thus ruling out detachments
or mismatch as the origin of the depleted superconducting properties.
We notice that the pristine area shows that the Nb layer is composed
by very small grains (size about 20-30 nm) which are basically disposed
in a columnar arrangement. In the transition zone (Fig. 7.7f), there
are small protrusions at the surface (in consonance with SEM and
AFM observations) and the film thickness decreases slightly (by 5—
10%). The TEM images of this area show that the influence of laser
is not restricted to the surface or to a very thin layer below it. On
the contrary, they reflect an increase in the number of dislocations
and defects (larger number of darker lines in the images), specially in
those grains pointed out by yellow arrows in the figure, in between the
small surface protrusions. The columnar disposition of grains is still
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clearly visible. In the transition region close to the LIPSS (Fig. 7.7g)
the disorder and number of defects further increases and the grain
columnar arrangement becomes less clear. Note also that there is
a small zone of ~ 25nm in depth, close to the Si-substrate, where
the grains are smaller. This zone remains apparently unaltered in all
the analyzed regions, even when the LIPSS are fully formed. It is
suggested that the important increase of defects in the grains of this
transitional band, which also features a nanoscale rough topography
on the surface, has an important influence on the superconducting
properties, resulting in a decrease of T, and J. values (in the low
magnetic field range used in MOI experiments).

7.6 Conclusions

The possibility of arbitrarily steering the penetration of magnetic
flux in superconducting chips through the control of surface morphol-
ogy has been demonstrated. Taking advantage of ultrashort laser
processing pulse technologies, we have tailored surface domains con-
sisting of oriented groove structures with submicron periodicity on Nb
type-II superconducting thin films. By irradiating the samples with
femtosecond laser pulses, we have found an expeditious, scalable and
ecologically friendly physical procedure that enables the formation of
metasurfaces useful for diverting, guiding or parceling magnetic flux
with density in the range of millitesla. Our main findings are:

e The orientation of surface ripples (LIPSS, type LSFL) within a
given domain produces an anisotropic magnetic field penetration.
In our case, the critical current density along the ripples is
enhanced by a factor I' = 3, as compared to the perpendicular
flow. This factor is obtained experimentally by comparing
the field penetration parallel/perpendicular to the arms of the
cross structure in Fig. 7.3, and has been used as a simulation
parameter that reproduces the experimental flux penetration
landscapes in a wide range of experimental conditions. As the
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physical counterpart, magnetic flux becomes trapped in the
valleys. Pictorially speaking, flux tubes as well as supercurrents
are guided along the grooves of the ripples, acting as rails, and
are restrained for perpendicular displacements.

e The boundaries between neighboring LIPSS orientation domains
as well as those between them and the adjoining pristine areas
play a major role in the penetration of magnetic flux. As shown
in Figs. 7.5 and 7.6, precise switching of the magnetic flux
penetration is achieved by defining neat flanks around the flux
path as well as between orientation domains in the targeted flux
protected areas. However, fuzzy transition zones in the internal
boundaries between the domains act as magnetic flux scatterers,
since the flux easily glides along these zones, eventually spreading
in the direction of the closest ripple structures.

e Alternating field operation has been tested and increases robust-
ness against imperfections in the focused topography. It is also
remarkable that stable and tunable flux packets within the flux
pathway are obtained by taking advantage of the flux pinning
property, together with the flanking barrier effects.

In order to achieve the targeted surface morphology, some critical
processing parameters in the laser treatment must be considered:

e The irradiation conditions must be adjusted in a typically large
spot overlap of adjacent laser irradiations so as to ensure the
material reconfiguration induced by the selective energy depo-
sition [198]. This implies a trial and error material-dependent
process ending up with a set of parameters (laser power, pulse
repetition frequency, scanning speed and overlapping between
different scan lines). Optimized values are given in Section 7.2.1.

e Magnetic flux hosing effects are improved by a combination of
enhanced superconductivity in the LIPSS domains and reduced
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parameters in the boundaries with untreated zones. This (ini-
tially unwanted) effect relates to the material nanostructure
induced at the end points of the laser beam scanning lines. In
these zones, we have observed an increased number of defects,
disorder, a noticeably higher resistivity at room temperature,
and clearly decreased superconducting critical temperatures T
as deduced from TEM, AFM and MOI local probes, respectively.
This picture is also consistent with a reduced critical current
density J. for consistency with numerical simulations of the
overall flux penetration features.

e The neat transition across the boundaries between orientational
LIPSS domains is crucial to allow supercurrent percolation and
flux expulsion within the protected areas. For this purpose,
a subtle combination of laser scanning conditions is necessary,
compromising the local energy profile of the beam and the super-
position of successive laser pulses over a given area. Well-defined
laser-patterned domain boundaries require good overlapping
among laser scans in different directions. At the same time, care
must be taken so as to avoid overtreatment, that ends up with
holes in the Nb film, and as a consequence with unwanted flux
penetration.

