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Abstract

Superconducting qubits, equipped with quantum non-demolition (QND) readout and
active feedback control, have emerged as powerful tools to probe and manipulate their
electromagnetic environment — from intrinsic microscopic defects to engineered spin
systems in hybrid architectures. These hybrid systems aim to integrate the fast, versatile
control of superconducting circuits with the exceptional coherence of spin systems such
as magnetic molecules. However, the magnetic fields required for spin qubit operation
present a challenge for superconductors and Josephson junctions, while the commonly
used transverse (𝜎𝑥 ) coupling introduces mode hybridization, compromising QND spin
readout.

In this work, we pursue an alternative approach: single-spin readout through a magnetic-
field-resilient, longitudinal interaction that avoidsmode hybridization and enables frequency-
independent QND readout. First, we demonstrate longitudinal coupling between a {Cr7Ni}
molecular spin ensemble and a granular aluminum (grAl) resonator, mediated by magnetic-
field-induced modulation of the resonator’s kinetic inductance. This enables measure-
ment of a full {Cr7Ni} magnetization curve for a 𝑓spin = 0–26 GHz spin frequency range
(𝐵 = 0–1 T) using a fixed readout mode at 𝑓r = 7.8 GHz.

To scale this interaction to the single-spin level, we introduce the gralmonium: a fluxonium
qubit incorporating a self-structured, lithographically defined (20 nm)3 granular aluminum
junction that replaces the conventional superconductor-insulator-superconductor (SIS)
junction. The gralmonium exhibits a fluxonium spectrum indistinguishable from SIS-
based devices and maintains microsecond range coherence. Remarkably, its spectrum
and coherence remain resilient up to 1.2 T, with only percent-level suppression of the
superconducting gap evident in the qubit spectrum.

We further use the gralmonium as a sensitive probe of its magnetic environment. Energy
relaxation in magnetic field reveals a paramagnetic spin-1/2 ensemble coupled to the qubit,
constituting the dominant loss mechanism on resonance. Concomitantly, we observe
magnetic-field-induced freezing of fast flux noise, consistent with surface spin polarization.
Active reservoir engineering experiments rule out electron-spin-based origins for long-
lived two-level systems in the qubit environment, which remain unaffected by magnetic
field. Moreover, discrete fluctuations in the qubit frequency confirm the exponential
sensitivity of the gralmonium to variations in the junction energy 𝐸J, positioning it as a
nanoscale magnetic sensor. Numerical simulations show that a single magnetic molecule
placed atop the nanojunction induces a resolvable kHz-scale frequency shift. These results
establish a viable path towards longitudinal single-spin readout using superconducting
qubits.
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Part I

On Superconducting Qubits and Spins





1 Better Together: Spins and
Superconducting Circuits – an
Introduction

1.1 Introduction & Manuscript Overview

This thesis pursues a simple but far-reaching idea: marry the unrivaled coherence of an
individual spin with the agile control of a superconducting qubit – through a longitudinal,
magnetic-field-resilient interface.

Quantum information processing (QIP) seeks to exploit the principles of superposition and
entanglement in coherent quantum states for a wide range of applications, from factoring
large integers and simulating complex quantum systems in quantum chemistry [10–12]
to enabling non-computing technologies such as quantum communication [13–15] and
quantum sensing [16–18]. Among the leading hardware platforms, spin systems stand
out for their exceptional coherence, stemming from their intrinsic isolation from the envi-
ronment [19–22]. However, this same isolation poses a significant challenge for efficient
manipulation and readout of spins. In parallel, superconducting microwave circuits offer
rapid and high-fidelity quantum control and readout, leveraging their macroscopic electro-
magnetic fields. Yet, their extended structure exposes them to a multitude of uncontrolled
environmental degrees of freedom, ultimately limiting their coherence times [7, 23–37].
Consequently, hybrid quantum architectures combining the long-lasting coherence of
spins with the agile control, fast manipulation, and versatile design of superconducting
circuits present a compelling solution.

Over the past decade, superconducting microwave resonators have demonstrated strong
coupling to various spin systems, including vacancy centers in diamond [38], donor
atoms in crystalline substrates [39–41], and molecular magnets [42–45]. However, these
achievements have not yet fully realized the combined potential of spin systems and
superconducting circuits: inhomogeneous broadening in ensembles significantly degrades
spin coherence and QIP requires coherent control and readout at the level of individual
spins - a milestone only recently achieved for single electron spins [22, 46].

So far, interfacing superconducting circuits with spins primarily relies on transverse
coupling, wherein mode hybridization between the spin and the superconducting circuit
mediates the interaction. While this enables Purcell-enhanced spin readout [22, 40–43, 46,
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1 Better Together: Spins and Superconducting Circuits – an Introduction

47], it is restricted to the cavity frequency and inherently demolishes the spin state [47–49].
Longitudinal coupling between spins and superconducting circuits offers a tantalizing
alternative: it does not hybridize themodes, enabling quantumnon-demolition spin readout
independent of the qubit-resonator frequency detuning [50–57]. However, its realization
is challenging, as many key elements of the superconducting circuit toolbox, such as
Josephson junctions and microwave resonators made from conventional superconductors,
are vulnerable to high magnetic fields required for spin qubit operation. Thus, to truly
unlock the potential of universal superconductor-spin hybrid architectures, it is imperative
to develop a magnetic-field-resilient longitudinal coupling interface that bridges the gap
between the macroscopic size of superconducting circuits and the nanoscopic interaction
volume of individual spins.

My PhD thesis addresses this challenge in two stages. First, we realize a non-demolition,
detuning-independent readout of a {Cr7Ni} molecular spin qubit ensemble by coupling its
collective magnetization to the kinetic inductance of a granular aluminum (grAl) resonator.
This experiment conceptually demonstrates longitudinal coupling to spins via kinetic
inductance and enables time-resolved measurements of the spin ensemble’s excitation
and decay dynamics at GHz detuning from the readout. In the second stage, we scale the
same principle down to the level of individual spins. Driven by considerations for single
spin coupling, we develop a novel type of Josephson junction - the grAl nanojunction -
which combines the advantageous coherence of conventional tunnel junctions with the
nanoscopic footprint required for single spin interaction. To harness its sensitivity to the
dipolar field of a single spin, we incorporate the nanojunction into a superconducting
fluxonium qubit, which we nickname gralmonium. A zero-field characterization of the gral-
monium confirms a spectrum and coherence comparable to conventional superconducting
qubits. Moreover, discrete fluctuations of the qubit frequency highlight the circuit’s high
sensitivity to variations within the nanojunction and its immediate environment. Measure-
ments in high magnetic fields up to 1 T demonstrate remarkable magnetic field resilience
and reveal previously unobserved spin environments coupled to superconducting qubits.
These experiments confirm the readiness of the gralmonium for spin sensing applications,
and we predict that the field-resilient longitudinal coupling can achieve sensitivity at the
kHz-level for an individual spin. Together, these steps establish a practical route to QND
single-spin readout in hybrid quantum architectures.

This thesis is organized into four main parts, designed to clearly distinguish the core
scientific narrative from supporting yet scientifically valuable results, presented on a scale
of increasing technical detail. Part I: On Superconducting Qubits and Spins presents
the central developments and findings of the thesis, which collectively build towards
the overarching goal of achieving longitudinal coupling between a single spin and a
superconducting qubit. As novel superconducting circuits and methods are developed and
characterized throughout this manuscript, additional measurements - while not directly
advancing the central thesis objective - provide important insights and standalone scientific
value. These are compiled in Part II: Device Characterization & Extended Results.
Importantly, these sections are distinct from the Appendix (Part IV), which is reserved
for technical and methodological details critical to the reproducibility of the experiments,
including fabrication protocols and the measurement setup. Finally, Part III: Conclusion
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and Future Directions summarizes the key achievements of the thesis, places them in the
context of the long-term efforts ongoing in the research group and outlines the prospective
research paths that are now open for exploration.

1.2 Hybrid Quantum Architectures

Fault-tolerant QIP will require registers of at least 103 − 106 qubits that can be entangled,
controlled, and measured on demand. Consequently, every prospective hardware platform
must be evaluated against the five DiVincenzo criteria: deterministic state preparation,
long coherence, universal control, high-fidelity readout, and scalable fabrication [58].
Yet no single implementation meets the full set simultaneously and each platform offers
distinct advantages and faces specific challenges [45, 59–61]. For instance, trapped-ion and
neutral-atom systems excel in coherence but two-qubit gate operations are comparatively
slow and spatially cumbersome. Superconducting circuits enable nanosecond-scale control
and dense on-chip connectivity, yet coherence remains limited to the 0.1–1ms range.
Spin-based qubits, whether donor spins in crystalline substrates or molecular magnets,
offer millisecond lifetimes, but their magnetic-dipole coupling to microwave fields is
weak and precise placement at scale is challenging. Semiconductor quantum dots offer
strong electric-field coupling (few MHz) and fast gates, at the cost of deteriorated lifetime.
These complementary strengths and limitations across different physical qubit encodings
naturally suggest hybrid architectures, that combine heterogeneous subsystems to exploit
only their favorable attributes, while mitigating their respective shortcomings. However,
what design principles enable the integration of two (or more) imperfect systems into
a hybrid architecture whose combined capabilities outperform those of the individual
components?

Circuit-QED (cQED) itself exemplifies a successful "intra-technology" hybrid [48, 59]:
linear cavities supply clean, QND readout while nonlinear Josephson qubits supply fast,
addressable quantum logic. Although cQED does not bridge fundamentally different
physical systems, it illustrates a key design principle of hybrid architectures: balancing
strong information transfer against measurement back-action (e.g., Purcell decay, photon
shot noise). Because superconducting circuits couple strongly to both electric and magnetic
fields and are lithographically versatile, they serve as a foundational platform for many
hybrid quantum technologies. Examples include coupling superconducting circuits to
semiconducting spin qubits, NV centers, and a wide variety of spin systems [45, 59–
61]. Among these, coupling to spin systems is particularly promising, offering a route to
bridge the intrinsic isolation of spins with the flexible control afforded by superconducting
circuits.

In this manuscript, we focus on utilizing the spin of magnetic molecules, which provides
several advantages for QIP and the eventual scaling towards single-spin readout. These
molecules, consisting of magnetic atoms embedded in an organic ligand, allow for chemical
tailoring of their spin properties. Moreover, the surrounding ligand environment protects
the spin properties, ensuring reproducible characteristics across different samples within
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different environments. Importantly, magnetic molecules can be engineered to carry large
spin moments on the order of 𝜇 = 10𝜇B, substantially enhancing the signal for detecting
individual spins (cf. Section 3.3). Their multi-level (qudit) structure offers prospects for
embedding quantum error correction within a single physical unit [45]. Furthermore, the
ability to grow these molecules into single crystals of chemically identical units enables
ensemble characterization prior to selecting candidate systems for single-spin experi-
ments [62, 63]. Another practical advantage lies in the modularity of the hybrid approach:
the superconducting circuit and the magnetic molecule can be independently fabricated
and characterized before coupling them. This is particularly critical for superconducting
devices with demanding fabrication requirements, as we will see in Section 3.1.

In the hybrid architecture pursued here, the spin component, i.e. molecular magnets with
tailored anisotropy, is defined by chemical synthesis. In contrast, the superconducting
circuit must be precisely engineered to mediate information exchange between the two
systems via an interaction Hamiltonian 𝐻int. This interaction governs whether the hy-
brid system harnesses the complementary strengths of its components or inherits their
limitations. Conventional transverse coupling employs the radio-frequency (rf) magnetic
field of the superconducting circuit, e.g. a resonator at frequency 𝜔r, to couple with the
electron spin resonance at the Larmor frequency𝜔L. However, this interaction is spectrally
selective: effective energy exchange requires resonance conditions, i.e. 𝜔r ≈ 𝜔L. Rather
than relying on the transverse interaction and its associated dynamic rf field, we exploit
the longitudinal, static dipolar field of the spin, which locally perturbs the superconducting
condensate. This perturbation translates into a modulation of the superconductor’s kinetic
inductance 𝐿kin (cf. Section 1.3.3) instead of relying on coherent energy exchange, enabling
coupling that is independent of the frequency detuning between the two platforms.

Achieving a measurable modulation of the superconducting condensate by the dipolar
field of a single spin, however, necessitates expanding the superconducting circuit toolbox
with components specifically tailored for spin sensitivity. Section 1.3 introduces this
expanded toolbox and outlines the design of the superconducting subsystem within our
hybrid platform. Section 1.4 concludes the chapter with a comparison of longitudinal and
transverse coupling schemes in the context of cQED.

1.3 Superconducting Quantum Circuits: A Versatile Toolbox

Hybrid spin-superconductor platforms promise the coherence of spins combined with the
precise control offered by superconducting microwave circuits. To realize this control via
a novel, longitudinal interaction, this section introduces the superconducting circuitry in
three stages: beginning with linear resonators, advancing to nonlinear Josephson-based
qubits, culminating in high-kinetic-inductance elements engineered to enable longitudinal
spin-superconductor coupling.
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Figure 1.1: Superconducting circuits toolbox. a Optical micrograph of a planar superconducting mi-
crowave resonator, consisting of an interdigitated capacitor 𝐶 and an inductor 𝐿 (top). Inset: Circuit
schematic of a harmonic LC oscillator. b Optical micrograph of a high-impedance stripline resonator op-
erating at microwave frequencies. The compact layout leverages the high kinetic inductance of granular
aluminum. c False-colored scanning electron microscope (SEM) image of a superconductor-insulator-
superconductor tunnel Josephson junction (JJ), where the bottom and top aluminum electrodes (blue and
yellow) are separated by a nanometer-thin AlO𝑥 tunnel barrier. Inset: Circuit symbol for a JJ with phase
difference 𝜛 across the junction. Panel c is adapted from Ref. [8].

1.3.1 Superconducting Resonators

Across all implementations of superconducting circuits, coherent excitations are encoded
in macroscopic resonant structures fabricated from superconducting thin films patterned
on crystalline substrates. Analogous to their classical counterparts, these circuits comprise
fundamental elements such as capacitors and inductors. In the simplest case of a linear LC
oscillator (cf. Fig. 1.1a), the resonance frequency 𝜔r = 1/

√
𝐿𝐶 is precisely engineered in

the GHz regime by tailoring the geometry of the capacitive and inductive components.
Capacitance, arising from electric field energy between conductors, is typically tuned
through the layout of large superconducting pads or interdigitated electrodes. Inductance,
linked to magnetic field energy around current-carrying wires, is controlled by modifying
the length and shape of meandering traces. Due to their straightforward design, fabrication,
and analysis, resonators serve as versatile, powerful tools for material characterization [64–
75], identifying loss mechanisms in superconducting circuits [76–84], and comparing
fabrication techniques and experimental setups [77, 85–89]. Moreover, when integrated
with superconducting qubits in intra-technology hybrid systems (cf. Section 1.2), they
significantly contributed to the remarkable progress of superconducting qubit architectures.
In Chapter 2, we harness these benefits in a proof-of-concept demonstration of microwave-
based longitudinal readout of a spin ensemble.

Beyond their practical use as microwave probes, linear LC oscillators form the conceptual
backbone for modeling superconducting circuits within the cQED framework. To motivate
and eventually engineer the spin-superconductor interaction introduced in Section 1.4, as
well as to lay the groundwork for describing the novel superconducting circuit elements
throughout the manuscript, we briefly revisit the harmonic oscillator as a foundational
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example. Full derivations can be found in Ref. [48]. The dynamics of a harmonic mode are
commonly expressed in three equivalent notations [48]:

𝐻r =
𝑄2

2𝐶 + 𝛷
2

2𝐿 (1.1)

= 4𝐸C𝑛2 + 1
2𝐸L𝜑

2 (1.2)

= ℏ𝜔r(𝑎†𝑎 +
1
2 ) . (1.3)

In Eq. (1.1),𝑄 and𝛷 represent the charge and flux operators, directly reflecting electrostatic
and magnetic energy stored in the circuit’s capacitive and inductive elements, respectively.
Equation (1.2) recasts this in terms of the superconducting condensate: the number operator
𝑛 = 𝑄/(2𝑒) represents the discrete number of Cooper pairs, and the phase operator
𝜑 = (2𝜋/Φ0)𝛷 denotes the phase of the condensate wavefunction. Here, 𝐸C = 𝑒2/2𝐶
is the charging energy, 𝐸L = (Φ0/2𝜋)2/𝐿q is the inductive energy and Φ0 = h/2e is
the superconducting magnetic flux quantum. Since these variables satisfy the canonical
commutation relation [𝛷,𝑄] = ℏ[𝜑, 𝑛] = 𝑖ℏ, we express the system as a quantum harmonic
oscillator in Eq. (1.3), using bosonic creation and annihilation operators 𝑎† and 𝑎. This
description emphasizes the quantized energy levels of the oscillator and is particularly
useful when analyzing photon-mediated interactions or excitations. For the remainder
of this manuscript, we adopt the common convention of omitting the zero-point energy
term (i.e. the factor 1/2 in Eq. (1.3))

1.3.2 Superconducting Qubits

Josephson Junctions as a Source of Nonlinearity

While linear resonators illustrate the fundamental capabilities of superconducting circuits
and the utility of cQED, the full toolbox of superconducting circuits crucially includes
nonlinear elements without classical analogs, most notably Josephson junctions (JJs).
These enable the construction of superconducting artificial atoms that can be operated
within a two-level qubit manifold. Consequently, they fueled the rise of superconducting
qubits, and they will be re-engineered in novel ways throughout this thesis, to meet the
requirements of longitudinal single-spin coupling.

The Josephson effect [90] describes the non-dissipative tunneling of Cooper pairs across a
weak link between two superconducting electrodes. Such weak links may be realized via
a normal metal, a semiconductor, or a geometric constriction on the scale of the super-
conducting coherence length. In practice, however, the vast majority of superconducting
qubits is realized using a superconductor-insulator-superconductor (SIS) Josephson junc-
tion (JJ), composed of two aluminum electrodes separated by a nm-thin aluminum oxide
(AlO𝑥 ) layer (cf. Fig. 1.1c) [48, 91, 92]. Coherent tunneling across this barrier couples the
superconducting wavefunctions on either side of the junction, linking the phase difference
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Figure 1.2: Fluxonium superconducting qubit. a Circuit schematic of the fluxonium qubit. A Josephson
junction with energy 𝐸J is shunted by a superinductance with inductive energy 𝐸L forming a loop threaded
by an external magnetic flux𝛷ext. The junction capacitance, combined with other geometric capacitances
in the circuit, gives rise to a charging energy 𝐸C. b Potential energy landscape of the fluxonium at the
half-flux sweet spot (𝛷ext = 0.5 Φ0), with the first four eigenfunctions plotted and vertically offset by their
respective eigenenergies. Parameters are 𝐸J/h = 23.4 GHz, 𝐸C/h = 15 GHz and 𝐸L/h = 0.57 GHz consistent
with Ref. [3]. c Fluxonium spectrum as a function of external flux𝛷ext.

𝜑 between the junction electrodes to a dissipation-less supercurrent, governed by the
current-phase relation (C𝜑R):

𝐼 (𝜑) = 𝐼c sin(𝜑) . (1.4)

Here, the junction critical current 𝐼c represents the maximum supercurrent that can be
supported at zero voltage. The time evolution of the phase difference is linked to the
voltage across the junction via the voltage-phase relation:

𝑉 =
Φ0
2𝜋

d𝜑
d𝑡 . (1.5)

Combining these relations yields the energy-phase relation (E𝜑R), which characterizes the
energy associated with Cooper pair tunneling:

𝐸 (𝜑) =
∫

𝑉 𝐼d𝑡 = 𝐸J
∫

sin(𝜑)d𝜑
d𝑡 = −𝐸J cos(𝜑) , (1.6)

where 𝐸J = Φ0𝐼𝑐/(2𝜋) denotes the Josephson energy. This E𝜑R is central to supercon-
ducting qubits, as it introduces non-dissipative, intrinsic nonlinearity into the circuit
Hamiltonian.

