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Abstract

The approach of inductively coupling the centre of mass motion of an AFM cantilever to a SQUID
microwave cavity allows for strong, in-situ tunable optomechanical coupling [1-5]. With such
a system, optomechanical cooling at the single microwave photon level has been demonstrated
[6]. Furthermore, it was shown that the SQUID’s intrinsic Kerr nonlinearity can be utilised
to enhance backaction cooling in the unresolved-sideband regime [7-9]. However, the sideband
resolved regime, which allows ground state cooling and exploration of macroscopic quantum
e [&dts [10], remained unattainable with the microwave cavity quality factor of only about 5-10°.

In this thesis, a new batch of frequency-tunable niobium SQUID cavities with intrinsic quality
factors of up to 35-10° was characterised. A fitting routine for the observed hysteretic frequency
tuning behaviour was worked out to determine the SQUID participation ratio and the flux
shielding parameter. Fitting high-power scattering data with an implemented routine allows
reliable extraction of the Kerr constant. The obtained parameters of the nominally identical
samples show a significant spread, with SQUID participation ratios varying between 0.27 % and
1.82 %, shielding parameters from 0.15 to 0.36, and Kerr constants at the flux sweetspot ranging
from 8 Hz to 250 Hz.

Despite the initial improvement in cavity quality factor, the losses introduced upon mounting
an AFM cantilever with a magnetic particle above the SQUID still place our system in the
sideband unresolved regime. We find that the doped silicon cantilever chip and the magnetic
particle with a bias field of up to 100mT are the main contributions to loss. These limitations
currently still preclude access to the sideband resolved regime.

We have considerably streamlined the assembly of such magnetomechanical devices. A mounting
stage custom-designed by L. F. Deeg significantly improved cantilever alignment and survival
rate and increased the yield of devices with adequate optomechanical coupling. We measured a
mechanical signature on four out of five prepared samples. We observe variations in mechanical
and cavity properties with thermal cycling and discuss possible explanations. Despite challenges
with thermalisation of the mechanical mode after moving the setup to a dilerent laboratory,
backaction cooling on a new sample is demonstrated with a single-photon coupling strength of
up to 0.24(3) kHz.

To isolate the mechanical mode from vibrations of the pulse tube cooler, the experiment is
suspended on a spring within the cryostat [9]. By implementing a mechanical heat switch and
annealed copper braids, thermalisation of the suspended setup was improved, enabling faster
thermal cycling.







Kurzfassung

Der Ansatz, die Bewegung eines AFM-Kantilevers induktiv mit einem SQUID Mikrowellen-
resonator zu koppeln, ermdglicht starke, in-situ verstellbare optomechanische Kopplung [1-5].
Mit einem solchen System wurde optomechanisches Kiihlen im Ein-Photon-Regime demonstriert
[6]. Zudem lieR sich zeigen, dass die intrinsische Kerr-Nichtlinearitat des SQUIDs e [ziehteres
Kuhlen bei nicht aufgeldsten Seitenbandern ermdglicht [7-9]. Das Auflosen der Seitenbéndern,
was Kihlen in den Grundzustand sowie Untersuchen makroskopischer Quantene LeKte erlauben
wiirde [10], war jedoch mit dem Mikrowellenesonator Gitefaktor von etwa 5-10% nicht méglich.

In dieser Arbeit wurde eine neue Charge frequenzabstimmbarer Niob SQUID Resonatoren mit
Glitefaktoren von bis zu 35-10° charakterisiert. Zur Bestimmung des SQUID Beteiligungsver-
héltnis und des magnetischen Abschirmparameters wurde eine Fitroutine fur das hysteretische
Frequenzabstimmverhalten entwickelt. Durch Fitten von Streuparamtern bei hohen Signalleis-
tungen mit einer implementierten Routine, kann die Kerr-Konstante zuverléssig bestimmt wer-
den. Die erhaltenen Paramter der nominell identischen Resontatoren weisen eine signifikane
Streung auf, mit SQUID Beteiligungsverhaltnissen zwischen 0.27 % und 1.82 %, Abschirmpara-
metern von 0.15 bis 0.36 sowie Kerr-Konstanten am Sweetspot zwischen 8 Hz und 250 Hz.