Finally, we recall that this fast (mm?/min) and scalable laser-
assisted technology for tailoring thin-film surfaces with selective mag-
netic field penetration may find applications in several fields such
as the enhanced shielding of superconducting chips by framing the
protected area with a band of LIPSS parallel to the surface, the func-
tionalization of monolithic superconducting metamaterials, vortex
diodes, guides, etc., or even the accomplishment of tunable supercon-
ducting/magnetic hybrid structures [238], which may find application
in superconducting microelectronics. In the specific context of this the-
sis, the LIPSS metasurfaces demonstrated here offer a complementary
route to the magnetic-field resilience strategies discussed for the CPW
resonators of Chapter 5: a peripheral band of properly oriented LIPSS
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could, in principle, frame the sensitive resonator area and divert the
penetrating flux, together with the accompanying thermomagnetic
avalanches, away from the high-RF-current edges.






Chapter 8

Conclusions and outlooks

This thesis sets out from a single premise: map locally the physical
parameter governing the phenomenon under investigation, and sub-
sequently confront the obtained map with the averaged observable
returned by a conventional global measurement. The parameter to
be mapped changed from chapter to chapter, from the magnetic flux
density to the screening currents that determine its penetration and
then to the radio-frequency current of the resonant mode. The ap-
proach remains the same. Each experimental chapter was an instance
of that methodology, and each answered one of the questions posed
in the introduction.

8.1 Summary of the main results

The instruments. Part of the work performed during this thesis
consists of instrumental developments rather than measurements.
Bother, technical accomplishments and data collection are reported
together since it is not always straightforward to separate them from
the results that follow: each of them constituted a milestone on the
quest to remove a specific obstacle that made one of the questions of
the introduction unanswerable, and none was undertaken for its own
sake.

157
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The first question could not even be posed properly. Deciding
whether the RF drive provokes avalanches requires monitoring the mag-
netic flux and the resonance simultaneously, since otherwise avalanche
activity has to be inferred from the very microwave trace whose in-
terpretation is in question. The magneto-optical setup was already
in place, but its indicator carries a metallic mirror in which induced
eddy currents both load the resonator and brake the avalanches them-
selves, suppressing precisely the delayed events that had to be counted.
Removing that mirror, and adapting the optical cryostat to accommo-
date a microwave line, turned an open question into an answerable
one.

The second question was hindered by the absence of the specific
tool able to address it. Identifying which regions of a resonator govern
its resonance frequency requires mapping the radio-frequency current
of the resonant mode, and no instrument capable of doing so existed in
Liege when this work began. The scanning laser microscope presented
in Chapter 4 was therefore designed, assembled, programmed and
calibrated over the course of this thesis, with that precise objective
in mind. Resolving the sample’s response in time raised a second
obstacle, since a static map hides the dynamics entirely. In order to
lift this obstacle, the multiharmonic scheme was developed on that
platform.

Revealing the erratic RF response produced by avalanches.
Chapter 5 combined magneto-optical imaging with microwave trans-
mission on NbTiN coplanar-waveguide resonators, first sequentially
and then simultaneously. The sequential measurements showed that
the erratic response of the resonance frequency to an applied field is
not noise but the superposition of four distinct regimes: magnetic
field screening, a magnetic perforation of the ground plane, avalanche-
dominated penetration, and a smooth flux removal terminating in
anti-avalanches. The threshold field for avalanche activity was ex-
tracted consistently from the magneto-optical images and from the
microwave trace alone, which establishes the converse of the thesis’s
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usual direction: a superconducting resonator is itself a sensitive, non-
invasive probe of thermomagnetic instabilities in its own film. This
is an interesting finding which could permit, for instance, revealing
the presence of flux avalanches in Al films (or other low-T, super-
conductors used in technologically relevant resonators) for which no
sub-Kelvin MOI has been developed.