Superconducting Qubits

Over the past three decades, superconducting qubits have evolved from proof-of-concept
devices [93–95] to precision-engineered platformswithin the framework of circuit quantum
electrodynamics (cQED) [48, 96–98]. They now demonstrate coherence times extended by
up to six orders of magnitude [99–101], quantum non-demolition (QND) readout [102, 103]
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and real-time feedback control. Beyond progress towards universal quantum computing,
these advances have enabled seminal experiments, including the observation of quantum
jumps and trajectories [104–106], active-feedback error correction [107–111], studies of
non-Markovian qubit dynamics in open quantum systems [7, 37], a proof-of-concept for
a novel current standard in metrology [112–114] and experiments probing foundational
aspects of quantum mechanics [115–118].

Despite this technological evolution, the key concept behind superconducting qubits
remains remarkably simple: a JJ introduces nonlinearity into an otherwise linear LC
circuit, thereby shaping the circuit’s energy landscape. In addition to capacitive and
inductive shunts around the JJ, conventional SIS JJs contribute a geometric capacitance
arising from the overlapping electrodes. The interplay among the characteristic energy
scales 𝐸C, 𝐸J and 𝐸L defines various qubit modalities, such as the transmon, the flux qubit,
or the fluxonium [91, 119]. In flux-based designs, like the fluxonium qubit pursued in this
work, the JJ is shunted by an inductive flux loop (cf. Fig. 1.2a). For the fluxonium, this shunt
is denoted superinductance, characterized by an impedance 𝑍 =

√︁
𝐿/𝐶 that exceeds the

superconducting resistance quantum 𝑅q = ℎ/(2𝑒)2, which makes the fluxonium resilient
to charge noise [99]. Experimentally, superinductors are realized using JJ arrays [99, 101,
120–123], high-kinetic-inductance materials [124–126] or geometric aluminum spirals [127,
128].

Threading the flux loop with an external flux 𝛷ext introduces an offset phase 𝜑ext =

2𝜋𝛷ext/Φ0 in the inductive term. Promoting 𝜑 to an operator in Eq. (1.6) and incorporating
it into the harmonic oscillator Hamiltonian yields the fluxonium Hamiltonian

𝐻flux = 4𝐸C𝑛2 + 1
2𝐸L

(
𝜑 − 2𝜋𝛷ext

Φ0

)2
− 𝐸J cos𝜑 . (1.7)

At half-flux bias, the inductive energy and the Josephson energy form a double-well poten-
tial, shown in Fig. 1.2b. Numerical diagonalization of 𝐻flux (Eq. (1.7)) yields the fluxonium
eigenstates and transition frequencies. The energy spectrum exhibits periodic modulation
in𝛷ext (cf. Fig. 1.2c), with sweet spots at𝛷ext = 0 and𝛷ext = 0.5 Φ0, where first-order flux
noise sensitivity vanishes. Importantly, the energy spectrum of superconducting qubits is
anharmonic, i.e. the energy levels are distributed non-equidistantly (cf. Fig. 1.2c). This
allows selective addressing of the lowest two states, denoted |0⟩ and |1⟩ (or equivalently
|𝑔⟩ and |𝑒⟩), thereby obtaining a well-isolated, two-level qubit subspace. Nonetheless, it
is essential to recognize the intrinsically multi-level nature of superconducting circuits.
Excited states beyond the computational subspace play a key role in phenomena such
as dispersive shifts, measurement-induced transitions, gate-induced leakage, and Purcell
decay, which requires considering the full level structure for practical scenarios.

1.3.3 Kinetic Inductance Circuits

In addition to geometric inductance 𝐿geo, which stores energy in the magnetic field and
opposes changes in current, superconductors exhibit an additional inductive response
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arising from the inherent inertia of Cooper pairs. This kinetic inductance reflects the
kinetic energy stored in the momentum of the superconducting condensate and resists
changes in supercurrent by opposing the acceleration of Cooper pairs. In the JJ discussed
in Section 1.3.2, a time-varying supercurrent modulates the phase 𝜑 , thereby inducing a
voltage (cf. Eq. (1.5))

d𝐼
d𝑡 = 𝐼c cos(𝜑)d𝜑

d𝑡 = cos(𝜑) 2𝜋𝐼c
Φ0

𝑉 .

Here, we identify a nonlinear Josephson inductance

𝐿 =
Φ0

2𝜋𝐼c
1

cos(𝜑) =
𝐿J

cos(𝜑) , (1.8)

reflecting the delayed response of the condensate to phase changes.

More generally, kinetic inductance is a fundamental characteristic of all superconductors.
It is a direct implication of the first London equation d𝐽/d𝑡 = (𝑛𝑞2/𝑚)𝐸, where 𝐽 is the
current density, 𝑛 is the density of Cooper pairs (of charge 𝑞 and mass𝑚) and 𝐸 is the
electric field. For a uniform wire of length 𝑙 and cross-section 𝐴, the voltage drop𝑉 = 𝑙 · 𝐸
leads to a change in the current 𝐼 = 𝐽 ·𝐴 such that we identify a kinetic inductance 𝐿kin [129,
130]:

𝑉 = 𝐿kind𝐼/d𝑡 with 𝐿kin =
𝑚𝑙

𝑛𝑞2𝐴
, (1.9)

Disordered superconductors, such as NbN [131–133], NbTiN [134–136], InOx [137, 138] and
granular aluminum (grAl) [72, 139, 140] exhibit significantly enhanced kinetic inductance
due to their lower charge carrier densities relative to elemental superconductors. Conse-
quently, their kinetic inductance can exceed the geometric contribution to the inductance
by orders of magnitude (cf. Eq. (1.9)), captured in the kinetic inductance fraction

𝛼 =
𝐿kin

𝐿kin + 𝐿geo
≈ 1 .

This makes disordered superconductors particularly advantageous for longitudinal spin-
superconductor coupling, since our implementation relies on modulating the supercon-
ducting condensate, e.g. by locally suppressing the Cooper pair density 𝑛 (cf. Eq. (1.9)).
Moreover, the ability to continuously engineer kinetic inductance through the geometry
of the superconducting film (cf. Eq. (1.9)) makes disordered superconductors attractive for
integration into quantum devices. Their tunable inductive properties position disordered
superconductors as versatile and valuable elements in the superconducting circuit toolbox
(cf. Fig. 1.1b).

Granular Aluminum

Beyond its high kinetic inductance, the suitability of a material for quantum circuits is
determined by its overall profile and performance, including microwave losses, magnetic
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field resilience and nonlinearity. In this work, we employ superconducting granular
aluminum (grAl), a superconducting material fabricated via evaporation of aluminum
in a dynamic oxygen atmosphere. This single-step fabrication process offers a notable
advantage over JJ arrays, which typically requiremultiple fabrication steps. GrAl consists of
self-assembled crystalline aluminum grains, approximately 2–4 nm in diameter [140–142],
embedded within an amorphous aluminum oxide (AlO𝑥 ) matrix. The degree of oxidation
during deposition enables continuous tuning of the normal-state resistivity within the
range 𝜌 = 1–104 µΩ cm, approaching the superconductor-to-insulator transition [140, 142,
143]. As a result, the grAl kinetic inductance can be widely tuned, reaching values on the
order of nH/□ for 20 nm thick films [72, 139, 144]. From the perspective of quantum circuit
integration, grAl offers low dissipation, with microwave loss measurements demonstrating
internal quality factors of 𝑄i ∼ 105–106 in the single photon regime [4, 72, 124, 145,
146]. Notably, these low levels of microwave loss persist in magnetic fields up to 1 T, with
critical fields exceeding several Tesla [4, 126, 139, 147]. This renders grAl circuits highly
suitable for hybrid quantum architectures incorporating spins, which typically require
high magnetic fields in the range of 102mT for spin qubit operation.

So far, grAl has been successfully employed in various circuit elements and devices, in-
cluding microwave resonators [4, 72, 145, 146] (see Fig. 1.1b), superinductors in fluxonium
qubits [124], field-resilient quantum-limited parametric amplifiers [5], and weakly nonlin-
ear resonators and transmon qubits [148, 149]. Furthermore, its chemical and structural
similarity to conventional Al/AlO𝑥 /Al overlap JJs motivates the systematic investigation
of microwave losses and noise mechanisms [4, 72, 124, 144–146]. Importantly, this allows
to model grAl both as a disordered material and as a network of JJs [150].

This duality becomes evident when considering its kinetic inductance. In the low temper-
ature limit (𝑇 ≪ 𝑇c), the Ambegaokar-Baratoff relation 𝐼c = 𝜋𝛥/(2𝑒𝑅n) [130] for the JJ
critical current can be used to express the Josephson inductance 𝐿J (cf. Eq. (1.8)) in terms
of fundamental material properties

𝐿J =
ℏ𝑅n
𝜋𝛥

, (1.10)

where 𝛥 is the superconducting gap, 𝑒 is the electron charge and 𝑅n is the normal state
resistance. This result is consistent with that obtained from theMattis-Bardeen theory [145,
151] for superconductors in the local, dirty limit, where the mean free path 𝑙 is much
smaller than the penetration depth 𝜆 and the coherence length 𝜒 (𝑙 ≪ 𝜆, 𝜒). Throughout
this manuscript, grAl is described from both perspectives interchangeably, as a disordered
superconducting material as well as a network of JJs.

1.4 Readout: cQED for Superconducting Circuits and Spins

To utilize a two-level system (TLS), such as a spin or a superconducting qubit, within an
(intra-technology) hybrid architecture for QIP, it is essential to extract information about its
quantum state through controlled interaction. This is typically accomplished by coupling
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Figure 1.3: Signatures of transverse and longitudinal qubit-resonator coupling. a Normalized eigen-
frequencies (𝜔 − 𝜔r)/𝑔 of the transversely coupled qubit-resonator system as a function of normalized
detuning (𝜔q −𝜔r)/𝑔, where 𝜔r is the bare resonator frequency (horizontal dashed line), 𝜔q is the bare qubit
frequency (diagonal dashed line), and 𝑔 is the coupling strength. The characteristic avoided crossing, with
minimum level splitting 2𝑔, is indicative of transverse coupling. b Simulated resonator response depicting
the amplitude of the microwave reflection coefficient |𝑆11 | versus normalized frequency detuning 𝜔 − 𝜔r,
with 𝜅 denoting the resonator linewidth. A longitudinal interaction results in a qubit-state-dependent shift
of the resonator frequency, yielding distinct resonances for the states |0⟩ (green) and |1⟩ (red), separated by
2𝑔𝑧 . Note that in the dispersive regime |𝜔r − 𝜔q | ≫ 𝑔, transverse coupling implements an approximately
longitudinal readout, leading to a dispersive shift 𝜒 (cf. Eq. (1.13)).

the TLS to a harmonic mode, realized e.g. with a superconducting microwave resonator.
The coupling can be transverse, leading to coherent qubit-resonator energy exchange, or
longitudinal, inducing a purely state-dependent frequency shift. This subsection contrasts
the two coupling mechanisms, highlights their respective merits and drawbacks for both
spins and for superconducting qubits, and motivates the longitudinal interaction strategy
pursued in the remainder of this thesis.

1.4.1 Transverse Coupling

In both spin- and superconducting qubits, transverse coupling arises from a dipolar interac-
tion and is described by a common theoretical framework: the quantum Rabi Hamiltonian.
For a spin 𝑠 = 1/2, representing an ideal TLS, the magnetic moment ®𝜇 interacts with the
resonator’s magnetic field at the spin location ®𝐵r = 𝛿 ®𝐵r(𝑎† +𝑎), resulting in the interaction
Hamiltonian 𝐻int = −®𝜇 ®𝐵r. Here, 𝛿 ®𝐵r denotes the microwave field zero-point fluctuations
at the spin location and the spin magnetic moment is given by ®𝜇 = −𝑔𝜇B ®𝑆/ℏ, where ®𝑆 is
the spin operator, 𝑔 is the Landè factor and 𝜇B is the Bohr magneton. The coupled system
thus follows the quantum Rabi Hamiltonian

𝐻Rabi = 𝐻r + 𝐻q + 𝐻⊥
int

= ℏ𝜔r𝑎
†𝑎 + ℏ

𝜔q

2 𝜎𝑧 + ℏ𝑔(𝜎+ + 𝜎−) (𝑎† + 𝑎) , (1.11)
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with an effective coupling strength1 𝑔 = 𝑔𝜇B/ℏ𝛿𝐵r/4 and the Pauli raising and lowering
operators 𝜎+ and 𝜎−. Importantly, neither (𝑎† + 𝑎) nor 𝜎𝑥 = (𝜎+ + 𝜎−)/2 are diagonal in
their respective bases, i.e. [𝐻⊥

int, 𝜎𝑧] ≠ 0 and [𝐻⊥
int, 𝑎

†𝑎] ≠ 0. Thus, the interaction does not
conserve either the spin state or the photon number in the resonator.

In superconducting qubits, analogous dipole interactions via charge or flux degrees of
freedom lead to the same form of the interaction Hamiltonian [48]. A key difference
between spins and superconducting qubits, however, is the achievable coupling strength.
For spins, it is typically on the order of up to 𝑔 ∼ 101–103 Hz [59, 152, 153], whereas for
superconducting qubits it can be engineered to 𝑔 ∼ 101–103 MHz due to their macroscopic
dipole moments, strong interaction with electromagnetic fields, and the ability to precisely
design circuit QED architectures [48, 59, 154].

Under the rotating wave approximation (valid when 𝑔 ≪ 𝜔q, 𝜔r) Eq. (1.11) simplifies to
the Jaynes-Cummings Hamiltonian

𝐻JC = 𝐻r + 𝐻q + ℏ𝑔(𝜎+𝑎 + 𝜎−𝑎†) , (1.12)

where we can identify a coherent excitation exchange between the qubit and the har-
monic oscillator. This interaction gives rise to an avoided level crossing in the fre-
quency domain, providing a clear experimental signature of transverse qubit-resonator
coupling (cf. Fig. 1.3a). In the dispersive regime, where the qubit-resonator detuning
𝛥 = |𝜔r − 𝜔q | ≫ 𝑔, this Hamiltonian can be approximately diagonalized to a dispersive
interaction

𝐻JC ≈ 𝐻Disp = 𝐻r + 𝐻q + ℏ𝜒𝜎𝑧𝑎†𝑎 , (1.13)

where the readout mode is shifted by the dispersive shift 𝜒 = 𝑔2/𝛥, depending on the qubit
state (cf. Fig. 1.3b). Since Eq. (1.13) commutes with 𝜎𝑧 , [𝐻Disp, 𝜎𝑧] = 0, this interaction
enables quantum non-demolition (QND) readout. For this reason, dispersive readout
has shown great success in superconducting qubit architectures, enabling single-shot,
high-fidelity measurements and real-time feedback [7, 104–106, 117]. The underlying
transverse interaction, however, entails higher order corrections to Eq. (1.13), which lead
to non-QND effects such as measurement-induced qubit transitions [155–157] and Purcell
decay [48, 158], and motivate the development of alternative QND interactions.

1.4.2 Longitudinal Coupling

Longitudinal spin-resonator interaction presents an appealing alternative, which directly
links the spin state to the resonator frequency:

𝐻
∥
int = ℏ𝑔𝑧𝜎𝑧𝑎†𝑎 , (1.14)

1 Throughout this manuscript, we denote coupling constants using a tilde accent, 𝑔, to clearly distinguish
them from the spin gyromagnetic factor, conventionally represented as 𝑔.

14



1.4 Readout: cQED for Superconducting Circuits and Spins

where the longitudinal coupling strength𝑔𝑧 = 𝛿𝜔/2 reflects the spin-flip induced frequency
shift (cf. Fig. 1.3b). This interaction can arise for example from a spin state dependent
inductance 𝐿 = 𝐿(𝜎𝑧). Importantly, it is diagonal in both spin and harmonic oscillator
bases: [𝐻 ∥

int, 𝜎𝑧] = [𝐻 ∥
int, 𝑎

†𝑎] = 0. Consequently, longitudinal coupling preserves both
the spin state and resonator photon number, enabling a frequency-independent, quantum
non-demolition (QND) readout [50–52]. We note here that there are various definitions of
longitudinal and transverse coupling in the literature, including cases where an interaction
Hamiltonian with only one diagonal component is referred to as a longitudinal interac-
tion [50–52]. In this work, we define longitudinal and transverse coupling rigorously via
the interaction Hamiltonians 𝐻 ∥

int and 𝐻
⊥
int, corresponding to longitudinal or transverse

fields for both resonator and TLS, respectively.

For superconducting qubits, operation in the dispersive regime often alleviates the need
for non-perturbative longitudinal coupling, as other decoherence mechanisms typically
prevail. Nonetheless, the challenges of measurement-induced transitions and Purcell
decay continue to motivate research into longitudinal readout schemes [50–52] and recent
insights into measurement-induced qubit transitions [155–157] emphasize the importance
of non-perturbative longitudinal coupling. In contrast, the weaker coupling of spin systems
renders the dispersive shift typically too small to resolve. As a result, spins are often
coupled on resonance with the resonator, exploiting the transverse interaction (Eq. (1.11))
to enhance spontaneous emission into the cavity mode to boost the signal-to-noise ratio,
known as Purcell enhancement [22, 40–43, 46, 47]. Even then, single-spin readout remains
challenging and has only recently been demonstrated [22, 46].

As a result, these transverse spin-readout schemes are inherently demolishing and re-
stricted to the resonator frequency, whereas non-perturbative longitudinal coupling avoids
the drawbacks of transverse interaction, enabling frequency-independent, QND read-
out [50–52] even beyond the dispersive approximation (Eq. (1.13)). This thesis demon-
strates such coupling for spin ensembles in Chapter 2 and scales it towards single-spin
detection (Chapter 3), establishing a platform for robust QND spin readout.
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2 Longitudinal Spin-Resonator Coupling:
Ensemble Measurements

This chapter presents the first demonstration of longitudinal coupling between a molecular
spin ensemble and the kinetic inductance of a grAl microwave resonator. We first situate
our approach within existing kinetic inductance-based coupling schemes and evaluate
its prospects for single-spin sensitivity. The spin ensemble polarization is encoded in the
resonator frequency, independent of spin-resonator detuning, enabling full microwave
readout of the magnetization curve. We further demonstrate time-resolved measurements
of spin excitation and relaxation at GHz detuning from the readout. Finally, we discuss the
challenges and scaling strategies towards single-spin detection. These results establish the
foundation for the single-spin-sensitive architectures explored in the next chapter. This
chapter is adapted in parts from Ref. [2].

2.1 Longitudinal Coupling via Kinetic Inductance

Kinetic inductance presents a promising platform to implement a longitudinal interaction
between superconducting circuits and spins, since it can be modulated by magnetic fields
or screening currents, e.g. induced by nearby spins. A well-established implementation
is offered by superconducting quantum interference devices (SQUIDs), where the spin
magnetic moment couples to the flux threading the superconducting loop, thereby modu-
lating SQUID critical current [45, 159]. As outlined in Section 1.3.3, this effect maps to a
modulation of the Josephson inductance in microwave circuits (cf. Eq. (1.8)).

While SQUID-based sensing has successfully demonstrated readout of the spin ensemble
magnetization for direct current (DC) implementations, it exhibits several limitations in
the context of longitudinal, quantum-compatible readout schemes: First, the DC read-
out induces local heating at the JJ, undermining the QND character of the longitudinal
interaction. Incorporating such SQUIDs into microwave devices, however, introduces
additional challenges: the intrinsic JJ nonlinearity introduces anharmonicity in the energy
spectrum, limiting the power dynamic range of the system [160]. Furthermore, spin-flux
coupling is limited for loop-based devices, which impedes the scaling towards single-spin
readout [159]. The qualitative limitation arises from the loop’s geometric sensitivity:
only magnetic field lines that enclose the loop contribute to the net flux. Field lines that
close internally within the loop are effectively canceled. Consequently, even if a spin
is positioned directly above a nanoscale constriction with a width of tens of nm, the
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2 Longitudinal Spin-Resonator Coupling: Ensemble Measurements

effective spin–flux coupling remains limited, typically requiring ∼ 103 magnetic moments
to generate a detectable signal [159].