Trotz der anfanglichen Verbesserung des Gutefaktors fuhren Mikrowellenverluste, nach dem
Montieren eines Kantilevers mit magnetischem Partikel Gber dem SQUID, dazu, dass in unse-
rem System die Seitenbander weiterhin nicht aufgelést werden kdénnen. Wir stellen fest, dass
ein Grofiteil dieser Verluste durch den dotierten Silizium-Kantileverchip sowie das magnetische
Partikel, welches ein Feld von bis zu 100 mT am Ort des SQUIDs erzeugt, entstehen.

Die Praparierung solcher Proben konnte erheblich vereinfacht werden. Eine von L. F. Deeg
entwickelte Montagevorrichtung verbesserte sowohl die Ausrichtung als auch die Uberlebensrate
der Kantilever deutlich und erhdhte die Ausbeute an Proben mit hinreichend optomechanischer
Kopplung. In vier von funf praparierten Proben konnte ein mechanisches Signal gemessen wer-
den. Nach wiederholtem Aufwédrmen beobachten wir Veranderungen der mechanischen Eigen-
schaften des Kantilevers sowie Anderungen am Mikrowellenresonator und diskutieren maégliche
Ursachen. Trotz Herausforderungen bei der Thermalisierung der mechanischen Mode nach Ver-
legen des Kryostaten in ein anderes Labor, konnte optomechanisches Kiihlen anhand einer der
neuen Proben mit einer Kopplungsstéarke von bis zu 0.24(3) kHz demonstriert werden.

Zur lsolierung der mechanischen Mode von Vibration wird das Experiment im Kryostaten an
einer Feder aufgehéangt [9]. Durch die Implementierung eines mechanischen Warmeschalters
und das Verwenden von warmebehandelten Kupfergeflechten konnte die Thermalisierung des
isolierten Systems verbessert und ein schnelleres Abkihlen des Kryostaten ermdglicht werden.
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Chapter 1: Introduction

Chapter

Introduction

One hundred years ago, in 1925, W. Heisenberg laid the foundation of quantum mechanics as
it is known today by introducing a formulation based solely on observable quantities [11]. One
hundred years later, the United Nations declared 2025 the International Year of Quantum Science
and Technology [12]. Over this timespan, quantum mechanics has evolved from a theoretical
curiosity into a cornerstone of modern technology.

Today, guantum mechanics forms the foundation of many modern technologies that have become
part of our everyday lives. For instance, it explains the microscopic working principle of semicon-
ductor components, such as transistors or LEDs, which are fundamental components in nearly
every electronic device. Lasers, atomic clocks (used in GPS), and magnetic resonance imaging
all rely on quantum mechanical principles. However, while the probabilistic laws of quantum
mechanics govern the microscopic scale, macroscopic systems typically exhibit deterministic,
classical behaviour described by Newton's laws [13].

Schrdodinger's famous thought experiment [14], in which a cat is simultaneously dead and alive,
highlighted the paradoxes of applying quantum theory to macroscopic objects and raises the
guestion: Can quantum e ects, such as superposition [15], be observed in larger systems? Could,
for example, a diving board simultaneously be in a superposition of being bent upward and
downward?

In practice, the larger an object becomes, the more di cult it is to isolate from its environment.
This interaction with the environment leads to decoherence, the process by which quantum
states lose their coherence and appear classical [16]. For many years, quantum phenomena
were only observed on a microscopic scale, such as for individual electrons, photons or atoms.
However, over the past few decades, advances in experimental techniques have extended the
reach of quantum mechanics to increasingly larger systems.



A few examples are the collective motion of trapped ions [17], interference of large molecules
[18], ultracold quantum gases involving thousands or millions of atoms [19], or quantum inter-
ference in superconducting circuits [20, 21]. Extending quantum control to larger systems and
preparing nonclassical macroscopic quantum states, such as Fock states or Schrddinger cat states
with negativity in their Wigner funcbion or squeezed states that reduce the uncertainty in one
quadrature below the vacuum level ~=2 [22], is not only of interest for exploring the quantum-
classical boundary but also has practical applications. For instance, it allows the development
of highly sensitive quantum sensors that surpass classical measurement limits [23].