Adapting the experimental setup to acquire both signals at once,
in the mirrorless configuration described above, sharpened this cor-
respondence into an event-by-event one and yielded three results
that sequential measurements could not reach. First, it settled the
long-standing question of whether the RF drive stimulates avalanches.
Within the linear Campbell regime, where the drive shakes vortices
without reconfiguring them, the effect is real but marginal. The drive
does not create avalanches, it only precipitates them: a stronger RF
amplitude breaks the metastability earlier, which is why higher powers
produce more frequent but smaller jumps. No excess activity appears
where the RF' current is largest, suggesting that an otherwise stable
configuration is not forced to enter an avalanche regime by the drive
alone. Second, tagging individual avalanches to individual frequency
jumps exposed the non-local character of the electrodynamics, since
an avalanche in one resonator, or in the feedline, shifts the resonance
of every resonator on the chip. This has a direct design consequence:
reinforcing pinning only where the vortex density is largest is at best
a partial remedy. Third, electromagnetic simulations showed that the
frequency shift produced by an avalanche scales with the square of
the local sheet current density and is governed by the avalanche’s
contact length with the conductor edge rather than by its area, which
identifies the edges as the regions to protect.

Identifying which regions of a resonator matter, and when. Be-
cause avalanches are difficult to trigger in high-7, materials, YBCO
constitutes a natural alternative platform to conventional supercon-
ductors. Chapter 6 accordingly turned to YBCO resonators, while
mapping a different local parameter: no longer the flux or the currents
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that screen it, but the radio-frequency current of the resonant mode
itself. In oxygen-deficient films, persistent photodoping was shown
to be slow, stable and non-diffusive, in sharp contrast with the fast
and highly diffusive bolometric response that is initially observed due
to laser heating. Exploiting that contrast, the microscope built for
this purpose mapped the local RF current density and resolved the
standing waves at both the fundamental resonance and the second
harmonic, identifying the regions that most strongly govern the res-
onance frequency. Because photodoping is reversible and spatially
selective, it also constitutes a way of modifying a resonator optically,
in contrast to the enhancement obtained by heavy-ion irradiation
which is permanent and precludes any subsequent comparison on the
same device.

The multiharmonic scheme then extended this mapping into the
time domain: collecting several hundred harmonics of a chopped
photoresponse with parallel lock-in amplifiers and inverting the Fourier
series pixel by pixel yields a dynamic response with few-microsecond
resolution, only limited by the highest measurable harmonic. The
time-resolved maps showed that the notion of a sensitive region is more
subtle than a static map suggests: the central conductor responds
almost immediately, while weakly current-carrying regions of the
ground plane contribute with a delay that grows linearly with distance
and persists after the laser is switched off. The response is therefore
neither instantaneous nor purely local, and the propagation of the
modulation yields an effective thermal diffusivity of the substrate as
a by-product.

Escaping the vortex losses dilemma by steering them. The
conventional remedy against field-induced losses is to immobilize
vortices with artificial pinning sites. However, this remedy sits in
tension with the mechanism identified in Chapter 5, since pinning
sites are known to favor avalanche triggering at low temperature. In
Chapter 7, we showed that flux can be handled differently, thus taking
the first step from diagnosis to design. Femtosecond laser pulses
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imprint on niobium films a metasurface of oriented submicron ripples.
Inverting the magneto-optical images into maps of the screening
currents shows that these ripples raise the critical current density along
their ridges by a factor of three relative to the perpendicular direction,
rendering the film electrically anisotropic and the flux penetration
correspondingly directional. The decisive finding, however, is that the
ripples are not the principal actors: the boundaries between orientation
domains are, acting as flux distributors along which penetration
preferentially glides. Exploiting this hierarchy, flux was channeled
along designed pathways, diverted away from protected areas, and
parceled into stable packets of controllable size. Exclusion is thus not
the only available strategy, and flux that cannot be kept out can be
rerouted.

The common thread. Taken in sequence, these three chapters
instantiate the trajectory announced in the introduction. Mapping
the flux revealed the mechanism hidden inside an averaged signal;
mapping the RF current localized the regions that are most vulnerable
and exposed their dynamics; mapping the screening currents, and
then patterning the surface, opened a route to steer the flux goes.
They also converge on a single device concept: a superconducting
resonator protected by the very laser-processing tools studied here
and diagnosed by the very mapping techniques developed here. The
remainder of this chapter reports a first, exploratory step toward that
goal, then outlines the work that remains.

8.2 Preliminary results on a converging ex-
periment: laser-machined resonators

The three techniques of this thesis meet in a single device concept:
a coplanar-waveguide resonator carved directly into a plain niobium
film by laser ablation, with no lithographic step at all. The long-term
goal is a resonator whose surface is covered everywhere with LIPSS,
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so that the flux-steering demonstrated on plain films in Chapter 7
is exploited across the whole device to prevent flux penetration and
stabilize the resonance frequency over a wider magnetic field range.
Laser machining is the natural route to such a device, but it comes
with an unavoidable consequence: ablating the resonator geometry
inevitably generates a narrow (~ 1pm) band of laser-induced periodic
surface structures along every etched border, and this band cannot be
circumvented. Since the screening currents crowd precisely at those
borders, the orientation of this border LIPSS relative to the meander,
parallel or perpendicular, is expected to influence the flux penetration
and the field resilience of the resonator from the outset.