Disordered superconductors, such as NbN, NbTiN, InOx, and grAl, provide a more versatile
source of kinetic inductance for longitudinal coupling [72, 91, 134–136, 138–140]. Such
materials offer several key advantages compared to JJ-based devices:

• Intrinsic magnetic field susceptibility without requiring a loop geometry [139].

• High magnetic field resilience, maintaining low microwave losses even in Tesla-scale
fields [5, 134–136, 138, 139].

• Amenable nonlinearity, tunable via the device geometry to values significantly lower
than that of JJ-based devices [5, 72, 150].

Kinetic inductance magnetometers [161–163] leverage the strong current dependence of
the kinetic inductance 𝐿kin(𝐼 ) in such disordered superconductors to convert an applied
magnetic field through a superconducting loop into a measurable microwave-frequency
shift. Consequently, they circumvent the heating and demolishing effects attributed to
DC readout, marking a substantial advance towards QND detection. Nevertheless, these
magnetometers still rely on screening currents in loop geometries, which ultimately
constrain scalability to single-spin sensitivity, as discussed in the context of SQUIDs.
Notably, longitudinal coupling of spins to a microwave device has yet to be demonstrated.

In the following section, we demonstrate longitudinal coupling between a spin ensemble
and the kinetic inductance of a grAl resonator. By encoding the spin polarization directly
into the resonator frequency, this approach enables measurement independent of the spin–
resonator detuning. These ensemble-level measurements establish a proof-of-principle
for kinetic inductance mediated longitudinal coupling, forming the foundation for future
scaling to single-spin readout.

2.2 Kinetic Inductance Coupling to a Molecular Spin Ensemble

2.2.1 Implementation of Kinetic Inductance Coupling

Figure 2.1 illustrates the conceptual implementation of longitudinal coupling between a
grAl resonator and a spin ensemble. The spin ensemble is realized using a single crystal of
{Cr7Ni} magnetic molecules, which resemble cyclic wheels of eight chromium atoms, one
of which is substituted by a nickel atom, as sketched in Fig. 2.1a. An antiferromagnetic
exchange interaction between these metallic centers gives rise to a paramagnetic ground
state of the molecule with a total spin 𝑠 = 1/2 and g factor 𝑔 = 1.8 [164–166]. The near-
isotropic effective two-level structure avoids additional spectral contributions from higher
energy levels and simplifies crystal alignment. Moreover, the deviation from 𝑔 = 2 provides
a distinct spectroscopic signature, facilitating discrimination from spurious coupling to
extrinsic electronic spins in the environment of superconducting circuits [1, 134, 135, 139],
making {Cr7Ni} an ideal choice for our experiment.
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Figure 2.1: Kinetic inductance coupling between a grAl resonator and molecular spins. a Schematic
of the spin-resonator system implementing a longitudinal interaction. The single crystal of {Cr7Ni} magnetic
molecules (green) is positioned at the center of a grAl stripline resonator (red). The ensemble magnetization
𝑀 , due to polarization in an in-plane magnetic field 𝐵 ∥ , creates a local magnetic field 𝐵↑ (green lines) at the
resonator site. This field increases the grAl kinetic inductance, implementing a longitudinal spin-resonator
interaction. Left inset: The high kinetic inductance of grAl arises from its microstructure, consisting of
crystalline aluminum grains (red) embedded in an amorphous AlOx matrix. Right inset: The micro-crystal
consists of single magnetic molecules Cr7NiF8 (O2CCMe3)16 ≡{Cr7Ni}, where exchange interaction between
Cr and Ni atoms results in a paramagnetic ground state with spin 𝑠 = 1/2, 𝑔 = 1.8 [164–166]. b Optical
microscope image of the molecular crystal placed atop the grAl readout resonator (central strip). The crystal
is attached and thermalized using Apiezon N [167] vacuum grease (transparent gray), which provides low
levels of magnetic susceptibility and low microwave losses (cf. Section 4.1). For spin excitation, niobium
resonators create radio-frequency (rf) magnetic fields perpendicular to the spin quantization axis (given by
𝐵↑). To ensure efficient coupling, their inductance is concentrated beneath the molecular crystal (dashed
white outline). c Zoomed-out view of the grAl readout resonator, which operates at a resonance frequency of
𝑓r = 7.8 GHz. It is flanked by two low-impedance niobium resonators, used to drive spins at 𝑓Nb,1 = 9.8 GHz
and 𝑓Nb,2 = 11.2 GHz. Adapted from Ref. [2].

The single crystal is attached at the center of the grAl stripline resonator using Apiezon N
vacuum grease [167] ensuring thermal anchoring on the sapphire substrate (cf. Fig. 2.1b).
The 500 µm long and 5 µm wide resonator (cf. Fig. 2.1c) has a fundamental resonance
frequency of 𝑓r = 7.8 GHz. The 20 nm thick grAl film is patterned on c-plane sapphire
substrate and exhibits a sheet resistance of 𝑅□ = 1.1 kΩ/□, corresponding to a sheet
inductance of 𝐿□ = 0.9 nH/□. Due to its kinetic inductance fraction 𝛼 ≈ 1 [72], we
expect the longitudinal interaction via its kinetic inductance to dominate over the residual
transverse coupling arising from the geometric inductance. However, the high impedance
𝑍 of the grAl resonator, which scales inversely with the transverse coupling strength
𝑔⊥ ∝ 𝛿𝐵r ∝ 1/

√
𝑍 [41, 152], renders it suboptimal for coherent spin driving. To address

this, we integrate two low impedance niobium resonators on the same chip to drive
the spins, as shown in Fig. 2.1b,c. Patterned from a 50 nm thick niobium film, these
resonators support high current densities and are designed with 150 µm long inductor
sections positioned in close vicinity to the center of the grAl readout resonator below the
molecular crystal (cf. Fig. 2.1c). This co-localization facilitates efficient spin driving while
preserving the high-impedance readout functionality of the grAl mode.
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2 Longitudinal Spin-Resonator Coupling: Ensemble Measurements

The longitudinal coupling arises from the interaction of the spin magnetic moment 𝜇 and
the kinetic inductance 𝐿kin of the grAl readout resonator. The total spin magnetization
®𝑀 =

∑
𝑖 ®𝜇𝑖 , which encodes an ensemble-averaged spin qubit population, modulates 𝐿kin

and induces a frequency shift 𝛿 𝑓M of the resonator frequency 𝑓r:

𝛿 𝑓M/𝑓r,0 ∝ −𝑀2 . (2.1)

This frequency shift results from the perpendicular component of the molecular crystal’s
magnetic field 𝐵↑,⊥ ∝ 𝑀 , which induces local circulating (persistent) currents 𝐼p in the grAl
film. Note that, due to the large Pearl penetration depth 𝛬p with respect to the resonator
width𝑤 , 𝛬p ≫ 𝑤 , these currents do not significantly screen the magnetic field. Instead,
they persist similarly to those in SQUIDs, which justifies denoting them as persistent
currents 𝐼p.

The kinetic inductance increases with these currents according to the expansion

𝐿kin(𝐼p) ≈ 𝐿kin,0

(
1 +

(
𝐼p

𝐼 ∗

)2
)
, (2.2)

where 𝐼 ∗ characterizes the nonlinearity of the grAl film and is typically comparable to the
critical current [161, 163, 168, 169]. In the regime of 𝛬p ≫ 𝑤 , the induced local currents
scale linearly with the perpendicular magnetic field, 𝐼p ∝ 𝐵↑, leading directly to the
quadratic frequency shift described in Eq. (2.1). An additional, but negligible, contribution
to the longitudinal coupling arises from the suppression of the superconducting gap with
𝐵↑. However, for our resonator geometry this effect is minimal and can be disregarded [139].
We emphasize that the operating principle of this longitudinal coupling scheme, where the
spin-induced magnetic field perturbs the resonator’s kinetic inductance via induction of
local circulating currents, is conceptually analogous to that employed in kinetic inductance
magnetometers [161–163] and kinetic inductance resonators in perpendicular magnetic
field [139, 169].

2.2.2 Longitudinal Readout of Spin Ensemble Magnetization

We perform single-port reflection measurements of the sample in a dilution refrigerator
at 30mK, with the chip mounted in a circular sample holder placed inside a 3D vector
magnet (see Appendix B.1). To verify the non-perturbative, detuning-independent nature
of the longitudinal spin-resonator interaction, we measure the ensemble magnetization in
parallel magnetic fields up to 𝐵∥ = 0.6 T, as shown in Fig. 2.2. In 𝐵∥ , the readout resonator
frequency shift 𝛿 𝑓r (Fig. 2.2a) consists of two contributions: (i) the frequency shift 𝛿 𝑓M
arising from the interaction with the spin ensemble and (ii) the intrinsic frequency shift
𝛿 𝑓r(𝐵∥, 𝑀 = 0) of the bare grAl resonator in 𝐵∥ .

While the perpendicular component of the spin-generated field 𝐵↑,⊥ governs the longi-
tudinal coupling, we actively compensate the global perpendicular field when applying
high 𝐵∥ , minimizing its influence (cf. Appendix B.2). Therefore, the prevailing effect on
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2.2 Kinetic Inductance Coupling to a Molecular Spin Ensemble

Figure 2.2: Detuning-independent readout of spin ensemble magnetization. a Resonance frequency
shift 𝛿 𝑓r (𝐵 ∥ , 𝑀) (blue markers) of the grAl readout resonator coupled to a molecular spin ensemble in an
applied magnetic field 𝐵 ∥ . The quadratic shift 𝛿 𝑓r (𝐵 ∥ , 𝑀 = 0) (black dashed line) due to suppression of the
superconducting gap in 𝐵 ∥ [139] is superimposed by a shift 𝛿 𝑓M (red arrows) induced by the crystal magnetic
field 𝐵↑. A fit to the quadratic shift 𝛿 𝑓r (𝐵 ∥ , 𝑀S) for saturated crystal magnetization (𝐵 ∥ > 0.32 T, black line)
allows to separate the two contributions 𝛿 𝑓r (𝐵 ∥ , 𝑀 = 0) and 𝛿 𝑓M. Transverse coupling of the 𝑔 = 1.83 spins
and spurious 𝑔 = 2 ESR mode [1, 134, 135, 139] introduces additional hybridization-induced frequency
modulations at 𝐵 ∥ = 0.29 T and 𝐵 ∥ = 0.26 T, respectively (gray arrows). b Extracted frequency shift 𝛿 𝑓M (red),
induced by the crystal magnetic field, and corresponding crystal magnetization𝑀 ∝

√︁
𝛿 𝑓M (green). Residual

transverse coupling with 𝑔 = 2 and 𝑔 = 1.83 spins prevents reliable extraction of the magnetization within
the regions of hybridization-induced frequency shift (gray markers), which are therefore excluded from the
fit to the paramagnetic response (black line). Note that the magnetization measurements were performed
on a sample without Nb drive resonators in order to avoid field distortions (cf. Section 4.2). Adapted from
Ref. [2].

the bare resonator becomes the suppression of the superconducting gap 𝛥 (𝐵∥), leading
to a parabolic decrease of the resonator frequency (see Ref. [139] and Section 4.2). To
disentangle the two contributions, we fit the parabolic tail 𝛿 𝑓r(𝐵∥, 𝑀S) for saturated crystal
magnetization𝑀 = 𝑀S in the field range 𝐵∥ > 0.32 T. This allows to in-situ infer the intrin-
sic frequency shift 𝛿 𝑓r(𝐵∥, 0) in 𝐵∥ . Subtracting this reference from the total measured shift
𝛿 𝑓r(𝐵∥, 𝑀) isolates the contribution 𝛿 𝑓M arising from the spin ensemble magnetization, as
indicated by the red arrows in Fig. 2.2a.

In Fig. 2.2b, we show the extracted spin-induced frequency shift 𝛿 𝑓M and the corresponding
normalized magnetization 𝑀/𝑀S = −

√︁
𝛿 𝑓M/𝛿 𝑓M(𝑀S) (cf. Eq. (2.1)). We observe a small

hybridization-induced shift in 𝛿 𝑓M due to the transverse coupling of the 𝑔 = 1.83 spins to
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2 Longitudinal Spin-Resonator Coupling: Ensemble Measurements

the remaining geometric inductance of the resonator. This shift propagates to a distortion
in the magnetization 𝑀 . In addition, we detect a similar feature due to the coupling to
spurious 𝑔 = 2 paramagnetic impurities, which are commonly present in superconducting
circuit environments and have been reported in prior resonator-based measurements [134,
135, 139]. These hybridization features become even more pronounced in the resonator’s
internal decay rate 𝛤𝑖 and can be exploited as an in-situ determination of the g-factor and
as a magnetic field calibration (see Section 4.1). In the subsequent quantitative analysis,
we exclude data points where transverse hybridization significantly distorts the extracted
magnetization𝑀 (gray points in Fig. 2.2b).

The crystal magnetization is expected to follow the paramagnetic response

𝑀 = 𝑀S tanh
(
𝑔𝜇B𝐵∥
2𝑘B𝑇S

)
, (2.3)

where 𝑘B is the Boltzmann constant and 𝑇S denotes the spin temperature. Indeed, a fit
to Eq. (2.3) is in good agreement with the extracted magnetization 𝑀 for 𝑇S = 70 mK,
confirming the detuning-independent nature of the spin-superconductor interaction. In-
terestingly, the fitted spin temperature exceeds the cryostat base temperature 𝑇 ≈ 30 mK,
indicating limited thermalization of the molecular crystal through the vacuum grease
(cf. Fig. 2.1). Subsequent cooldowns with smaller crystal led to spin temperatures of
𝑇S = 30 mK, foreshadowing limited spin-phonon relaxation, denoted phonon-bottleneck
regime [95].

2.2.3 Spin Excitation and Decay

While the previous section focused on passive magnetization measurements, arising from
thermal spin polarization under increasing Zeeman splitting in 𝐵∥ , we now demonstrate
active spin manipulation, as shown in Fig. 2.3. Owing to the detuning-independence of
the longitudinal readout scheme, we measure the spin polarization while exciting the spin
ensemble at a frequency 2GHz detuned from the grAl readoutmode. Specifically, we use the
low-impedance niobium drive resonator at 𝑓Nb1 = 9.84 GHz. Figure 2.3a shows continuous-
wave (CW) two-tone (TT) spectroscopy on the spin ensemble, measured by continuously
monitoring the readout resonator response while applying a second microwave tone 𝑓d
with varying frequency. The measured shift in the readout frequency 𝛿 𝑓r, corrected for
cross-Kerr interactions between the drive and readout modes (cf. Section 4.3), is converted
into a relative magnetization change of the ensemble 𝛿𝑀/𝑀S using a previously calibrated
magnetization curve for the same molecular crystal (cf. Fig. 4.3). As expected, we observe
the spin transition frequency h𝑓 = 𝑔𝜇B𝐵∥ tuning through 𝑓Nb1, from which we extract
𝑔 = 1.83 ± 0.01, consistent with values reported in Refs. [164, 166]. The excitation pattern
reflects a convolution between the Lorentzian linewidth of the Nb drive resonator with
the inhomogeneous spin ensemble linewidth. The former determines the magnitude of
the radio-frequency (rf) field at the spin position while the latter determines the effective
fraction of resonant spins. Importantly this experiment also serves as a control: when the
spin transition is far detuned from the drive (e.g. at 𝐵∥ = 0.36 T in Fig. 2.3a), no measurable

22
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Figure 2.3: Excitation and decay of the spin ensemble 2GHz detuned from the readout. a Continuous-
wave two-tone spectroscopy of the spin ensemble, performed by sweeping a second drive tone 𝑓d in the
vicinity of the niobium resonator frequency 𝑓Nb1 = 9.84 GHzwhile monitoring the readout resonator response
at 𝑓r = 7.87 GHz. The relative shift of the spin magnetization 𝛿𝑀/𝑀S (green color bar) is measured from
the saturation and calibrated to the respective frequency shift 𝛿 𝑓r utilizing a magnetization curve similar to
Fig. 2.2 (cf. Section 4.2). The dashed line indicates the center frequency h𝑓 = 𝑔𝜇B𝐵 ∥ of the spin distribution,
with 𝑔 = 1.83. The excitation is most effective when the ESR is within the 𝜅/2𝜋 = 2 MHz bandwidth of the
Nb resonator. b, c Time-domain characterization of the spin ensemble at 𝐵 ∥ = 0.384 T, in resonance with the
Nb drive (red marker in a). b Excitation to saturation and c decay from saturation of the spins for different
incident drive powers. Note the non-exponential relaxation with a 1/𝑒 time of 𝜏 = 0.38 s. Adapted from [2].

change in magnetization occurs, excluding drive induced heating as origin of the spin
excitation.

We complete the spin ensemble characterization with time-resolved excitation and decay
measurements on resonance with the niobium drive in Fig. 2.3b,c. As expected, we observe
drive power dependent excitation dynamics, reaching a saturation level of 𝛿𝑀/𝑀S = 0.6 for
the highest drive powers (cf. Fig. 2.3b). After ensuring a steady state excitation by driving
the spins for 𝑡exc = 6 s, the ensemble relaxation exhibits a non-exponential decay, with a
1/𝑒 decay time of 𝜏 = 0.38 s (cf. Fig. 2.3c). This decay time is two orders of magnitude longer
than previously reported lifetimes for the same {Cr7Ni} molecules in toluene solution [165],
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Figure 2.4: Towards a superconducting kinetic inductance element, susceptible to single spins.
a Sketch of a single spin (green) at a distance 𝑑 on top of a superconducting thin film in a magnetic field
𝐵 ∥ . The superconductor is locally confined to a nanoscopic volume by confining the width 𝜖 , to increase
the interaction with the spin’s magnetic dipole field (green lines). Inset: microstructure of grAl, consisting
of crystalline aluminum grains within amorphous oxide [140], forming a 3D network of JJs. The chemical
similarity to conventional Al/AlO𝑥 /Al JJs makes grAl a promising candidate for a low-loss nanoscopic JJ.
b Circuit diagram of a superconducting fluxonium qubit with spin-state-dependent Josephson energy 𝐸J,
junction capacitance𝐶J, superinductor 𝐿q and external flux𝛷ext. The exponential sensitivity of the fluxonium
transition frequency 𝑓q on 𝐸J implements a frequency shift 𝛿 𝑓q depending on the spin polarization. Adapted
from [2] and [170] with permission from the author.

indicating that decay is limited not by intrinsic spin-phonon relaxation but by phonon decay
into the substrate, commonly referred to as phonon-bottleneck [95]. In this regime, the
limited number of phonon modes at the spin transition energy, combined with inefficient
phonon-phonon interactions (preventing efficient excitation redistribution into the other
modes), leads to a high population of the respective phonon mode for spin relaxation.
Combined with poor thermal coupling to the substrate bath, the resulting slow phonon
decay significantly prolongs the relaxation time of the spin ensemble.

The phonon-bottleneck is a prime example for ensemble-level effects that modify the
spin relaxation and coherence dynamics, alongside inhomogeneous broadening and spin-
spin interactions. While the presented results demonstrate the utility of longitudinal
spin-resonator coupling and validate its implementation via kinetic inductance, they also
emphasize a key limitation: QIP requires precise, coherent control over individual spins,
rather than ensembles. Consequently, these measurements establish both the promise
and limitations of ensemble-based protocols and motivate the transition to single-spin
readout.