Prominent platforms in this eld are cavity optomechanical systems [10], where radiation pres-
sure couples photons of an electromagnetic eld in a cavity to the phonons of a mechanical
resonator, allowing precise manipulation of its motional quantum state. As the e ective mass
of the mechanical mode increases, its resonance frequency decreases. At a xed temperature,
this results in a higher thermal occupation, thereby bringing the system further away from its
guantum ground state. Remarkably, it has recently been demonstrated that certain protocols
allow for the preparation of quantum superposition states even from a thermally excited initial
state [24]. However, most applications of optomechanical systems in quantum metrology or
quantum information processing require the occupation of the mechanical mode to be close to
its quantum ground state [10].

For mechanical resonators with frequencies in the microwave domain, such ground state cooling is
possible through cryogenic refrigeration [25]. For lower frequency mechanical modes, additional
cooling is required. Dynamic backaction cooling [26, 27] or active feedback cooling [28, 29]
can be used to reduce the thermal occupation. Ground-state cooling has been demonstrated in
several optomechanical systems [30 32].

A critical requirement for e cient backaction cooling is that the system operates in the sideband
resolved regime, where the mechanical frequency exceeds the cavity linewidth. In this regime,
the quantum backaction limit, which sets the minimum achievable phonon occupation, falls
below one phonon and thereby enables cooling to the mechanical ground state [26, 33].

In addition to ground-state cooling, many applications of optomechanical systems require strong
optomechanical coupling. A high coupling strength enables not only e cient cooling but also
fast and precise control of the mechanical quantum state. This allows e cient coherent quantum
state transfer between the mechanical resonator and the cavity, which makes optomechanical
systems attractive building blocks in quantum information processing, for example, as long-lived
guantum memories or to interconnect di erent, otherwise incompatible, platforms [34].

Several systems have already demonstrated strong coupling [35 37], where the intracavity photon
number enhanced optomechanical coupling strengtly = go' n¢ exceeds both the mechanical and

cavity linewidth, a necessary condition for quantum state exchange within the coherence time

of the system. However, the even more stringent single-photon strong coupling regime, where
the single-photon coupling strengthgy exceeds both linewidths, has not yet been experimentally

demonstrated in cavity optomechanical systems.

Our approach of inductively coupling a micrometre-sized magnetic AFM cantilever to a mi-
crowave stripline SQUID cavity is a particularly promising platform to reach this regime. Thanks
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to the exceptional sensitivity of the SQUID, this architecture o ers among the highest single-
photon coupling strengths demonstrated for microwave-domain optomechanical systems [6]. As
rst proposed in Ref. [1], it has the potential to reach the single-photon strong coupling regime.
Additionally, it also allows for in situ tuning of the optomechanical coupling strength with a
magnetic bias eld.

Due to the relatively large linewidth of the microwave cavity, our system does not yet operate
in the sideband resolved regime, which currently prevents ground-state cooling. To address
this limitation, this thesis investigates a new batch of SQUID cavities with narrower linewidths,
aiming to enter the sideband resolved regime and enable ground-state cooling in future iterations.

This thesis is structured into six chapters:

In Chapter 1 (this chapter), we motivated the development of cavity optomechanical sys-
tems as macroscopic quantum systems and outlined possible applications.

In Chapter 2, we introduce the theoretical background required for the analysis and in-
terpretation of our experimental observations. We start with the fundamentals of the
optomechanical interaction and discuss optomechanical backaction cooling with a linear
and a nonlinear Kerr cavity. Then, we introduce microstrip cavities, the physics of Joseph-
son junctions and SQUIDs. We derive theoretical models for the tuning behaviour and
Kerr nonlinearity of SQUID cavities. We con rm the derived models using a simulation

of the lumped element circuit model. We then show how such cavities can be coupled
to a rectangular waveguide, discuss internal loss mechanisms and present models for the
scattering parameters in the linear and nonlinear cavity cases. Finally, we discuss the
magnetomechanical coupling scheme as well as the modes of a cantilever.

In Chapter 3, we focus on the characterisation of bare SQUID cavities, before mounting a
cantilever. After a brief description of the experimental setup, we analyse the ux tuning
behaviour and extract parameters such as the SQUID participation ratio and shielding
parameter. We then report on measurements of the external and internal quality factors.
Finally, we study the cavity's response at higher probe powers to determine the Kerr
constant and compare the results with theoretical predictions.