This makes the logical first checkpoint not merely “can a resonator
be machined?” but rather “does the orientation of the unavoidable
border LIPSS already matter?” The study reported here is at exactly
this stage: four devices sharing the same meander geometry, two with
border LIPSS parallel (A-PAR and B-PAR) and two perpendicular
(A-PER and B-PER) to the meander. The machining conditions were
similar for all samples. Despite that, sample B-PAR did not present
any clearly trackable resonance, and the results are consequently
inconclusive at this early stage: the resonators cannot yet be machined
reproducibly with consistent resonance frequency and quality factor.

On the encouraging side, some laser-machined devices do resonate,
their temperature dependence is mutually consistent, and the DC re-
sistance between feedline and ground plane exceeds 1 M(2, confirming
that the ablation defines the resonator geometry cleanly. The best of
the four samples (B-PER) exhibits a quality factor of around 200, a
resonance frequency that can be tracked continuously under field, and
the field hysteresis expected of a type-II superconductor, strongly hys-
teretic at low temperature and vanishing near 7, as pinning weakens.
The temperature dependence of both the parallel and the perpen-
dicular samples further indicates that a high critical temperature is
maintained despite the aggressive machining. Laser machining, border
LIPSS and all, can therefore produce a superconducting resonator of
usable quality.
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Figure 8.1: Laser-machined niobium coplanar-waveguide resonators. The
three samples shown here are those exhibiting a trackable resonance, B-PAR
being excluded for not meeting that criterion. All three share the same
meander geometry, defined entirely by laser ablation of a plain Nb film,
and differ only in the orientation of the unavoidable border LIPSS relative
to the meander: parallel (PAR) or perpendicular (PER). (a) Temperature
dependence of the resonance frequency, confirming that the devices resonate
and behave consistently. (b) Resonance response under an applied magnetic
field for sample B-PER. The hysteresis at low temperature and the quasi-
linear dependence at high temperature are consistent with expectations.
(c) (resp. (d)) SEM images of the central track of A-PER (resp. A-PAR),
with LIPSS visible perpendicular (resp. parallel) to the border. The frame
colors match the legend of panel (a). (e¢) SLM image acquired on sample
A-PER. Here the gaps are brighter than the Nb because they absorb more
light and hence heat up more.
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The variability across the four nominally identical devices is, how-
ever, not yet understood, and it clouds precisely the orientation
question the experiment was meant to answer. With functionality
varying so much from device to device, the data do not allow the
effect of the border-LIPSS orientation to be separated from ordinary
fabrication scatter. Bringing this device-to-device spread under con-
trol is the prerequisite for answering the orientation question, and in
turn for the ultimate goal of a fully LIPSS-covered resonator.

Scanning laser microscopy of the best-performing sample confirms
that the mapping approach of Chapter 6 transfers to these low-T,
devices. The reflectivity contrast is reversed with respect to the
YBCO case, because niobium reflects more strongly than the Si/SiOs
substrate, so the conductor tracks now appear bright against a dark
background, the substrate heating up more than the superconducting
film. Despite this inversion, the carved meander is resolved sharply,
demonstrating the versatility of the scanning laser technique for
mapping RF currents in devices (see Fig. 8.1(d)).

8.3 Experimental limitations

The spatial resolution gained in this work is not obtained for free,
and three limitations should be kept in mind when reading the results
above.

The first is invasiveness. Magneto-optical imaging requires an in-
dicator to be laid directly on the device, and Chapter 5 quantified the
price: the indicator increases the effective permittivity and the dielec-
tric losses, shifting the resonance frequency and lowering the quality
factor. The simultaneous measurements are therefore performed on a
device that is measurably perturbed by its own diagnosis, which may
well mask a small RF-induced reduction of the avalanche threshold
field. Removing the metallic mirror, as was done here, suppresses the
eddy currents but not this dielectric loading, and the constraint is not
specific to magneto-optics: any technique placing a solid sensing layer
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on the device, quantum diamond microscopy [157] included, loads the
resonator in the same way. Genuinely non-perturbative imaging of
a resonator under microwave excitation therefore remains an open
experimental problem.