2.3 From Ensembles to Individual Spins: Scaling Longitudinal
Coupling

A longitudinal single-spin interaction governed by 𝐻 ∥
int (cf. Eq. (1.14)) corresponds to

coupling a superconducting circuit to the static dipolar field of an individual spin. Even
for magnetic molecules with large moments (𝜇 ∼ 10𝜇B), this dipole field remains weak
and highly localized: 𝐵dipole(1 nm) = 18.5 mT and 𝐵dipole(10 nm) = 18.5 µT, for distances
of 𝑑 = 1 nm and 𝑑 = 10 nm along the z-axis, respectively. Consequently, the perturbation
induced by a single spin is negligible when averaged over themicron scale of a conventional
grAl resonator. To enable single-spin detection, it is therefore essential to concentrate the
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kinetic inductance into a nanoscopic volume. However, this volume reduction inherently
increases the device nonlinearity [150], which results in an anharmonic circuit with limited
power dynamic range [148], effectively transforming it into a superconducting qubit with
direct fluorescent readout [148, 160]. To overcome these readout limitations, we can
adopt the conventional readout strategy for superconducting qubits, i.e. coupling the
spin-sensitive qubit circuit to a harmonic readout circuit. With the spin-state encoded into
the superconducting qubit frequency, this allows to precisely determine its frequency via
Ramsey interferometry, where readout fidelity and coherence time define the frequency
resolution. This reframes the challenge of single-spin readout as the precise detection of a
superconducting qubit frequency shift. The key requirement, illustrated in Fig. 2.4, is then
a nanoscopic JJ to implement a kinetic inductance sensitive to the spin dipole field.

In practice, the majority of JJs in superconducting qubits are implemented in the form
of Al/AlO𝑥 /Al overlap JJ due to their long list of advantages, which include: i) robust
fabrication of the oxide barrier [171], ii) robustness to thermal cycling [172], and iii)
unmatched coherence [101, 172, 173], which directly impacts the frequency resolution in a
Ramsey experiment for spin detection. While typical JJs used in QIP with electrode sizes
down to 100 × 100 nm2 offer reproducibly low area variation [174], sizes can be reduced
to 20 × 30 nm2 [114]. However, these aluminum-based JJs are incompatible with the high
magnetic fields required for spin-qubit operation. Their performance degrades due to the
suppression of the superconducting gap 𝛥 at ∼ 10 mT in bulk and the diminishing of the
JJ critical current in a Fraunhofer interference pattern [175].

While the use of aluminum in the thin film limit can improve magnetic field compati-
bility [148, 175–177], measured devices still report significant suppression of the qubit
frequency and coherence in the range of 101–102mT. An alternative approach towards
field resilience in JJs are gate tunable junctions based on semiconducting nanowires [125,
178–183] and graphene [184],which avoid Fraunhofer interference by omitting overlapping
electrodes. However, their performance is limited by significant spectral instability and
poor coherence. Other weak links that avoid Fraunhofer interference are Superconductor-
constriction-Superconductor (ScS) JJs, where the nonlinearity directly originates from
a continuous superconducting film [92]. Patterned from field-resilient superconductors
like niobium, these JJs are well characterized in DC measurements [185] and have been
used to probe magnetization dynamics of magnetic molecules [159]. Yet, the high critical
current of niobium nanobridges impedes their use in superconducting qubits [91] and JJ
implementations using disordered superconductors have shown marginal coherence, even
in zero magnetic field [131–133, 137, 186].

To overcome these limitations, we aim to engineer a novel type of weak link that combines
the advantageous coherence of standard Al/AlO𝑥 /Al junctions with the field resilience of
disordered superconductors and the nanoscopic footprint of ScS weak links. The granular
microstructure of grAl offers a notable difference to atomically disordered superconductors
like NbN, InO and NbTiN: Composed of crystalline aluminum grains inside an insulat-
ing AlO𝑥 matrix [140–142], its microstructure effectively implements a 3D network of
nanoscopic JJs (cf. Fig. 2.4a). Notably, this effective JJ model, governed by inter-grain
Josephson coupling, remains valid down to dimensions on the order of tens of nanometers
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due to the small coherence length, approaching the grain size in the strongly disordered
limit [187]. Moreover, the intriguing chemical similarity to standard Al/AlO𝑥 /Al JJ suggests
its potential for coherent operation. Indeed, grAl resonators demonstrate low dissipa-
tion (cf. Section 4.1), with internal quality factors of 𝑄i ∼ 105–106 in the single photon
regime [72, 124, 145, 146] and its magnetic field resilience [4, 139] makes it a suitable
candidate for hybrid architectures, as we have demonstrated in the previous section. We
thus conclude that a promising approach for longitudinal single-spin coupling consists of
a nanoscopic confinement of granular aluminum to implement a coherent JJ. The proposed
interaction mechanism exploits the modulation of the superconducting gap 𝛥 by the spin
dipole field 𝛥 (𝐵↑), resulting in a spin-state-dependent Josephson energy 𝐸J ∝ 𝛥 (𝜎𝑧). Note
that, in contrast to the mechanism for ensemble measurements presented in Section 2.2.1,
the contribution from circulating currents is negligible due to the small cross section of
the grAl junction.

To detect spin-dependent shifts 𝛿𝐸J = 𝐸↑J −𝐸
↓
J , the junction must be embedded in a coherent

superconducting circuit for high-resolution qubit frequency readout. While the transmon
qubit frequency depends on 𝐸J only in a square root dependence, ℏ𝜔q =

√︁
8𝐸J𝐸C − 𝐸C [48],

the fluxonium frequency at the half-flux sweet spot exhibits exponential sensitivity to
changes in 𝐸J due to the tunneling through the Josephson barrier in the potential. The
fluxonium transition frequency can be approximated by the phase-slip rate 𝜈 [188, 189]

𝜈 =
4
√
𝜋

(
8𝐸3

J𝐸C
)1/4

𝑒−
√

8𝐸J/𝐸C . (2.4)

Consequently, we propose to embed the grAl junction into a fluxonium superconducting
qubit (cf. Fig. 2.4b), governed by the standard fluxonium Hamiltonian𝐻flux (Eq. (1.7)). Since
[𝐻flux, 𝜎𝑧] = 0, this implements a longitudinal single-spin interaction.
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3 Probing Spins with a Superconducting
Qubit: Sensing in High Magnetic Fields

Building on the demonstration of longitudinal coupling between superconducting circuits
and spin ensembles in Chapter 2, this chapter advances the narrative towards achieving
longitudinal coupling to individual spins. We introduce and develop the gralmonium qubit
– a novel granular aluminum nanojunction-based fluxonium qubit specifically designed
for single-spin detection. By confining the Josephson element to nanoscopic dimensions
while maintaining coherence, the gralmonium addresses the challenge of enhancing spin
sensitivity without sacrificing qubit stability. Our measurements show that the qubit
spectrum and coherence are indistinguishable from conventional fluxonium qubits incor-
porating SIS-based JJs, allowing circuit engineering based on a simple, established model
Hamiltonian. To enable operation in the Tesla regime required for spin qubit experiments,
we implement a gradiometric qubit design. Through systematic characterization at zero
and high magnetic fields up to 1 T, we quantify the gralmonium’s resilience, coherence,
and sensitivity to spin-induced perturbations within the nanojunction volume. Further-
more, probing the qubit environment for spin-specific signatures in high magnetic fields
establishes its readiness for hybrid architectures integrating single spins. A simulation
of spin-flip-induced frequency shifts confirms that, under realistic conditions, a single
magnetic molecule placed atop the nanojunction produces a resolvable qubit frequency
shift through longitudinal interaction, validating the feasibility of longitudinal single-spin
detection with the gralmonium. This chapter is adapted in parts from Refs. [1–3].

3.1 Gralmonium: A Superconducting Qubit for Single Spin
Detection

3.1.1 The GrAl Nanojunction

As discussed in Section 2.3, achieving longitudinal coupling to an individual spin requires
a novel type of weak link: a nanoscopically confined grAl element. To maximize sensitivity
to a single spin, the element must be as small as possible while maintaining acceptable
fabrication reproducibility and yield. Additionally, when integrated into a qubit circuit,
the structure must retain coherence, as the qubit frequency — encoding the spin state — is
determined via Ramsey interference experiments.
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Figure 3.1: The grAl nanojunction. Scanning electron microscope (SEM) image of three grAl nanojunctions
with nominally identical design. a Two grAl electrodes connected by an 𝜀3 ≈ (20 nm)3 grAl volume, forming
a grAl nanojunction. About one in four fabricated nanojunctions forms a connection with 𝜀 ≤ 25 nm.
b Example of a disconnected nanojunction. c Junction with an excessively wide connection, 𝜀 ≈ 50 nm,
exceeding the design specification. The scalebar in b and c is identical to that in a. Note that, for a 3D
perspective on the nanojunction, the imaging was performed under an angle of 45° (a, b) and 28° (c).

We fabricate the grAl element using a well-established lift-off lithography process on sap-
phire substrates in order to maintain the low microwave losses obtained in grAl resonator
measurements (cf. Section 4.1). Compared to silicon and other substrates, sapphire is a
reliable and common substrate that offers low microwave losses [84] without requiring
complex surface passivation or removal processes to maintain interface quality [91]. How-
ever, electron-beam lithography on insulating sapphire poses challenges due to charge
accumulation, which generates local electric fields that distort and deflect the beam, reduc-
ing the resolution even when antistatic coatings are applied (cf. Appendix A.2). By refining
the lithography to accommodate narrow wire confinement and explicitly accounting for
the proximity effect beyond standard correction algorithms, we reliably achieve grAl
feature sizes down to 𝜀 ≈ 20 nm, as illustrated in Fig. 3.1a. Despite these optimizations, the
fabrication yield remains limited: approximately one in four nominally identical structures
results in a lateral grAl confinement below 𝜀 ≤ 25 nm, while others are either discontinu-
ous (Fig. 3.1b) or excessively wide (Fig. 3.1c). In the following, we denote grAl structures
with confinement to an 𝜀3 ≈ (20 nm)3 volume as grAl nanojunctions and focus our
development of longitudinal single-spin coupling on these elements due to their favorable
scale.

To incorporate the grAl nanojunction into superconducting quantum circuits and engineer
the associated circuit elements, it is essential to estimate its nonlinearity. So far, the
kinetic inductance nonlinearity in disordered superconductors has been modeled using a
leading-order expansion (cf. Eq. (2.2)). However, this approximation becomes inadequate
for the nanojunction, where strong geometric confinement enhances the nonlinearity and
renders higher-order terms significant. In the case of grAl, the microwave nonlinearity has
been analytically described by modeling the film as an effective 1D JJ array. The resulting
self-Kerr coefficient 𝐾11 (quantifying the frequency shift per photon) scales inversely with
the grAl volume 𝑉grAl as 𝐾11 ∝ 𝜔2

1/( 𝑗c𝑉grAl), where 𝜔1 is the fundamental mode frequency
of a rectangular strip of grAl [150]. Remarkably, this simple volume-scaling law agrees
with experimental measurements over six orders of magnitude in 𝐾11, without the need
for fitting parameters. The observed increase in nonlinearity with decreasing volume thus
strongly supports the enhanced nonlinearity of the nanojunction relative to standard grAl
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3.1 Gralmonium: A Superconducting Qubit for Single Spin Detection

elements. However, similar to the kinetic inductance expansion, the self-Kerr coefficient
represents a first-order approximation of the nonlinearity. For a more complete model,
we treat the nanojunction as an effective JJ, characterized by a critical current 𝐼c and
corresponding Josephson energy 𝐸J.

In conventional fluxonium qubits, the nonlinearity arises from tunnel JJs with typical
Josephson energies of 𝐸J/ℎ ∼ 101 GHz and a nonlinearity determined by 𝐸J/𝐸C ∼ 1 [91],
which reflects the extent to which the phase particle in the fluxonium potential probes the
nonlinearity of the E𝜑R. To employ the nanojunction as the dominant nonlinear element in
a fluxonium qubit, we estimate its effective 𝐸J. Extending the analogy between Josephson
inductance and kinetic inductance of disordered superconductors described within the
framework of the Mattis-Bardeen theory (cf. Section 1.3.3), we model the nanojunction as
a 20 nm× 20 nm square of a 20 nm-thick disordered superconductor with sheet inductance
𝐿□ = 2 nH/□ (corresponding to a grAl resistivity of 𝜌 = 4000 µΩ cm [72]). This yields a
critical current 𝐼c = 165 nA and corresponding Josephson energy 𝐸J/ℎ = 82 GHz, based on
the relation for Josephson inductance 𝐿J (Eq. (1.8)). This estimate is corroborated by critical
current densities extracted from switching current measurements on grAl micro-SQUIDs
with 20 nm × 80 nm × 300 nm constrictions [190, 191], which for a grAl resistivity of
𝜌 = 3200 µΩ cm yield 𝐸J/ℎ = 70 GHz for nanojunction-sized constrictions. These results
place the nanojunction within the fluxonium regime 𝐸J/𝐸C ∼ 1 for an expected junction
capacitance on the order of𝐶 ≲ 1 fF (𝐸C ≳ 19 GHz), when fabricated from high-resistivity
grAl films (e.g. 𝜌 = 3000 µΩ cm).

Beyond its Josephson energy, the nonlinearity of a JJ is governed by its C𝜑R. For constriction-
type JJs, the C𝜑R typically deviates from a sinusoidal form, depending sensitively on the
constriction geometry and the distribution of transmission channels (cf. Section 5.2) [92].
The grAl microstructure, however, can also be modeled as a three-dimensional network
of tunnel JJs with sinusoidal C𝜑R, akin to that of conventional superconductor-insulator-
superconductor (SIS) junctions. The nanojunction, therefore, tests the boundaries of exist-
ing models for grAl nonlinearity, bridging the gap between a material-based description
and a JJ-based framework. The fluxonium qubit offers an ideal testbed to experimentally
probe the nanojunction C𝜑R. Its flux-tunable energy spectrum enables fine control of the
potential landscape, while its pronounced anharmonicity and characteristic tunnel regime
𝐸J/𝐸C ∼ 1 render it highly sensitive to the functional form of the C𝜑R, facilitating a direct
probe of the nanojunction’s nonlinearity at the most fundamental level.

3.1.2 Gralmonium: Granular Aluminum Nanojunction Fluxonium Qubit

In light of the previous considerations, we integrate the grAl nanojunction as a strongly
nonlinear element into a superconducting fluxonium qubit circuit. The previously demon-
strated performance of grAl resonators [4, 72, 145, 146] and grAl superinductors in fluxo-
nium architectures [124] combined with the grAl nanojunction now allows to design all
circuit elements for qubit and readout from a single grAl film. By tailoring the geometry of
the grAl structures, we engineer distinct circuit functionalities, thereby enabling fabrica-
tion of the entire device in a single lithographic layer. This monolithic architecture, which
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Figure 3.2: The gralmonium: a single-layer granular aluminum fluxonium qubit. a Optical micro-
graph of the grAl stripline antenna, serving as a readout resonator for the gralmonium attached in its
center. b False-colored SEM zoom-in on the gralmonium qubit circuit. The readout antenna (ocher) is
galvanically connected to the qubit, which consists of a meandered grAl superinductor (green) and a grAl
nanojunction (red) shunted by an interdigitated capacitor (blue). The green-to-blue gradient indicates
inductive-to-capacitive contributions from the meanders, reflecting the compact circuit layout. The entire
structure is fabricated in a single-layer without overlapping contact junctions. c Lumped-element circuit
diagram corresponding the circuit in b: The readout resonator, consisting of capacitance 𝐶r and inductance
𝐿r, is inductively coupled via a shared inductance 𝐿s to the qubit. The qubit includes an inductance 𝐿q, a shunt
capacitance 𝐶 ∥ , and a Josephson junction characterized by Josephson energy 𝐸J and intrinsic capacitance 𝐶J
(charging energy 𝐸JC). The circuit is measured in single-port-reflection within a cylindrical copper waveguide
sample holder (cf. Appendix B.1) using a Dimer Josephson Junction Array Amplifier (DJJAA) [192]. d SEM
zoom-in on the grAl nanojunction, formed by laterally confining the grAl wire to a width of 𝜀 ≈ 20 nm
(cf. Fig. 3.1). e Circuit model of the nanojunction enclosed by the superinductor in d, forming an effective
1D Josephson junction array with spatially modulated Josephson coupling 𝐸J/𝐸C. Adapted from Ref. [3].

we refer to as gralmonium, offers multiple advantages. Most notably, it eliminates the need
for overlap junctions, thereby avoiding the emergence of Fraunhofer interference patterns
that typically arise in high magnetic fields, necessary for spin qubit operation. Conse-
quently, the gralmonium design not only incorporates a nanoscopic nonlinear element
designed for single-spin detection but also promises to enhance magnetic field resilience
compared to conventional superconducting qubit circuits [176].

Figure 3.2 shows the implementation and the corresponding lumped-element circuit
diagram of the gralmonium. The circuit is patterned from a 20 nm-thick grAl film with a
sheet resistance of 𝑅□ = 1.5 kΩ/□, deposited on a sapphire substrate (see Appendix A.2).
The readout resonator is implemented as a 4 µm-wide stripline antenna (cf. Fig. 3.2a)
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with the fluxonium qubit located in its center (Fig. 3.2b). Qubit-resonator coupling is
mediated via a galvanic connection between the qubit loop and the resonator, which share
8 µm of the resonator inductance, similar to the design in Refs. [121, 124]. We model the
entire circuit using a lumped-element representation, illustrated in the circuit schematic
in Fig. 3.2c. The qubit loop is formed by a 170 nm wide meandered grAl superinductor,
which is closed by locally constricting the grAl wire to a width of 𝜀 = 20 nm, forming the
𝜀3 grAl volume that defines the grAl nanojunction (cf. Fig. 3.2d and Section 3.1.1).

Given the coherence length of our grAl film of 5 nm < 𝜉 < 10 nm < 𝜀 [141, 193, 194],
the nanojunction does not constitute a conventional constriction-type JJ, which requires
both the width and length of the constriction to be on the order of, or smaller than,
the superconducting coherence length [92]. Instead, considering the grAl microstructure
composed of aluminum grains with an an average grain size of≈ 4 nm [140–142], we model
the nanojunction as a three-dimensional network of tunnel JJs. For operating frequencies
well below the grAl plasma frequency (≈ 70 GHz [143, 150]), this 3D JJ network in the
nanojunction and the connecting wire of the grAl superinductor can be effectively modeled
as a one-dimensional JJ array with abruptly modulated Josephson coupling strength of
magnitude 𝐸J at the position of the nanojunction (cf. Fig. 3.2e). While potentially several
successive Al/AlO𝑥 interfaces within the nanojunction contribute to electrical transport,
we model it as an effective single SIS JJ, characterized by a capacitance 𝐶J and effective
Josephson energy 𝐸J with sinusoidal C𝜑R.

In this effective model, not only the Josephson coupling but also the capacitance changes
considerably due to the change in wire crossection from the distributed superinductor
array to the nanojunction. Specifically, the grAl superinductor operates in the regime
𝐸
array
J /𝐸arrayC ≈ 102, while the nanojunction enters the regime 𝐸J/𝐸JC ≲ 1. To engineer the

desired fluxonium energy spectrum, we shunt the nanojunction with an interdigitated
capacitor (highlighted in blue in Fig. 3.2b,c) with capacitance 𝐶∥ ≈ 0.8 fF obtained from
finite element simulations. This additional shunt introduces an upper bound for the
gralmonium charging energy 𝐸C = 𝑒2/(2(𝐶J +𝐶∥)) ≲ 𝐸

∥
C = 𝑒2/(2𝐶∥) ≈ 24 GHz, bringing

the gralmonium into the regime 𝐸C ≈ 𝐸J. Note that due to the compact geometry of the
superinductor loop, the meanders in the vicinity of the nanojunction contribute to the
shunt capacitance 𝐶∥ , which is qualitatively illustrated by a green-to-blue color gradient
in Fig. 3.2b.