In Chapter 4, we describe the preparation of mechanical samples, including the modi -
cation of cantilevers with magnetic particles. We discuss how the particles in uence the
mechanical properties and explain the procedure for mounting cantilevers onto SQUID
cavities.

In Chapter 5, we characterise the prepared magnetomechanical samples. We begin with
a description of the additions to the experimental setup required for characterising me-
chanics samples. This includes a cryogenic vibration isolation setup, for which we analyse
limiting factors for thermalisation. We explain the detection principle for the mechanical
signal and its calibration. The chapter further explores the e ect of the cantilever and
magnetic particle on cavity tuning behaviour and quality factor. We analyse mechanical
signatures of the di erent samples, investigate changes in mechanical properties across
several cooldowns, with applied magnetic ux bias and temperature. Finally, we present
measurements of optomechanical backaction cooling on one of the prepared samples and
extract the single-photon coupling strength.
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Chapter

Theoretical background

In this chapter, we summarise the theoretical framework necessary to explain the experimental
results of this thesis. We begin with a brief introduction to the eld of optomechanics and the
fundamentals of the optomechanical interaction. We then describe how the mechanical mode of
an optomechanical system can be cooled, and how a nonlinear cavity can enhance this cooling.

Next, we introduce superconducting microstrip cavities and explain how they can be made
frequency tunable with external magnetic ux by incorporating a superconducting quantum in-
terference device (SQUID). We derive a model for the tuning behaviour and show that the cavity
can be described by a nonlinear Kerr Hamiltonian. We further analyse how the nonlinearity
evolves as the ux bias is varied. To conrm the validity of the derived models, we perform
simulations of the lumped element circuit model.

We then demonstrate how the microstrip cavities can be coupled to the electric eld in a rect-
angular waveguide and discuss the internal loss mechanisms. The chapter concludes with a
discussion of the scattering parameters for the cavities in the waveguide and how these are
in uenced by the intrinsic Kerr nonlinearity of the SQUID.

Finally, we present the inductive coupling mechanism between the ux-tunable cavities and the
mechanical resonator, which in our system is a silicon cantilever with an attached magnetic
particle. We discuss the mechanical modes of the cantilever and examine how the attached
particle modi es the resonator's mechanical properties.



I  Section 2.1: Optomechanics

2.1 Optomechanics

In optomechanics, we study the interaction between electromagnetic radiation and mechanical
motion. A comprehensive introduction to the eld of optomechanics can be found in Ref. [10].
In the following section and its subsections, key concepts from this reference are summarised.

A typical optomechanical system consists of a Fabry Pérot cavity, where one of the two mirrors
is mounted on a spring. A schematic representation of such a system is shown in Fig. 2.1. The
Hamiltonian of the non-interacting systems can be written as

o= ~ &va+ ~ b (2.1)

wherein & (&) and b () are the respective lowering (raising) operators of the optical cavity and
the mechanical resonator, with corresponding resonance frequenciég and .

The mirror's displacement R is given by
q —
R= ~=Cme m) D+ =xzpe B+ H ; (2.2)

where we de ned the zero-point uctuation amplitude Xzpg and the e ective massme . Displac-
ing the mirror alters the length of the optical cavity, thereby changing its resonance frequency.
Hence, we can expand the cavity frequency in terms of the displacement as

1o(®) =1 (0)+ ’x@@IC + (2.3)

Inserting Eq. (2.3), truncated at rst order, into Eg. (2.1) and using Eq. (2.2) gives
l @
= o+ 225w = B+ e b+ D) Lowva: (2.4)
0 @ 0 zpF ( ) @
De ning the single-photon coupling strength asgo = Xzpr @ =@, we end up with
B =8 ~gbd+aa: (2.5)

This additional term represents an interaction Hamiltonian B¢, between the light eld in the
cavity and the motion of the mirror. The single-photon coupling strength gy corresponds to the

Optomechanical Fabry Pérot cavity with one mirror mounted to a spring. A
displacement of the mirror changes the cavity resonance frequency, which results
in an interaction between the light eld in the cavity and the mechanical motion

of the mirror. An external probe tone allows readout and control of the system.
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