The second is resolution. The micrometer resolution of both
techniques is set by the optical wavelength and the sensor-to-sample
distance, and it is coarse compared with the superconducting length
scales, £ ~ 4nm and A ~ 400nm in NbTiN. Individual vortices are
never resolved here and what is measured is always a coarse-grained
flux density.

The third is interpretational, and it concerns the notion of a
sensitive region itself. What SLM measures is a global frequency shift
produced by heating a spot much smaller than the device, whose
thermal profile nonetheless extends well beyond the spot. A weakly
heated region carrying a large RF current and a strongly heated region
carrying a modest one produce the same shift, and disentangling them
is not possible from the map alone. The sensitivity maps of Chapter 6
are therefore best read as convolutions of the RF current density with
a thermal kernel, and the effective parameters extracted from them,
notably the thermal diffusivity, as effective rather than metrological
quantities. This limitation also indicates where the interpretation can
be improved. Modeling the heat diffusion in the film and the substrate,
and coupling it to an electromagnetic simulation of the resonant mode,
would give access to the thermal kernel itself. Deconvolving it from
the measured maps would separate the RF current distribution from
the thermal response, and would turn the diffusivity and the thermal
boundary conductance into quantitative estimates rather than effective
values. Developing such simulation tools is a natural continuation of
this work.
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8.4 Outlook

The microscope beyond this thesis. The scanning laser microscope
has already been used to investigate systems well outside the scope of
the preceding chapters, leading to two manuscripts in preparation.

The first application uses the microscope as a purely thermometric
probe on YBCO multiterminal devices. At fixed bias current, the
modulated local heating gives access to dR/dT pixel by pixel. Repeat-
ing the measurement across the transition and integrating numerically
permits reconstructing the local resistive transition, and thus yields a
map of the critical temperature itself rather than that of the current.

The second concerns micronetworks of silver nanowires, candidates
for transparent conductive materials. The current does not spread
uniformly over such a network; it concentrates along a subset of
percolating paths. The electrical photoresponse identifies the wires
that actually carry it, while reflectivity imaging reveals where the
network physically fails. Following both during electromigration shows
that the wires breaking first are those for which the current map had
singled out beforehand.

Extending the mapping techniques. The multiharmonic time-
resolved scheme of Chapter 4 is likewise not specific to superconduct-
ing resonators, and its time resolution is set by the highest measurable
harmonic rather than by any mechanical scanning speed. Adding
lock-in amplifiers in parallel, or improving the signal-to-noise ratio
at high harmonic order, translates directly into finer time resolution,
and the method transfers to any system whose global response can be
modulated by a scanned local perturbation. On the photodoping side,
reducing the laser spot size and increasing the scanning speed would
turn the proof of concept of Chapter 6 into a practical technique for
erasable laser-based scribing of superconducting circuits. The same
persistent photoresponse exists in other cuprates, such as oxygen-
deficient GdBayCu3z0, [180] and probably BisSroCasCuzOqg., [181],
and analogous persistent photoconductivity in oxides such as stron-
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tium titanate [182] and lanthanum aluminate [183] offers a natural
extension.

From steering to protecting. On the LIPSS side, the open question
raised by Chapter 7 is the microscopic origin of the boundary behavior:
whether the reduced T, and J, observed at domain boundaries stem
from the surface topography alone or from the underlying defect
structure revealed by TEM. Answering it would turn the empirical
recipe for flux guiding into a designable one.

For the converging experiment of Section 8.2, the immediate
priority is to explain the device-to-device variability. Scanning electron
microscopy of the trench borders should reveal whether the differences
between working and non-working samples originate in the ablation
quality, the trench profile, or the LIPSS band itself. In parallel,
magneto-optical imaging of the samples that were not wire-bonded
would allow the flux penetration of the parallel and perpendicular
geometries to be compared directly, isolating the role of the border
LIPSS from that of the incidental fabrication spread.

Once the fabrication is reproducible, the orientation question
can finally be answered cleanly: whether border LIPSS parallel or
perpendicular to the meander helps or hurts, and by how much.
A clear answer would then justify the ultimate step, covering the
resonator surface with LIPSS everywhere so that the flux-steering
of Chapter 7 acts across the whole device rather than only at the
machined borders.

Closing the loop. The structures of Chapter 7 steer flux on plain
films. Should they prove able to do the same on a resonator, steering it
away from the high-current edges, the loop running through this thesis
would close in a single device: scanning laser microscopy indicating
where a resonator is most vulnerable to flux, and laser-imprinted
LIPSS dictating how that flux is diverted. That device remains to be
built. The tools to build it, and to read it, have been assembled in
the preceding chapters.
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