3.1.3 Gralmonium Qubit: Exceptionally Unexceptional

We characterize the gralmonium device shown in Fig. 3.2 in a dilution refrigerator at
a base temperature of 10 mK, mounted within a sub-wavelength copper sample holder
(cf. Appendix B.1). The readout resonator is measured in single-port microwave reflection
employing a parametric amplifier to enhance signal-to-noise ratio [192]. Illustrated in
Fig. 3.3a, avoided level crossings in the resonator phase response measured as a function of
external magnetic flux provide the first indication of a functional gralmonium device. These
avoided crossings reflect the coherent transverse coupling between the fluxonium qubit and
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Figure 3.3: Gralmonium Spectroscopy. a Phase response arg(𝑆11) of the readout resonator as a function
of external magnetic flux𝛷ext, measured in single-port reflection. Avoided level crossings appear in the flux
sweep at small qubit-resonator detuning, indicating a periodic modulation of the qubit frequency (cf. Fig. 5.1).
b Gralmonium spectrum vs. external flux, extracted from continuous-wave two-tone spectroscopy. The
markers show the fluxonium transitions from |g⟩ → |e⟩ (red) and |g⟩ → |f⟩ (blue). Hybridization with
the readout resonator near 7.4 GHz and with the first mode of the grAl superinductor around 13.1 GHz
prevents reliable extraction of the qubit frequency, resulting in gaps in the extracted spectrum. From a fit
(black lines) of the fluxonium Hamiltonian 𝐻flux (cf. Eq. (1.7)) to the spectrum, we extract 𝐸L/h = 0.574 GHz
(i.e. inductance 𝐿q = 285 nH), 𝐸J/h = 23.4 GHz (i.e. critical current 𝐼c = 47.1 nA) and 𝐸C/h = 15 GHz (i.e.
total qubit capacitance 𝐶q = 𝐶 ∥ +𝐶J = 1.26 fF) for the qubit parameters (cf. Fig. 3.2). Insets: Raw two-tone
spectroscopy trace measured at𝛷ext/Φ0 = 0 (top left and bottom) and𝛷ext/Φ0 = 1/2 (top right), acquired by
applying a second drive tone at frequency 𝑓d while monitoring the readout resonator response, encoded in the
amplitude of the reflection coefficient |𝑆11 | (color scale). As expected from fluxonium selection rules [99, 101,
122], the |g⟩ → |f⟩ transition vanishes in the vicinity of𝛷ext = 0 (top left inset) At half-flux𝛷ext/Φ0 = 1/2
(top right inset), the qubit frequency toggles between traces, i.e. on minutes timescale. Adapted from Ref. [3].

the readout resonator, and are absent in devices where the nanojunction is either discon-
tinuous or excessively wide (cf. Section 5.1). Given the limited fabrication yield associated
with the nanojunction’s nanoscale confinement (cf. Section 3.1.1), these measurements are
particularly valuable as a practical screening method for identifying operational devices.
It is important to note that SEM imaging is performed only after cryogenic measurements,
as carbon deposition during SEM can degrade qubit performance. This precludes SEM as
a reliable method for pre-selecting functional nanojunctions. Importantly, the periodic
repetition of the avoided level crossings with magnetic flux (cf. Section 5.1) confirms
the periodic modulation of the fluxonium transition frequency across the resonator fre-
quency. This allows to distinguish the system response from spurious modes coupled to
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the resonator, induced for example by exceeding the geometry-dependent threshold for
out-of-plane magnetic fields within the cooldown [139] (cf. Appendix B.2).

We further characterize the gralmonium by performing continuous-wave (CW) two-tone
(TT) spectroscopy, acquired by applying a second drive tone at frequency 𝑓d while mon-
itoring the readout resonator response. The resulting gralmonium spectrum, shown in
Fig. 3.3b up to 14GHz, reveals |g⟩ → |e⟩ transition frequencies of 𝑓ge = 4.0 GHz and
𝑓ge = 10.8 GHz at the half-flux and zero-flux sweet spot, respectively. The overall structure
closely resembles that of conventional fluxonium qubits [6, 99, 101, 122–124], indicating
that the grAl nanojunction embedded within the gralmonium circuit retains conventional
fluxonium characteristics. In particular, the suppression of the |g⟩ → |f⟩ transition near
zero flux (see top-left inset in Fig. 3.3b) is consistent with fluxonium selection rules [99].
We model both the extracted |g⟩ → |e⟩ and |g⟩ → |f⟩ transition simultaneously, utilizing
a numerical diagonalization of the fluxonium Hamiltonian (Eq. (1.7)). The agreement
between the fit (black line in Fig. 3.3b) and the extracted qubit spectrum confirms that
Eq. (1.7) accurately describes the gralmonium circuit. In total, we spectroscopically char-
acterized more than 20 working gralmonium devices based on the qubit design in Fig. 3.2
across 11 wafers, consistent with the fluxonium Hamiltonian in Eq. (1.7). This provides
the first evidence for a remarkably conventional sinusoidal C𝜑R of the grAl nanojunction
within the gralmonium qubit. We further test the robustness of this hypothesis by using
slightly slanted C𝜑R to model the spectroscopy in Section 5.2, confirming the SIS C𝜑R of
the nanojunction.

From the fit to the qubit spectrum, we extract a Josephson energy of 𝐸J/h = 23.4 GHz,
in agreement with the order of magnitude of our estimation for the nanojunction 𝐸J
in Section 3.1.1. The remaining deviation by a factor of ∼ 3 is likely attributed to a
combination of several effects, including but not limited to:

• The nanojunction cross-section, which is rounded (cf. Fig. 3.1a) rather than resem-
bling an ideal 20 nm× 20 nm-square, reducing the critical current for a given current
density.

• An increased surface-to-volume ratio compared to a planar grAl film, potentially
leading to increased local resistivity and surface oxide thickness at the nanojunction
position.

• The specific grain configuration within the nanojunction.

• The (yet unknown) origin of fluctuations in critical current between cooldowns of
the same device (cf. Section 5.3).

• The onset of the suppression of superconductivity due to dimensions only two to
four times larger than the grAl coherence length [141, 193, 194].

The fit also yields a qubit inductance of 𝐿q = 285 nH and a total qubit capacitance of
𝐶q = 𝐶∥ + 𝐶J = 1.26 fF. The extracted value of 𝐿q, which is significantly lower than
expected based on the grAl sheet inductance and the number of squares in the meandered
geometry, confirms that the meandered geometry partially charges up, behaving capacitive
rather than purely inductive, as indicated in Fig. 3.2b. Furthermore, the extracted qubit

33



3 Probing Spins with a Superconducting Qubit: Sensing in High Magnetic Fields

0 20 40
t (µs)

10−2

10−1

100

qu
bi

ti
nv

er
sio

n

T1 = 11.4 µs

0 10 20
T1 (µs)

0

250

co
un

ts

0 10 20
t (µs)

0.0

0.2

0.4

qu
bi

ti
nv

er
sio

n

T2E = 10.5 µs

0 10 20
T2E (µs)

0

250

co
un

ts

0.48 0.50 0.52
Φext/Φ0

5

10

15

20

,
(µ

s)
T 2

E
T 1

0 2 4 6 8 10t (µs)

0.00

0.25

0.50

0.75

1.00

qu
bi

ti
nv

er
sio

n

T2R = 4.0 µs

fRamsey = 2.0MHz

fbeating = 0.2MHz

0 10T2R (µs)
0

250

co
un

ts

a b c

d

Figure 3.4: Energy relaxation and coherence of the gralmonium at half-flux bias. a Free decay
energy relaxation and b Hahn echo experiments, both fitted with exponential decays (black lines), yielding
relaxation and echo coherence times of 𝑇1 = 11.4 µs and 𝑇2E = 10.5 µs, respectively. c Extracted 𝑇1 (blue)
and 𝑇2E (green) decay times as a function of external flux 𝜙ext, in the vicinity of the half-flux sweet spot.
Data points represent the mean values, with error bars indicating the standard error of the mean over five
consecutive flux sweeps. d Ramsey fringes measured at a detuning of 𝑓Ramsey = 2 MHz reveal a beating
pattern, indicative of qubit frequency fluctuations between two distinct values. A two-frequency fit (black
lines) yields a beating frequency of 𝑓beating = 0.2 MHz and a Ramsey coherence time of𝑇2R = 4.0 µs. A detailed
analysis of these frequency fluctuations is provided in Section 5.3. Insets: Histograms of extracted relaxation
and coherence times over 5000 repetitions:𝑇1 energy relaxation (panel a), 𝑇2E Echo coherence (panel b) and
𝑇2R Ramsey coherence (panel d), where each repetition contains 100 single-shot qubit measurements per
data point. In panels a, b, and d, markers and gray error bands indicate the mean and standard error of the
mean over 20 repetitions. Adapted from Ref. [3].

capacitance 𝐶q reveals a small intrinsic nanojunction capacitance 𝐶J ≈ 0.46 fF, with 𝐶q
dominated by the geometric contribution of the interdigitated shunt capacitor, consistent
with design expectations. The resulting ratio 𝐸J/𝐸C leads to a delocalization of the |g⟩ and
|e⟩ wavefunctions across multiple potential wells, even at zero-flux bias (cf. Section 5.4.2).
Surprisingly, the linewidth of the |g⟩ → |e⟩ transition does not narrow near the half-flux
sweet spot (see top-right inset in Fig. 3.3b), suggesting the presence of a decoherence
mechanism beyond the expected flux noise. Indeed, TT spectroscopy shows a toggling of
the qubit frequency on a timescale of minutes between consecutive traces, consistent with
fluctuations in the critical current. This observation foreshadows the presence of critical
current noise, which is discussed in further detail in Fig. 3.4 and Section 5.3.

We complete the initial characterization of the gralmonium by evaluating its energy
relaxation and coherence at half-flux bias in Fig. 3.4. While such metrics are established
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figures of merit for quantum information processing (QIP), they are equally critical for
assessing the suitability of gralmonium for the detection of individual spins. Specifically,
these quantities directly influence the achievable resolution in measurements of the qubit
transition frequency, which encodes the spin state (cf. Section 2.3). The qubit energy
relaxation time 𝑇1 enters directly into the Ramsey and Hahn Echo coherence times 1/𝑇2 =
1/(2𝑇1) + 1/𝑇𝜑 , thereby determining the spectral resolution of Ramsey-based frequency
measurements. In addition, 𝑇1 affects the readout fidelity, as it governs the decay of the
qubit population during the measurement window, consequently impacting the accuracy
of frequency determination over a given time interval, such as a fraction of the spin 𝑇1.
Beyond the contribution from energy relaxation, the ultimate frequency resolution is set
by the pure dephasing time 𝑇𝜑 , which quantifies the fluctuations in the qubit transition
frequency. In the rotating frame, this corresponds to a dephasing between different
single-shot qubit measurements.

From free decay energy relaxation, we extract an average relaxation time of 𝑇1 = 10.5 µs
using a single-exponential fit to the decay. Although this value is below the performance
of state-of-the-art superconducting qubits optimized for QIP [101], it is comparable to that
of devices based on SIS junctions that are not yet fully optimized for such applications [34,
117, 124, 176, 177], especially when considering the relatively high gralmonium half-
flux frequency and assuming a constant quality factor 𝑄 such that the energy relaxation
scales as 𝑇1 = 𝑄/𝜔q. Notably, energy relaxation times extracted from quantum jump
measurements (cf. Section 5.4.3) are in close agreement with those obtained from free
decay. This consistency indicates QND readout and suggests photon-number-independent
energy relaxation, as previously observed in other grAl-based fluxonium devices [103].

To investigate qubit dephasing, we begin by isolating fast frequency noise through spin
Hahn echo measurements, where a single refocusing 𝜋-pulse suppresses contributions
from low-frequency fluctuations in the qubit frequency. We measure an average Hahn
echo coherence time of 𝑇2E = 9.2 µs (cf. Fig. 3.4b). The maximum 𝑇2E is reached at the
𝛷ext/Φ0 = 0.5 sweet spot, where the qubit spectrum is first-order insensitive to flux noise
(cf. Fig. 3.4c). Note that the coherence times 𝑇2E presented in Fig. 3.4c correspond to 1/𝑒-
decay times extracted from single-exponential fits, which provide a unified figure of merit
encompassing both exponential and Gaussian dephasing components. A comprehensive
analysis of the decoherence budget, including the impact of flux noise, is provided in
Section 5.4.1, revealing photon shot noise in the resonator as a likely limitation of the
qubit coherence.

In Fig. 3.4d, we present a representative Ramsey interference measurement, which serves as
a primary figure of merit for the single-spin detection in our proposed longitudinal coupling
scheme (cf. Section 2.3). Due to additional sensitivity to low frequency noise in the Ramsey
sequence, we observe a reduced average coherence time of 𝑇2R = 3.9 µs compared to Echo
experiments. Interestingly, the Ramsey fringes exhibit a beating pattern with a beating
frequency of 𝑓beating = 0.2 MHz, which we account for by performing a two-frequency
fit. This beating corresponds to a 0.2MHz toggling of the qubit frequency, attributed to
critical current fluctuations in the nanojunction. These conspicuous fluctuations persist
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and increase in amplitude on longer timescales (cf. Section 5.3), reminiscent of the typically
observed 1/𝑓 -like noise [30–34, 177, 195, 196].

Although such fluctuations are unconventional in the context of superconducting qubits,
their presence in the gralmonium is not entirely unexpected, given that the low-energy
fluxonium transitions are governed by quantum tunneling through the Josephson bar-
rier(cf. Fig. 5.11). Approximating the |g⟩ → |e⟩ transition using the phase-slip rate in
Eq. (2.4) highlights the exponential sensitivity of the transition frequency to the ratio 𝐸J/𝐸C.
Accordingly, these fluctuations - despite being detrimental to qubit performance - provide
direct evidence of the susceptibility of the gralmonium transition frequency to microscopic
changes within the (20 nm)3 volume of the grAl nanojunction and its close vicinity. This
observation is consistent with the design considerations discussed in Section 3.1.1 and
Section 2.3, where maximizing the susceptibility to individual spins positioned atop the
nanojunction was a key objective. Additionally, the interdigitated shunt capacitance,
which bounds the charging energy, renders the spectrum particularly sensitive to changes
in 𝐸J, as further detailed in Section 5.3. This is advantageous for single-spin detection,
since the spin state is encoded via a suppression the Josephson energy alone. Nevertheless,
we observe that the fluctuations of 𝐸J and 𝐸C are not entirely independent but appear cor-
related (cf. Fig. 5.6), indicating that the quasiparticle capacitance [197] of the nanojunction,
which we estimate in the range of 0.05 fF, plays a non-negligible role in the gralmonium.

The source of the intrinsic fluctuations of the nanojunction critical current cannot be
conclusively determined without further experiments and includes several possible origins.
A first class of mechanisms involves intrinsic structural changes within the nanojunc-
tion volume. These may include tunneling two-level systems such as crystalline defects,
vacancies, interstitial impurities, or local rearrangements within the metallic grains or
the surrounding oxide [33, 35, 91]. In addition, external perturbations, such as adsorbed
molecules or surface contaminants, can alter the local superconducting properties of the
nanojunction [35, 91]. Another prominent candidate is charge noise arising from dynami-
cally trapped charges, which couple to the superconducting phase via the Aharonov-Casher
effect [198–200]. In this scenario, randomly trapped charges in the grain boundaries or
substrate induce phase shifts in the tunneling paths of Cooper pairs. Reconfiguration of
these charges leads to fluctuating interference conditions and, consequently, modulates
the effective Josephson coupling. In light of the proposed longitudinal single-spin cou-
pling scheme, another potential origin involves paramagnetic defects near or within the
nanojunction. Unpaired spins located at material interfaces, in the substrate, or embedded
within the oxide may undergo spin flips or reorientations, thereby modifying the local
gap suppression and, in turn, the Josephson energy. This mechanism raises a particularly
intriguing possibility: that the nanojunction may already be coupled to individually ad-
dressable spins. We will address this hypothesis in Section 3.3.1 by applying high magnetic
fields to polarize these potential spins. Further experiments to disentangle these candidate
mechanisms are discussed in Part III.
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3.2 Resilience of the Gralmonium to High Magnetic Fields

In the preceding chapter, we demonstrated coherent operation of the gralmonium qubit, a
milestone for the implementation of single-spin detection within our longitudinal coupling
architecture. Beyond the nanoscopic footprint of the nanojunction, spin qubit operation
requires high magnetic fields to tune the spin transition frequencies in the GHz-regime.
In this chapter, we investigate the magnetic field resilience of the gralmonium and demon-
strate coherent qubit performance in magnetic fields up to 1 T in-plane. We also describe
the required modifications to the qubit design to maintain coherence under such condi-
tions.

3.2.1 Gradiometric Fluxonium Design

Superconducting qubits have traditionally been incompatible with high magnetic fields,
which significantly alter both the qubit spectrum and its coherence properties. This limita-
tion applies not only to conventional SIS JJs [175–177], but also to more unconventional
junction platforms, including those based on semiconducting nanowires [125, 181–183]
or graphene [184]. The gralmonium may appear inherently resilient to magnetic fields
owing to two key features: the high critical field of granular aluminum (𝐵c ≈ 6 T [139])
and the nanoscopic footprint of the nanojunction, which exposes a minute cross-section to
Fraunhofer interference. However, despite these intrinsic advantages, several mechanisms
remain that can degrade qubit performance in high magnetic fields. These include:

• Magnetic-field-induced variations in the Josephson energy, potentially driven by
the same mechanism responsible for temporal fluctuations of the nanojunction 𝐸J
(similar to Refs. [181, 182])

• Vortex motion in the superconducting leads [175, 184]

• Elevated levels of flux noise [177]

Microwave loss measurements of grAl resonators in the single photon regime have al-
ready demonstrated magnetic field resilience [4, 139] (cf. Section 4.1), rendering increased
quasiparticle-induced losses less likely in our case. However, the use of a flux-tunable qubit
renders the gralmonium circuit in Fig. 3.2 vulnerable to global flux noise, e.g. stemming
from fluctuations of the perpendicular magnetic field component 𝐵⊥ when operating in
high magnetic fields 𝐵∥ ∼ 1 T. Such variations can for instance originate from current
noise in the vector magnet or from thermally activated magnetic vortices in the magnet
coils.

To reduce the sensitivity to these perpendicular magnetic field fluctuations, we implement
a gradiometric qubit design [6, 125, 201, 202], shown in Fig. 3.5. The device comprises
two flux loops (highlighted in violet and ocher in Fig. 3.5a), threaded by external fluxes
𝛷ext,1 and𝛷ext,2, respectively. Similar to the gralmonium design presented in Section 3.1,
the entire circuit is patterned from a single 20 nm-thick grAl film with a sheet inductance
of 𝐿□ = 0.75 nH/□ and resistivity 𝜌 = 2000 µΩ cm (cf. Appendix A.3). The qubit is
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Figure 3.5: Gradiometric gralmonium qubit. a False-colored SEM image of the gradiometric qubit circuit.
The nanojunction, shunted by an interdigitated capacitor, is enclosed by two flux loops threaded by external
fluxes 𝛷ext,1 and 𝛷ext,2, respectively. This implements a gradiometric qubit design [6] with effective flux
𝛷ext (cf. Eq. (3.2)), where both loops share a meandered superinductor. The colored regions (violet & ocher)
illustrate a deliberate 10% mismatch in loop areas, enabling controlled flux biasing. The readout resonator is
galvanically coupled to one loop and participates in𝛷ext,1, as indicated by the violet dashed line, due to the
spatial current distribution within the resonator. The device is patterned from a single 20 nm-thick grAl film
(similar to Fig. 3.2). An in-plane magnetic field 𝐵 ∥ is applied within the substrate plane. Inset: Zoom-in on
the grAl nanojunction. b Lumped-element circuit representation of the gradiometric gralmonium qubit in
panel a: The two flux loops contain inductances 𝐿1 + 𝐿s and 𝐿3, respectively, and share a common segment
with inductance 𝐿2 that embeds the JJ (with Josephson energy 𝐸J) shunted by a capacitance 𝐶 . The qubit is
inductively coupled via 𝐿s to the readout resonator (inductance 𝐿r, capacitance 𝐶r) for which we measure
the single-port reflection coefficient 𝑆11.

galvanically coupled to a 1mm long readout resonator, which shares a 21 µm segment
with the qubit circuit.

The equivalent lumped-element circuit schematic in Fig. 3.5b can bemapped to the standard
fluxonium Hamiltonian in Eq. (1.7) [6, 202]. This allows to describe the qubit with an
effective qubit inductance

𝐿q =
𝐿1,s𝐿2 + 𝐿2𝐿3 + 𝐿3𝐿1,s

𝐿1,s + 𝐿3
, with 𝐿1,s = 𝐿1 + 𝐿s , (3.1)

and an effective external flux𝛷ext, given by

𝛷ext = 𝛷𝛥 − 𝛼𝛷𝛴 , (3.2)

where, 𝛷𝛴/𝛥 =
𝛷ext,1

2 ± 𝛷ext,2
2 denote the mean and difference of fluxes in the two loops,

respectively. The asymmetry parameter 𝛼 quantifies the inductance imbalance between
the two flux paths, given by 𝛼 =

𝐿1,s−𝐿3
𝐿1,s+𝐿3

.
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While the gradiometric design is intended to reduce the qubit’s susceptibility to global mag-
netic field fluctuations, it is essential that the flux modulation remains below the threshold
field 𝐵⊥,thres of the resonator, above which the device exhibits enhanced microwave losses
and a hysteretic frequency response (𝐵⊥,thres ≈ 1 mT for a 10 µm-wide resonator), most
likely due to the introduction of vortices [139]. An additional source of uncertainty in
the effective flux modulation arises from the distributed nature of the qubit design. In
particular, segments of the meandered inductor may charge up capacitively (similar to
the design in Fig. 3.2), thereby reducing the effective inductance and complicating precise
predictions of the inductive asymmetry. This asymmetry, however, directly enters into
Eq. (3.2) through𝛷𝛴 .

Consequently, we design the flux loops with a conservative 10% mismatch in the enclosed
areas (cf. colored regions in Fig. 3.5). Assuming approximately uniform current flow
through the 4 µm-wide shared inductance segment (dashed line in Fig. 3.5a), we estimate
the loop areas as 𝐴1 = 145 µm2 and 𝐴2 = 82 µm2. This corresponds to the reduction
of the magnetic flux susceptibility by a factor of 𝛷ext,1/𝛷𝛥 = 4.6 in our gradiometric
design. Surprisingly, we observe a similar suppression in our experiments (cf. Section 6.1),
indicating negligible inductive asymmetry 𝛼 ≈ 0.

3.2.2 Qubit Spectroscopy in Magnetic Field

Figure 3.6a presents the spectrum of the gradiometric gralmonium qubit, measured via TT
spectroscopy up to 13 GHz. We obtain qubit frequencies of 𝑓q(𝛷ext = Φ0/2) = 2.38 GHz and
𝑓q(𝛷ext = 0) = 8.82 GHz at the sweet spot working points in zero magnetic field, 𝐵∥ = 0 T,
illustrated in TT spectroscopy measurements in Fig. 3.6b, d. A joint fit of the |g⟩ → |e⟩
and |g⟩ → |f⟩ transitions using a numerical diagonalization of the fluxonium Hamiltonian
(Eq. (1.7)) yields typical fluxonium parameters: 𝐸J = 32.2 GHz, 𝐸c = 14.1 GHz and 𝐸L =

0.454 GHz. These values are consistent with those obtained for the non-gradiometric
gralmonium implementation described in Section 3.1. To assess the stability of the qubit
spectrum in high magnetic field, we track the evolution of the sweet spot frequencies to
𝐵∥ = 1.2 T (the limit of our vector magnet) in Fig. 3.6c, e. We observe a parabolic decrease
of the zero-flux frequency by 𝛿 𝑓q(𝛷ext = 0) = −236 MHz and an increase of the half-
flux frequency by 𝛿 𝑓q(𝛷ext = Φ0/2) = +32 MHz in 1.2 T, respectively. Remarkably, these
changes correspond to relative variations of only 2.7% and 1.3%, respectively, confirming
that the gradiometric gralmonium qubit remains spectrally stable and illustrating its
compatibility with high magnetic fields. Notably, the TT spectroscopy data acquired under
applied magnetic field appears increasingly blurred compared to zero field (see insets in
Fig. 3.6), which we attribute to elevated levels of low-frequency flux noise. This broadening
is likely caused by mechanical vibrations of the sample holder within the vector magnet
(cf. Appendix B.1).

From TT spectroscopy in magnetic field, we extract the qubit spectrum in the vicinity
of the sweet spots for each value of 𝐵∥ . To assess the effect of magnetic field on the
fluxonium parameters, we fit this subset of the spectrum at each 𝐵∥ using numerical
diagonalization of the fluxonium Hamiltonian (Eq. (1.7)). Since this analysis is restricted to
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Figure 3.6: Gradiometric gralmonium spectroscopy in magnetic fields. a Qubit spectrum obtained
from TT spectroscopy. Markers indicate the fluxonium transitions |g⟩ → |e⟩ (red) and |g⟩ → |f⟩ (blue).
From a fit (black line) to the fluxonium Hamiltonian (Eq. (1.7)), yields the qubit parameters: 𝐸J/ℎ = 32.2 GHz
(i.e. critical current 𝐼c = 64.9 nA), 𝐸C/ℎ = 14.1 GHz (𝐶 = 1.37 fF) and 𝐸L/ℎ = 0.454 GHz (𝐿q = 360 nH).
The absence of extracted qubit frequencies around the readout resonator frequency 𝑓r = 4.95 GHz (dotted
green line) results from avoided level crossings. b, d TT spectroscopy at the half-flux 𝛷ext = Φ0/2 (b)
and zero-flux 𝛷ext = 0 (d) sweet spots in zero magnetic field (𝐵 ∥ = 0 T) (black boxes in a). Spectra were
acquired by applying a second drive tone 𝑓d while monitoring the resonator response, encoded in reflection
coefficient 𝑆11. c, e Magnetic field dependence of the qubit frequency 𝑓q at𝛷ext = 0.5 Φ0 (c) and𝛷ext = 0 (e)
as, extracted from TT spectroscopy measurements analogous to panels b and d, respectively. Notably, the
qubit frequency at𝛷ext = 0.5 Φ0 exhibits only a 32MHz increase in 𝐵 ∥ = 1.2 T, demonstrating the resilience
of the gradiometric gralmonium to parallel magnetic fields 𝐵 ∥ . Insets in c, e: TT spectroscopy in 𝐵 ∥ = 0.9 T.
Adapted from Ref. [1].

a limited frequency range near the sweet spots, we fix the qubit capacitance at 𝐶 = 1.37 fF,
obtained from the fit to the full spectrum in zero field. This approach is justified by the
geometric origin of the capacitance, which is not expected to vary with 𝐵∥ . As shown
in Fig. 3.7a, the extracted parameters reveal a suppression of the Josephson energy 𝐸J
and an increase in the qubit inductance 𝐿q, consistent with a magnetic-field-induced
suppression of the superconducting gap 𝛥 (𝐵∥): According to the Ambegaokar-Baratoff
relation (cf. Section 1.3.3 and Ref. [130]), the Josephson energy scales as 𝐸J ∝ 𝛥 (𝐵∥), while
the kinetic inductance of the superinductor follows 𝐿kin ∝ 1/𝛥 (𝐵∥) within the framework
of the Mattis-Bardeen theory (cf. Eq. (1.10)).

Assuming that the observed shifts arise solely from changes in the superconducting gap, we
map the relative shifts in 𝐸J, 𝐿q, and the resonator inductance 𝐿r to corresponding relative
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Figure 3.7: Geometry-dependent magnetic field resilience of gralmonium circuit elements. a Ex-
tracted values of the Josephson energy 𝐸J (red) and qubit inductance 𝐿q (ocher) as functions of the in-plane
magnetic field 𝐵 ∥ . 𝐸J and 𝐿q are obtained from fits to the qubit spectrum (cf. Fig. 3.6a) by assuming a constant
qubit capacitance 𝐶q, fixed to the fit value obtained in 𝐵 ∥ = 0 T (cf. Fig. 3.6a). b Relative suppression of the
grAl superconducting gap 𝛿𝛥 = 𝛥 (𝐵 ∥ )/𝛥0 in magnetic field 𝐵 ∥ . The suppression is extracted from changes
in the Josephson energy 𝐸J of the nanojunction (red), the inductive energy 𝐸L of the superinductor (ocher),
and the readout resonator inductance 𝐿r (green). Fits to the field dependence of the superconducting gap
in Eq. (3.3) (black lines) yield critical fields of 𝐵𝐸J

c = 6.8 T and 𝐵𝐿c = 4.9 T for the Josephson and inductive
elements, respectively, indicating a 40% higher critical field for the nanojunction. Notably, the agreement
between the fit and the 𝛿𝛥 values extracted from qubit spectroscopy confirms that the magnetic field
primarily affects the qubit spectrum via suppression of the superconducting gap. Adapted from Ref. [1].

gap suppressions in the nanojunction (𝛿𝛥𝐸J), the superinductor (𝛿𝛥𝐿q) and the resonator
(𝛿𝛥𝐿r), respectively. Interestingly, as shown in Fig. 3.7b, the nanojunction exhibits an
even higher resilience to magnetic field than both the grAl resonator and superinductor.
This indicates that Fraunhofer interference is negligible in the nanojunction, consistent
with its nanoscopic dimensions. Moreover, the enhanced critical field observed for the
nanojunction suggests a connection to its reduced physical scale compared to the other
circuit elements, reminiscent of the dependence of the critical temperature on film thickness
found in Ref. [203] To assess this quantitatively, we fit the extracted gap suppression to
orbital pair-breaking model [204]

𝛥 (𝐵∥)/𝛥0 =
√︃

1 − (𝐵∥/𝐵c)2 , (3.3)

where 𝛥0 is the superconducting gap in zero field. From this fit, we extract an orbital
critical magnetic field of 𝐵c

𝐸J
= 6.8 T for the nanojunction and 𝐵c

L = 4.9 T for the resonator
and qubit inductance (cf. Fig. 3.7c). Moreover, these extracted critical fields allow us to
estimate the coherence length of our grAl elements within the framework of the Ginzburg-
Landau theory to 𝐵c = Φ0/(2𝜋𝜉2) [193]. This yields coherence lengths of 𝜉𝐸J = 7 nm for the
nanojunction and 𝜉𝐿 = 8.2 nm for the resonator and superinductor. The reduced coherence
length in the nanojunction may be attributed to its geometric confinement, which is only
a factor of 2-3 larger than the extracted 𝜉 . An alternative explanation is a locally increased
normal-state resistivity 𝜌 in the nanojunction, which would also reduce 𝜉 and thereby
increase the critical field 𝐵c [193] As discussed in Section 3.1.3, such a local increase in
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Figure 3.8: Qubit energy relaxation and coherence in magnetic field. a-c Energy relaxation time 𝑇1
(blue), Hahn echo coherence time 𝑇2E (green) and Ramsey coherence time 𝑇2R (red) as a function of external
flux in 𝐵 ∥ = 0 T (a), 𝐵 ∥ = 0.54 T (b) and 𝐵 ∥ = 1.02 T c. Markers and error bars represent the mean and
standard error of the mean of six consecutive measurements, respectively. Dashed lines correspond to the
mean 𝑇1 (blue), and the maximum values of 𝑇2E (green) and 𝑇2R (red). d Qubit energy relaxation (𝑇1, blue)
and coherence times (𝑇2E, green;𝑇2R, red) of the gradiometric gralmonium as a function of in-plane magnetic
field up to 1.2 T. The decay times correspond to the mean 𝑇1 (blue) and the maximum 𝑇2E (green) and 𝑇2R
(red) values taken from measurements vs. flux (top row, dashed lines). Markers and error bars display the
mean and standard deviation of decay times from 3 flux sweeps. The drop in 𝑇1 at 𝐵 ∥ = 80 mT corresponds
to electron spin resonance (ESR) with spin 𝑠 = 1/2 matching the qubit frequency (see Fig. 3.9). Adapted from
Ref. [1].

resistivity may result from enhanced oxide formation during nanojunction deposition,
driven by its increased surface-to-volume ratio relative to planar grAl films.

3.2.3 Coherence and Stability in Magnetic Field

We continue the characterization of the gradiometric gralmonium qubit by evaluating
its energy relaxation and coherence times under magnetic field. At the half-flux sweet
spot, we measure energy relaxation times of 𝑇1 = 7 µs. This value is slightly lower than
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that observed for the non-gradiometric implementation in Section 3.1.3, likely due to
dielectric losses in the interdigitated shunt capacitor. This interpretation is supported by
the observed frequency dependence of the sweet-spot relaxation time in supplementary
cooldowns (cf. Section 6.2), where the qubit frequency changes due to 𝛥𝐸J ∼ GHz-changes
in the nanojunction energy after thermal cycling (cf. Section 5.3) Similarly, the Ramsey
and Hahn echo coherence times of 𝑇2R = 1.5 µs and 𝑇2E = 2.6 µs, respectively, are also
reduced compared to those obtained in Section 3.1.3. While increased critical current noise
in the nanojunction remains a possible explanation, the dominant contribution is more
likely due to photon shot noise in the readout resonator. This conclusion is reinforced by
the fact that all measurements of the gradiometric device were conducted in the absence
of dedicated infrared shielding around the sample holder (cf. Appendix B.1). A detailed
analysis of the decoherence budget for the echo experiment is provided in Section 3.3.1.

Figure 3.8a shows the qubit decay times as a function of external flux near the half-flux
sweet spot at zero magnetic field (𝐵∥ = 0). The coherence times 𝑇2E and 𝑇2R in Fig. 3.8a-c
correspond to the 1/𝑒-decay times extracted from single-exponential fits. As such, they
capture both exponential and Gaussian dephasing contributions within a single figure of
merit (see Section 3.3.1). While the energy relaxation time 𝑇1 remains stable across the
measured flux range, the maximum Ramsey and echo coherence times are consistently
achieved at the half-flux sweet spot. To facilitate robust comparisons at high magnetic
fields, we use the mean 𝑇1 and the maximum values of 𝑇2R and 𝑇2E extracted from flux-
dependent measurements as standardized coherence metrics (indicated by dashed lines in
Fig. 3.8a). This choice ensures insensitivity to small magnetic flux drifts occurring within
the time frame of individual sets of measurements vs. flux. Measurements of decay times
vs. flux in magnetic field, shown in Fig. 3.8b,c, confirm the validity and stability of this
approach.

Remarkably, the energy relaxation time𝑇1 and Hahn echo coherence time𝑇2E remain robust
across the entire range of applied magnetic fields up to 1.2 T, the upper limit of our vector
magnet (cf. Fig. 3.8d). In contrast, the Ramsey coherence time 𝑇2R exhibits a moderate
reduction, decreasing from a maximum of 𝑇2R = 1.5 µs to 𝑇2R = 0.7 µs at fields above
1 T. We attribute this degradation to enhanced low-frequency flux noise induced by the
applied magnetic field. This interpretation is consistent with the broadening observed in
TT spectroscopy data in magnetic field (cf. Fig. 3.6) and further reinforced by the evolution
of the 𝑇2R flux dependence with increasing field. While the overall flux dependence does
not weaken, the sharp peak in𝑇2R observed at𝛷ext = 0.5 Φ0 in zero field (Fig. 3.8a) becomes
flattened into a broad plateau with lower 𝑇2R centered around 𝛷ext ≈ 0.5 Φ0 in applied
magnetic field (Fig. 3.8b,c), before eventually decreasing further with flux detuning. These
observations of elevated levels of low-frequency flux noise in magnetic field are likely
caused by global flux fluctuations induced by mechanical vibrations of the sample holder
within the vector magnet and vortex activation in the magnet windings [205]. Additional
contributions may arise from local flux noise sources such as spin clusters [177].

Interestingly, while the maximum value of 𝑇2E remains unaffected under magnetic field,
the flux dependence of the echo coherence time weakens (cf. Fig. 3.8b, c). In contrast to
the observations from 𝑇2R, this 𝑇2E stability rules out flux-noise-induced broadening as
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the primary cause, since increased it would manifest as both a flattened flux dependence
and a reduced coherence time. The persistence of long 𝑇2E values despite suppressed flux
dependence therefore points to an alternative, field-dependent decoherence mechanism
affecting the echo signal. A detailed analysis of the flux-dependent echo decoherence
budget in magnetic field is presented in Section 3.3.1.
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3.3 Sensing Spins with a Gralmonium Qubit

In the preceding sections, we established the gralmonium as a coherent superconducting
qubit with exponential sensitivity to changes within a nanoscopic volume, thereby pro-
viding single spin sensitivity. Furthermore, the gradiometric design exhibited remarkable
resilience to high magnetic fields up to 1.2 T, crucial for spin qubit operation and in-situ
tuning of spin properties. As a result, the gralmonium emerges as a promising platform for
probing spin polarization phenomena in magnetic fields. In this section, we leverage this
capability to first investigate spin signatures originating from the mesoscopic environment
of the qubit. In the second part, we quantitatively assess the gralmonium’s potential for
single-spin detection.

3.3.1 Spin Environment of a Superconducting Qubit in High Magnetic Fields

We probe the magnetic susceptibility of the gralmonium’s mesoscopic environment, which
serves as a valuable extension of the device characterization before deliberately integrating
individual spins into a gralmonium-spin hybrid architecture. As indicated by the Ramsey
beating pattern in Section 3.1.3, the gralmonium may already be sensitive to signatures
of individual spins in its environment. On the other hand, high magnetic fields offer a
powerful tool to characterize and tune microscopic degrees of freedom (DOF) that are
coupled to superconducting qubits. These various spurious environmental DOFs include
quasiparticles [23, 24, 26, 27], charge offsets [23, 25], paramagnetic spins [28–34] and
other two-level-system (TLS) environments [7, 35–37]. Despite their pervasiveness in
superconducting circuits, their magnetic field susceptibilities are often unknown due to
the incompatibility of conventional aluminum-based devices with high magnetic fields.
Consequently, characterizing these DOFs in field is essential to inform strategies for
mitigating their detrimental impact on qubit performance.

Signatures of Electron Spin Resonance

We begin our characterization by revisiting the gralmonium relaxation and coherence times
in magnetic field in Fig. 3.9. A pronounced reduction in the energy relaxation time 𝑇1 is
observed at the magnetic field where electron spin resonance (ESR) of a spin-𝑠 = 1/2, 𝑔 = 2
ensemble becomes resonant with the qubit transition frequency. By exploiting the ∼ GHz
variations in the nanojunction Josephson energy 𝐸J across cooldowns, we access a broad
range of qubit sweet spot frequencies. This enables the observation of the𝑇1 dip at different
values of magnetic field for the same device, i.e. same mesoscopic environment (cf. inset
in Fig. 3.9). The extracted magnetic field values at which these relaxation minima occur
exhibit a linear dependence on the qubit frequency, consistent with the ESR condition
𝐵ESR = ℎ𝑓q/𝑔𝜇B for a 𝑔 = 2, spin-𝑠 = 1/2 ensemble. This identifies the presence of a
paramagnetic spin ensemble coupled to the gralmonium qubit. While this provides the
first direct evidence of a superconducting qubit coupling to paramagnetic impurities,
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Figure 3.9: Signatures of electron spin resonance (ESR) in gralmonium qubit relaxation. a Qubit
energy relaxation time 𝑇1 as a function of parallel magnetic field 𝐵 ∥ up to 120mT. A pronounced drop in 𝑇1
occurs when the qubit transition frequency 𝑓q matches the ESR condition for a 𝑔 = 2, spin-𝑠 = 1/2 ensemble
(black line), indicating coupling to a bath of paramagnetic impurities of unknown origin. Inset: Qubit
frequency 𝑓q at 𝛷 = 0.5 Φ0 across multiple cooldowns plotted against the magnetic field 𝐵ESR = ℎ𝑓q/𝑔𝜇B
at which the relaxation time minimum is observed (cf. Section 6.2). The black line corresponds to the
expectation 𝐵ESR = ℎ𝑓q/𝑔𝜇B for a spin 𝑠 = 1/2, 𝑔 = 2 system. Note that the qubit frequency shifts between
cooldowns due to variations in the nanojunction energy 𝛥𝐸J ∼ GHz (cf. Section 5.3), allowing to measure
the same device with different ESR conditions. b Ramsey (𝑇𝜑R, red) and Hahn echo (𝑇𝜑E, green) dephasing
times as functions of magnetic field remain unaffected by the ESR tuning in resonance with 𝑓q. Adapted
from Ref. [1].

similar ESR signatures have been observed in magnetic-field-dependent microwave loss
measurements on superconducting resonators [134, 135, 139].

Importantly, this ESR feature does not affect the Ramsey or Hahn echo dephasing times,
as expected in the regime where the coupling strength is much smaller than the qubit
linewidth [206]. The observed 𝑔 = 2, spin-𝑠 = 1/2 impurities are typically attributed to
unpaired electrons localized in disordered aluminum oxide, adsorbed oxygen radicals, or
dangling bonds at the sapphire-metal interface [28, 91, 207], highlighting their ubiquity
in superconducting quantum circuits. Beyond confirming a long-hypothesized source of
decoherence, the ESR-mediated reduction in 𝑇1 illustrates the gralmonium’s value as a
built-in spectrometer for surface spins. This opens a pathway not only to diagnose but
also to actively engineer the magnetic environment of superconducting qubits.
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Figure 3.10: Discrete qubit frequency fluctuations in magnetic field. Ramsey fringes of the qubit
measured in zero magnetic field 𝐵 ∥ = 0 (a) and in 𝐵 ∥ = 1 T (b), at nominal detunings of 𝑓Ramsey = 3.2 MHz
and 𝑓Ramsey = 4.0 MHz, respectively. A two-frequency fit (black lines) reveals nearly identical beating
frequencies of 𝑓beating = 0.48 MHz and 𝑓beating = 0.54 MHz, respectively, as illustrated by the dotted envelope.
This invariance indicates that the observed discrete qubit frequency fluctuations are independent of the
applied magnetic field, suggesting a non-magnetic origin for the underlying mechanism. Adapted from
Ref. [1].

Ramsey fringes beating pattern in magnetic field

As discussed in Section 3.1.3 and Section 5.3, the gralmonium exhibits discrete critical
current fluctuations across a broad range of timescales. These fluctuations are potentially
linked to structural defects, local charge noise, or paramagnetic impurities. Critical current
fluctuations are also observed in conventional overlap Al/AlO𝑥 /Al Josephson junctions and
have been attributed to two-level systems (TLS) residing in the amorphous aluminum oxide
barrier [35, 91, 196]. We use the beating pattern in the Ramsey fringes (cf. Fig. 3.10a) as a
sensitive proxy for such fluctuations and investigate their susceptibility to magnetic field.
If these fluctuations originate from a single spurious spin coupled to the nanojunction, as
intended by the nanojunction’s design goal of enabling single-spin sensitivity, a strong
dependence on magnetic field would be expected.

However, Ramsey measurements performed at 𝐵∥ = 1 T (cf. Fig. 3.10b) reveal a beating
pattern nearly identical to that observed at zero field. This observation demonstrates
that the discrete fluctuations in 𝐸J persist even under strong magnetic fields, effectively
excluding magnetically susceptible sources - such as a local spin environment - as their
origin. To further elucidate the microscopic mechanism behind these fluctuations, addi-
tional experimental controls will be necessary. Promising approaches include applying an
external electric field or mechanical strain to the substrate, both of which have previously
been shown to tune TLS coupled to superconducting qubits [35, 144].
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Figure 3.11: Freezing of fast flux noise in magnetic field. a Flux noise echo dephasing rate 𝛤𝛷
𝜑E as a

function of external flux near𝛷 = 0.5 at three values of magnetic field 𝐵 ∥ . The dephasing rate 𝛤𝛷𝜑E corresponds
to the Gaussian component of the Hahn echo decay and quantifies the contribution from fast flux noise
(see main text). Dashed lines represent fits of the flux dependence to Eq. (3.5), from which the flux noise
amplitude

√
𝐴𝛷 is extracted. Markers and error bars denote the mean and standard deviation from six

consecutive measurements per flux point. b Flux noise amplitude
√
𝐴𝛷 as a function of applied magnetic field

𝐵 ∥ , extracted from fits as in panel a. A fit of the magnetic field dependence
√︁
𝐴𝛷 (𝐵 ∥ ) to Eq. (3.7) (dashed line)

reveals a magnetic freezing of the flux noise consistent with a spin temperature of 𝑇S = 85 mK. Markers and
error bars display the mean and standard deviation of flux noise amplitudes obtained from three independent
flux sweeps. Adapted from Ref. [1].

Freezing of Fast Flux Noise

While we have excluded a magnetically susceptible origin of the discrete critical current
fluctuations, flux noise is a promising candidate for exhibiting magnetic field sensitivity.
Ubiquitous in superconducting circuits, flux noise continues to be one of the dominant
sources of decoherence and is therefore the subject of intense ongoing investigation. It is
widely attributed to fluctuating magnetic moments, located on the surfaces or interfaces of
superconducting materials, giving rise to a characteristic 1/𝜔 noise spectrum. Despite the
prevailing consensus on the spin origin of flux noise, the precise microscopic mechanism
remains under debate. In particular, whether spin-spin interactions are essential or whether
the noise can be modeled by independent fluctuators is still an open question. Several
theoretical models, both incorporating and omitting spin-spin interactions, have been
proposed to explain experimental data [30–34, 177, 195]. Leveraging the magnetic field
resilience of the gralmonium qubit allows us to explore the field dependence of flux noise in
a regime previously inaccessible to conventional aluminum-based circuits. This capability
offers a new perspective that could help clarify the microscopic origin of flux noise.

Figure 3.11a shows the flux dependence of the Hahn echo flux noise dephasing rate 𝛤𝛷
𝜑E

in the vicinity of the half-flux sweet spot𝛷ext = Φ0/2 for three in-plane magnetic fields
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(𝐵∥ = 0, 𝐵∥ = 0.3 T, 𝐵∥ = 0.6 T). Off the sweet spot, we observe a Gaussian decay
component in the Hahn echo signal, consistent with the 1/𝜔 spectral profile of the flux
noise, where 𝜔 is the frequency of the spectral decomposition. This Gaussian contribution
vanishes at the sweet spot, where the qubit is first-order insensitive to flux noise. To
quantify the flux dependent Gaussian envelope exp−(𝛤

𝛷
𝜑E𝑡)

2
in the decay, we extract 𝛤𝛷

𝜑E on
top of a purely exponential decay 𝑒−(𝛤1/2+𝛤 const

𝜑E )𝑡 evaluated at𝛷ext = Φ0/2, where the flux
dependent contribution 𝛤𝛷

𝜑E vanishes. This is justified by the observed flux independence of
the energy relaxation near𝛷ext ≈ Φ0/2 (cf. Fig. 3.8). The flux-independent dephasing rate
𝛤 const
𝜑E is likely dominated by a combination of critical current noise and photon shot noise,
both of which exhibit minimal flux dependence within the observed flux range. Assuming
the entire 𝛤 const

𝜑E contribution originates from photon shot noise, we estimate the average
residual thermal photon number in the resonator 𝑛th = 0.27 using the expression [208,
209]

𝛤𝑛 =
𝑛th𝜅𝜒

2

𝜅2 + 𝜒2 (3.4)

where 𝜒/(2𝜋) = 0.5 MHz is the qubit-resonator dispersive shift 𝜅/(2𝜋) = 1.2 MHz is the
resonator linewidth. This corresponds to an effective resonator temperature of 150 mK, con-
sistent with the qubit temperature extracted from IQ cloud histograms (cf. Section 6.4).

Interestingly, the flux dependence of the flux noise dephasing rate 𝛤𝛷
𝜑E(𝛷ext) weakens in

magnetic field, as shown in Fig. 3.11a, reminiscent of earlier observations in flux qubits at
lower fields up to 10mT [177]. To quantify the flux noise, we extract the amplitude

√
𝐴𝛷

assuming a 1/𝜔 power spectral density for the flux noise, 𝑆𝛷 (𝜔) = 2𝜋𝐴𝛷/𝜔 , and fit the
dephasing rate using the relation [32, 195] (cf. discussion in Section 6.3)

𝛤𝛷𝜑E =
√︁
𝐴𝛷 ln 2

���� 𝜕𝜔𝜕𝛷ext

���� , (3.5)

where
√
𝐴𝛷 is the flux noise amplitude, and |𝜕𝜔/𝜕𝛷ext | is the flux sensitivity of the qubit

frequency. Figure 3.11b displays the evolution of
√
𝐴𝛷 in parallel magnetic fields up to

𝐵∥ = 1.2 T. We observe a reduction in flux noise amplitude by a factor of two, saturating
around 𝐵∥ = 400 mT, which holds across different qubit frequencies in several cooldowns
(cf. Section 6.3). We attribute the increase of

√
𝐴𝛷 for fields above 𝐵∥ ≳ 1 T to the onset of an

additional, competingmechanism, likely driven by vortex dynamics in the superconducting
windings of the vector magnet.

To model the magnetic field dependence of flux noise, we consider a bath of magnetic
two-level fluctuators. Each fluctuator is described as a source of asymmetric random
telegraphic noise (RTN), i.e. exhibits a Lorentzian power spectrum. A single fluctuator
contributes a Lorentzian power spectrum given by:

𝑆 (𝜔) ∝
(
𝛤1
𝛤↑

+ 𝛤1
𝛤↓

)−1
· 𝛤1

𝛤 2
1 + 𝜔2 , (3.6)

49



3 Probing Spins with a Superconducting Qubit: Sensing in High Magnetic Fields

where 𝛤1 = 𝛤↑ + 𝛤↓ denotes the total transition rate, and 𝛤↑, 𝛤↓ are the excitation and relax-
ation rates, respectively [210]. The corresponding power spectrum remains Lorentzian
in the limit of identical fluctuators (i.e. identical 𝛤1), while it maps on a 𝑆 (𝜔) ∝ 1/𝜔
dependence for fluctuators with log-uniform distribution of the switching rate (i.e. proba-
bility density 𝑃 (𝛤1) ∝ 1/𝛤1, cf. [195]), both of which have been observed for flux noise in
superconducting qubits [177]. For any distribution, the amplitude of the power spectrum
𝐴𝛷 ∝ (𝛤1/𝛤↑ + 𝛤1/𝛤↓)−1 scales with magnetic field as (cf. Section 6.3)

𝐴𝛷 ∝ 1/cosh2
(
𝜇B𝐵

𝑘B𝑇S

)
. (3.7)

Here, 2𝜇B𝐵 is the Zeeman energy difference of 𝑔 = 2, 𝑠 = 1/2 paramagnetic impurities
and 𝜇B, 𝑘B and 𝑇𝑆 denote the Bohr magneton, Boltzmann constant and effective spin bath
temperature, respectively. A fit of Eq. (3.7) aligns with the measured flux noise amplitude
up to 𝐵∥ = 1 T (see black line in Fig. 3.11b) and reveals a spin temperature of𝑇S = 85 mK.

This result indicates that the observed reduction in fast flux noise originates from the
magnetic freezing, i.e. or polarization, of a bath of paramagnetic surface spins with 𝑔 = 2
spin-𝑠 = 1/2: the suppression of excitation rates 𝛤↑with increasing field reduces the number
of spin flips, thereby lowering the flux noise amplitude. This freezing mirrors the spin
polarization effects observed in the magnetization measurements in Section 2.2.1. Notably,
our model is based on non-interacting spins, consistent with either intrinsically weak
spin-spin interactions or a suppression of collective dynamics under applied magnetic field.
Presumably, these spins constitute the same 𝑔 = 2 spin-𝑠 = 1/2 environment responsible
for the ESR signal in the qubit energy relaxation (cf. Fig. 3.9), a hypothesis that should be
explored in future work.

Long-Lived Two-Level Systems

In Fig. 3.12, we leverage the field resilience of the gralmonium to probe the magnetic
susceptibility of long-lived two-level systems (TLS) present in its environment. These TLSs
were recently identified as a dominant relaxation channel in superconducting qubits [7,
206], with their signatures independently confirmed across various superconducting device
architectures [7, 37, 211]. Due to their long intrinsic lifetimes, exceeding 1/𝛤TLS ≥ 50 ms,
these TLSs induce non-Markovian relaxation dynamics in the qubit. Such memory effects
of the environment are particularly detrimental to quantum error correction schemes in
superconducting quantum processors, making a deeper understanding of their microscopic
origin a pressing concern. Given their longevity, spins in the immediate vicinity of the
qubit (e.g., surface spins or spin-based defects) present a natural candidate for these TLSs.
We test this hypothesis by probing their magnetic field dependence. Importantly, the
intrinsic decay time 𝛤TLS of the TLS ensemble is much longer than their effective cross-
relaxation rate with the qubit, estimated as

∑
𝑘 𝛤

𝑘
qt ∼ 40 kHz [7]. As a result, the qubit acts

as the dominant relaxation channel for the TLSs. Since the TLSs are not directly accessible
for independent manipulation or readout, we employ an indirect approach based on the
cross-relaxation with the qubit, following the protocol introduced in Ref. [7]. This method
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Figure 3.12: Hyperpolarization of long-lived two-level systems (TLS) in magnetic field. a Sketch of
the preparation sequence used for TLS hyperpolarization. The qubit is actively reset to either the ground
state |g⟩ or excited state |e⟩ over 𝑁 = 104 repetitions to polarize the surrounding long-lived TLS ensemble
via qubit-TLS cross-relaxation [7]. The final step consists of a single initialization into |g⟩ or |e⟩, independent
of the prior state preparation, before beginning the relaxation measurement shown in panels b-f. b-f Qubit
population relaxation following the hyperpolarization sequence, measured at different magnetic fields 𝐵 ∥ .
Red and blue traces correspond to qubit preparation in |g⟩ and |e⟩, respectively. Semi-transparent lines
show raw data; opaque lines represent fits to a TLS-based theoretical model (cf. [7, 206]). For reference, the
black dashed lines indicate a single-exponential decay with the qubit energy relaxation rate 𝛤1. b In zero
field, deviations from the single-exponential decay - manifesting as overshoot (red) and undershoot (blue) -
reproduce the hallmark signatures of TLS hyperpolarization previously observed in other superconducting
qubits [7, 37, 211]. c These hyperpolarization features persist even in magnetic fields exceeding 1 T, indicating
that the long-lived TLS ensemble is largely insensitive to magnetic field. d-f In the vicinity of the ESR
resonance field 𝐵ESR = 84 mT the hyperpolarization signatures are suppressed due to enhanced energy
relaxation from the qubit into the paramagnetic spin ensemble (panel d). As the field increases beyond
resonance, the TLS-induced signatures gradually re-emerge. In all panels, we use a 540 ns rectangular
readout pulse and a 32 ns Gaussian shaped 𝜋-pulse. Adapted from Ref. [1].
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enables both the preparation and observation of TLS hyperpolarization dynamics through
qubit state evolution, which we outline in the following.

As illustrated in Fig. 3.12a, we implement a TLS hyperpolarization protocol by repeatedly
applying active feedback-based state preparation of the qubit over 𝑁 = 104 iterations,
stabilizing it in either the ground state |g⟩ or excited state |e⟩. Through repeated cross-
relaxation between the qubit and TLS ensemble, this sequence induces hyperpolarization
of TLSs near the qubit frequency. As a result of the qubit-TLS cross-relaxation and the
intrinsically long TLS lifetime, this sequence hyperpolarizes the set of TLS in the vicinity
to the qubit frequency. Subsequent to this polarization sequence, the qubit is initialized
in either |g⟩ or |e⟩, and its population is monitored using stroboscopic quantum jump
measurements. Due to the TLS being a dominant relaxation channel for the qubit, its
population relaxes to the TLS ensemble population on a𝑇1 timescale, after which it reflects
the slow millisecond-scale decay of the TLS ensemble.

Figure 3.12b shows the resulting relaxation traces in zero magnetic field, revealing the
characteristic signatures of a hyperpolarized TLS ensemble coupled to the gralmonium,
consistent with previous observations in Ref. [7]. Regardless of the qubits initial state,
the population relaxes towards a common equilibrium value on a microsecond timescale.
When the TLSs are polarized in the excited state, the qubit exhibits an overshoot beyond
its thermal equilibrium value; conversely, TLS polarization in the ground state results
in an undershoot. These features are clearly distinguishable from the expected single-
exponential relaxation, as indicated by the dashed black line in Fig. Fig. 3.12b. By modeling
the qubit coupled to an equidistant ladder of 102 TLSs [7], we extract a gralmonium
relaxation 𝛤1 = 1/5.4 µs, of which TLS cross-relaxation accounts for

∑
𝑘 𝛤

𝑘
qt = 1/22 µs.

While the model confirms the hyperpolarization of a set of long-lived TLSs at the origin of
the observed signatures, it does not capture the exact TLS configuration, and variations in
TLS positions or coupling strengths can introduce small discrepancies between datasets. As
a result, we adopt the over- and undershoot of the qubit population relative to its thermal
equilibrium value as a robust qualitative signature for characterizing TLS hyperpolarization.
This provides a reliable metric to compare experiments at different magnetic fields.

As illustrated in Fig. 3.12c-f, the hyperpolarization signatures persist under applied mag-
netic field. Notably, the relaxation traces measured at 1.2 T (cf. Fig. 3.12c) are qualitatively
similar to those obtained at zero field, indicating that the TLS bath is not susceptible to
magnetic field. This observation rules out the initially intuitive hypothesis that the TLSs
arise from electronic spins. Instead, non-magnetic microscopic origins such as subgap
states or localized trapped quasiparticles [212] remain plausible candidates.

As shown in Fig. 3.12d, the TLS hyperpolarization signatures become less pronounced
in the vicinity of the ESR resonance field 𝐵∥ ≈ 𝐵ESR = 84 mT, where the qubit energy
relaxation rate is enhanced by a factor of 7 (cf. Fig. 3.9). Consistent with the linewidth of
the paramagnetic impurities probed with the qubit energy relaxation rate in Fig. 3.9, the
characteristic overshoot and undershoot features of TLS hyperpolarization gradually re-
emerge at higher magnetic fields (Fig. 3.12e,f) These observations suggest that we are still
able to hyperpolarize the long-lived TLSs, while we cannot hyperpolarize the paramagnetic
spin ensemble, as evidenced by the suppressed hyperpolarization features. This indicates
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Figure 3.13: Longitudinal coupling between a superconducting qubit and a single spin. a Proposed
implementation of a spin-state modulated Josephson Junction: SEM image of a grAl nanojunction with a
spin sketched on top. When biased in magnetic field 𝐵 ∥ , the two spin orientations |↑⟩, |↓⟩ generate different
magnetic fields leading to a spin-state dependent Josephson energy 𝐸↑J ≠ 𝐸

↓
J via a different local suppression

of the grAl superconducting gap 𝛥. b Embedding the spin modulated JJ into a fluxonium circuit, such as
the gralmonium, encodes the spin state in the fluxonium transition frequency 𝑓q. c Quantitative feasibility
of single-spin detection: Simulation of the qubit frequency shift 𝛿 𝑓q for a spin-flip versus distance 𝑑 from
the nanojunction surface for several field bias values 𝐵 ∥ . Note that for the calculation we used a spin with
magnetic moment 𝜇 = 10𝜇B [45] on top of a gralmonium with the circuit parameters corresponding to
Section 3.1.3. Adapted from Ref. [2].

that the spin ensemble is large enough or sufficiently coupled to the environment that it
embodies a Markovian bath. In contrast, the long-lived TLS environment appears to remain
isolated from the spin ensemble, as evidenced by the fits in Fig. 3.12d-f with practically
unchanged cross-relaxation rates:

•
∑
𝑘 𝛤

𝑘
qt(𝐵∥ = 87.6 mT) = 1/33 µs

•
∑
𝑘 𝛤

𝑘
qt(𝐵∥ = 93.6 mT) = 1/33 µs

•
∑
𝑘 𝛤

𝑘
qt(𝐵∥ = 120 mT) = 1/19 µs

3.3.2 Towards Longitudinal Coupling to a Single Spin

Revisiting the longitudinal coupling scheme proposed in Section 2.3, we now assess the fea-
sibility of detecting a single spin using a superconducting qubit. As illustrated in Fig. 3.13a,
we consider placing a single spin directly atop a grAl nanojunction, which implements
a coherent Josephson element confined to a (20 nm)3 volume. The spin-state dependent
local magnetic field threading the nanojunction modulates the grAl superconducting gap
𝛥 (𝐵) (cf. Eq. (3.3)), resulting in a quadratic suppression of the nanojunction energy 𝐸J and
thereby a spin-state dependent Josephson coupling 𝐸↑J ≠ 𝐸

↓
J . As a result, the Josephson

energy becomes a function of both the external bias field 𝐵∥ (cf. Section 3.2.2) and the spin
state 𝜎𝑧 , i.e. 𝐸J = 𝐸J(𝐵∥, 𝜎𝑧). Embedding this spin-sensitive nanojunction into a fluxonium
circuit such as the gralmonium encodes the spin state in the qubit frequency, in particular
leading to a spin-flip induced qubit frequency shift 𝛿 𝑓q at half-flux bias. Importantly, this
implements a longitudinal interaction between the spin and the superconducting qubit,
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since 𝜎𝑧 commutes with the fluxonium Hamiltonian 𝐻flux (Eq. (1.7)). This mechanism
leverages the exponential sensitivity of 𝑓q to variations in 𝐸J at half-flux (cf. Eq. (2.4)), as
observed in the previous sections via discrete two-level fluctuations of the qubit frequency
on different timescales, likely originating from the nanojunction microstructure. Despite
this promising development enabled by the nanoscopic confinement of the Josephson
element, the magnetic dipole field generated by a single spin decays significantly over tens
of nanometers. Thus, to realistically assess the viability of single-spin detection requires to
estimate the expected qubit frequency shift 𝛿 𝑓q induced by a spin flip in a representative
experimental configuration.

We model the spin as a point-like magnetic dipole with a magnetic moment 𝜇 = 10𝜇B
oriented (anti-) parallel to the bias field 𝐵∥ . Such spins can be engineered in single molecule
magnets with strong anisotropy, forming an effective two-level-systemwith large magnetic
moment [45]. For a spin centered at a distance 𝑑 from the nanojunction, we numerically
evaluate the local gap suppression [204]

𝛥 ( ®𝐵↑(®𝑟 ) + ®𝐵∥)
𝛥 (0) =

√︃
1 − (| ®𝐵↑(®𝑟 ) + ®𝐵∥ |/𝐵c)2 , (3.8)

at a position ®𝑟 within the (20 nm)3 nanojunction volume. Following the analogy between
Josephson junctions and disordered superconductors (cf. Section 3.1.1 and Section 1.3.3),
we treat the nanojunction as a homogeneous superconducting volume. Accordingly, we
integrate the local gap suppression in Eq. (3.8) over the nanojunction volume to infer
the Josephson energy, assuming 𝐸J ∝

∭
𝑉𝐽 𝐽

d®𝑟𝛥 (®𝑟 ). Specifically, we compute the relative
change in nanojunction energy (𝐸↑J − 𝐸

↓
J )/𝐸

0
J caused by a spin flip, and then numerically

solve the fluxonium Hamiltonian (Eq. (1.7)) to determine the resulting qubit frequency
shift 𝛿 𝑓q at the half-flux sweet spot. The spin-flip-induced 𝐸J-shift is modeled using the
gralmonium parameters extracted in Section 3.1.3.

Figure 3.13c shows the simulated 𝛿 𝑓q as a function of spin distance 𝑑 from the nanojunction
for different bias fields 𝐵∥ . While the magnetic dipole field generated by the spin decays
sharply with distance, the integrated effect across the nanojunction volume remains ap-
preciable up to effective distances comparable to the nanojunction size. This explains
the relatively flat dependence of 𝛿 𝑓q on spin distance up to 𝑑 ∼ 10 nm. As expected, 𝛿 𝑓q
increases significantly with the applied bias field 𝐵∥ , driven by the enhanced suscepti-
bility 𝜕𝛥/𝜕𝐵 ∼ 𝐵∥/𝐵c of the gap suppression and the intrinsic symmetry |𝐵↑ | = |𝐵↓ | at
zero bias field (i.e. only local perturbations of 𝐵∥ generate a finite 𝛿 𝑓q). Consequently,
reducing the nanojunction critical field (cf. Fig. 3.7), for example by lowering the grAl
resistivity, could amplify the spin-induced 𝛿 𝑓q. However, achieving the same Josephson
energy 𝐸J under these conditions would necessitate narrower nanojunction confinement,
pushing nanofabrication limits. Nonetheless, positioning the spin as close as possible
to the nanojunction, at least within 𝑑 < 10 nm, and operating in the 𝐵∥ ∼ 102 mT range
enables kHz-level spin-induced qubit frequency shifts (cf. Fig. 3.13c). Given that state-
of-the-art superconducting qubits routinely achieve kHz frequency resolution [101, 213,
214], and that advanced frequency detection protocols developed for quantum sensing
applications [215, 216] could further enhance this precision, promises to enhance this
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resolution, the detection of a spin-state-dependent 𝛿 𝑓q is well within experimental reach.
This supports the prospect of single-shot, QND readout of individual spins via kinetic
inductance-mediated longitudinal coupling.
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Device Characterization & Extended Results





4 Details on Longitudinal Spin-Resonator
Coupling

In this chapter, we present additional experiments and an extended device characteriza-
tion supporting the molecular spin ensemble measurements in Chapter 2. We begin by
validating the resilience of the grAl resonator to high magnetic fields when interfaced with
molecular crystals using vacuum grease. Electron spin resonance (ESR) signatures from the
spin ensemble are imprinted in the resonator decay rate and identified as valuable in-situ
markers for magnetic field calibration. We further assess the reliability of the background
correction method used to extract the ensemble magnetization, presenting an extended
magnetization measurement up to 1 T. While the adjacent niobium (Nb) drive resonator
induces minor additional frequency shifts in the grAl readout, we demonstrate that these
effects do not compromise the accurate extraction of the spin ensemble magnetization.
Finally, we present detailed two-tone spectroscopy of the spin ensemble and show that
the longitudinal magnetization readout can be reliably distinguished from Kerr-induced
shifts in the grAl readout resonator arising from excitation of the Nb drive. These results
collectively affirm the compatibility of the grAl-Nb hybrid resonator system with high-field
spin ensemble spectroscopy and establish robust protocols for magnetic and spectroscopic
calibration in this hybrid platform. This chapter is adapted in parts from Ref. [2].

4.1 Microwave Losses of GrAl and Transverse Coupling

The longitudinal coupling scheme (cf. Section 1.4) preserves both the spin state and the
resonator photon number without relying on coherent excitation exchange. Consequently,
spin-state readout becomes independent of the spin-resonator detuning and applied mag-
netic field 𝐵∥ , while the always-on coupling introduces no additional losses to either the
spin ensemble or the superconducting resonator. We confirm this magnetic field resilience
of the grAl resonator in Fig. 4.1.

Microwave loss measurements distinguish between intrinsic mode losses and coupling
to external circuitry, captured by the internal and coupling quality factors 𝑄i and 𝑄c,
respectively. Due to Fano interference in the measurement chain, primarily caused by
limited isolation in the microwave circulator, a systematic uncertainty arises in the ex-
tracted internal loss rate 𝛤i = 𝜔r/𝑄i [4]. This uncertainty manifests as a non-Gaussian
error band, spanning from 𝑄i,min to 𝑄i,max with a median value 𝑄i (error band and blue
markers in Fig. 4.1, respectively). With a high coupling coefficient 𝑄i/𝑄c ≈ 101 ≫ 1,
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Figure 4.1: GrAl microwave losses in magnetic field 𝐵 ∥ . a Internal quality factor 𝑄i as a function of
in plane magnetic field 𝐵 ∥ , measured at an average photon number 𝑛 ≈ 10 with a coupling quality factor
𝑄c = 25 × 103. The shaded region indicates systematic uncertainty introduced by Fano interference in the
measurement chain [4]. b Internal loss rate 𝛤i = 𝜔r/𝑄i near the magnetic fields 𝐵ESR, highlighting ESR
features from the spin 𝑠 = 1/2, 𝑔 = 1.83 molecular spin ensemble (right peak) and spurious paramagnetic
impurities with 𝑔 = 2 spin 𝑠 = 1/2 (left peak), commonly observed in superconducting circuits [134, 135,
139]. The corresponding resonance frequency shift for this measurement is presented in Fig. 4.3. Adapted
from Ref. [2].

this uncertainty dominates the microwave loss measurements shown in Fig. 4.1, resulting
in an infinite upper bound on 𝑄i, 𝑄i,max = ∞. Importantly, measurements with varying
resonator frequency, such as the measurement vs. magnetic field shown in Fig. 4.1, can
lead to deceptive trends in the extracted internal quality factor 𝑄i.

Nonetheless, the extracted internal quality factor remains robust in magnetic field, main-
taining a median 𝑄i ≈ 5 × 105 and a lower bound of 𝑄i,min ≳ 1 × 105. Notably, the internal
losses of the grAl resonator are not affected by the Apiezon N [167] vacuum grease atop
the resonator, used to thermalize and attach the molecular crystal (cf. Fig. 2.1). Within
the systematic uncertainty, our extracted internal losses (cf. Fig. 4.1) align with previously
reported values [4, 72, 124, 145]. Further improvement can be achieved by optimizing the
geometry, substrate and cleaning procedure, as recently demonstrated in Ref. [146].

In addition to a moderately fluctuating internal loss baseline (cf. median 𝑄i in Fig. 4.1a),
a pronounced reduction in 𝑄i is observed at magnetic fields 𝐵ESR where the resonator
frequency matches the ESR of the 𝑔 = 1.83 spin 𝑠 = 1/2 ensemble (cf. Fig. 4.1a). A
second distinct reduction occurs on resonance with ESR of spurious 𝑔 = 2 spin 𝑠 = 1/2
paramagnetic impurities, which are commonly observed in superconducting devices [134,
135, 139] and previously identified in the gralmonium qubits energy relaxation in magnetic
field (Fig. 3.9). Figure 4.1b highlights these loss peaks in terms of the internal decay rate
𝛤i = 𝜔r/𝑄i, which arise from residual transverse coupling of these spin ensembles to
the grAl resonator’s geometric inductance. The increased losses illustrate the drawbacks
of transverse interaction, as it leads to photon loss in the resonator and simultaneously
renders the resonator a loss channel for the spin system, since neither the spin state nor
the resonator photon number is conserved.
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Figure 4.2: Readout of the spin ensemble magnetization up to 1T. a Resonance frequency shift
𝛿 𝑓r (𝐵 ∥ , 𝑀) (blue markers) of the grAl readout resonator and fit to the quadratic tail 𝛿 𝑓r (𝐵 ∥ , 𝑀S) for satu-
rated crystal magnetization (𝐵 ∥ > 0.32 T). The fit yields a grAl critical field of 𝐵c = 5.95 T. b Extracted
magnetization-induced frequency shift 𝛿 𝑓M (red markers and shaded region in a), and corresponding crystal
magnetization 𝑀 ∝

√︁
𝛿 𝑓M (green) up to 𝐵 ∥ = 1 T. Gray markers denote regions affected by hybridization

with 𝑔 = 2 and 𝑔 = 1.83 spin ensembles, where reliable magnetization extraction is not possible. Data up to
𝐵 ∥ = 0.6 T correspond to the magnetization measurements in Fig. 2.2. Adapted from Ref. [2].

Despite these drawbacks, the ESR features serve as precise, in-situ markers for magnetic
field calibration and accurate extraction of the molecular spin ensemble’s 𝑔-factor. Beyond
calibrating magnetic field amplitude, we also ensure strict alignment of 𝐵∥ with the sub-
strate plane, preventing hysteretic or non-monotonic resonance shifts due to perpendicular
field components 𝐵⊥ which would otherwise obscure extraction of the frequency shift 𝛿 𝑓M.
The flat internal loss baseline in Fig. 4.1a confirms effective perpendicular field compen-
sation (cf. Appendix B.2), as no degradation in 𝑄i is observed from spurious microwave
modes, which would be introduced by perpendicular magnetic field beyond a certain
threshold field [139].

4.2 Additional magnetization curves

To validate the background subtraction method for isolating the magnetization-induced
frequency shift 𝛿 𝑓M, as introduced in Section 2.2.1, we extend the measurement of the grAl
resonator frequency shift 𝛿 𝑓r(𝐵∥, 𝑀) up to 𝐵∥ = 1 T, as shown in Fig. 4.2. The commonly
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4 Details on Longitudinal Spin-Resonator Coupling

Figure 4.3: Readout of the magnetization in the presence of on-chip Nb drive resonators. a Reso-
nance frequency shift 𝛿 𝑓r (𝐵 ∥ , 𝑀) of the grAl resonator (blue markers), composed of a magnetization-induced
component 𝛿 𝑓M (red shaded area) and a shift 𝛿 𝑓r (𝐵 ∥ , 0) arising from the suppression of the grAl supercon-
ducting gap 𝛥 (𝐵 ∥ ). These contributions are separated by fitting the parabolic tail 𝛿 𝑓r (𝐵 ∥ , 𝑀S) for saturated
spin crystal magnetization (𝑀 = 𝑀S) in the range 𝐵 ∥ = 150–270 mT. The adjacent Nb drive resonators
(cf. Fig. 2.1) remain undriven during this measurement. b Extracted magnetization-induced frequency
shift 𝛿 𝑓M (red markers and shaded area in a) and corresponding crystal magnetization 𝑀 ∝

√︁
𝛿 𝑓M (green

markers). At 𝐵 ∥ = 0.27 T, hybridization with 𝑔 = 2 and 𝑔 = 1.83 spins (gray arrows) as well as screening
fields from the superconducting Nb structures distort the extracted 𝛿 𝑓M, preventing a reliable extraction of
the magnetization (gray markers). This measurement provides calibration for the TT spectroscopy shown
in Fig. 2.3. Adapted from Ref. [2].

used quadratic approximation of the magnetic-field dependence of the resonator frequency
shift (cf. [139])

𝛿 𝑓r(𝐵∥, 𝑀) ≈ −1
4 𝑓r,0

(
𝐵∥
𝐵c

)2
+ 𝛿 𝑓M (4.1)

introduces a systematic deviation of approximately 50 kHz in the extracted 𝛿 𝑓M due to
its limited accuracy. To improve this, we fit the measured frequency shift at saturated
magnetization 𝛿 𝑓r(𝐵∥, 𝑀S) to the exact form of gap suppression (cf. Eq. (3.3)), yielding

𝛿 𝑓r(𝐵∥, 𝑀) = 𝑓r,0
©­«
(
1 −

(
𝐵∥
𝐵c

)2
)1/4

− 1ª®¬ + 𝛿 𝑓M . (4.2)
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4.3 Spin Ensemble Two-Tone Spectroscopy

A fit to the parabolic tail using Eq. (4.2) determines a grAl critical field of 𝐵c = 5.95 T
(cf. Fig. 4.2a). The resulting magnetization-induced shift 𝛿 𝑓M, and the inferred normalized
magnetization 𝑀/𝑀S remain flat for saturated ensemble magnetization (cf. Fig. 4.2b),
confirming the robustness of the background subtraction procedure in isolating spin
polarization, independent of spin-resonator detuning.

Figure 4.3 demonstrates that the adjacent Nb drive resonator (cf. Fig. 2.1) does not impede
the reliable extraction of ensemble magnetization. The extracted shift 𝛿 𝑓M saturates for
𝐵∥ ≳ 100 mT, consistent with measurements on a sample without the Nb resonator
(cf. Fig. 2.2). The saturated frequency shift 𝛿 𝑓M(𝑀S) is roughly three times smaller than in
Fig. 2.2 due to the use of a slightly smaller molecular crystal1. Compared to Fig. 2.2, we
also note a slightly earlier saturation of the magnetization in magnetic field. Fitting the
magnetization to the paramagnetic response (Eq. (2.3)) yields an effective spin temperature
of 𝑇S = 30 mK, compared to 𝑇S = 70 mK, extracted for measurements in Fig. 2.2. We
attribute this lower spin temperature to the higher surface-to-volume-ratio of the smaller
crystal, which enhances phonon decay into the substrate.

For 𝐵∥ > 100 mT, an additional shift in 𝛿 𝑓M arises from out-of-plane magnetic fields 𝐵⊥
generated by screening currents in the niobium structures of the drive resonators. These
shifts persist even when extending the fit range for superconducting gap suppression,
though they are partially averaged out due to symmetric deviations. Importantly, the
ensemble remains saturated at high fields, as shown in Fig. 4.2. We therefore use 𝛿 𝑓M at
saturated magnetization as a reference for the TT spectroscopy in Fig. 2.3.

4.3 Spin Ensemble Two-Tone Spectroscopy

In this section, we demonstrate that the longitudinal readout of the spin ensemble excitation
can be unambiguously distinguished from parasitic Kerr interaction when driving the
spins via the Nb drive resonator. Figure 4.4 presents continuous-wave TT spectroscopy
on the molecular spin ensemble, where we monitor the frequency shift 𝛿 𝑓r of the grAl
readout resonator, while applying a drive tone 𝑓d near the fundamental mode of the Nb
drive resonator, 𝑓Nb1 = 9.84 GHz.

Two distinct mechanisms contribute to the observed shift 𝛿 𝑓r of the grAl resonance. First,
excitation of the fully polarized spin ensemble results in a positive frequency shift, reversing
the magnetization-induced shift 𝛿 𝑓M. This effect is consistent with the magnetization curve
shown in Fig. 4.3. Second, a negative shift arises from a cross-Kerr interaction between
the fundamental modes of the Nb and grAl resonators when driving the Nb resonator.
These opposite signatures, positive for spin excitation and negative for Kerr-induced shift,
allow clear separation of the two effects. As shown in Fig. 4.4, the Kerr-induced negative
shift is most pronounced when 𝑓d lies within the Nb resonator linewidth (𝜅/2𝜋 = 2 MHz).

1 To prevent degradation of the molecular crystal from thermal cycling, we replace the crystal between
successive cooldowns.
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Figure 4.4: Two-tone spectroscopy of the spin ensemble 2GHz detuned from the readout. A
continuous-wave drive tone at frequency 𝑓d is applied near the fundamental mode of the Nb resonator
𝑓Nb1 = 9.84 GHz, while monitoring the frequency shift 𝛿 𝑓r of the grAl resonator at 𝑓r = 7.87 GHz. The dashed
line indicates the expected spin transition frequency h𝑓 = 𝑔𝜇B𝐵 ∥ with 𝑔 = 1.83. A negative frequency
shift (blue) results from the cross-Kerr interaction between modes of the driven Nb resonator and the grAl
resonator, most pronounced for 𝑓d within the linewidth 𝜅/2𝜋 = 2 MHz of the Nb mode around its resonance
𝑓Nb1. In contrast, excitation of the initially polarized spin ensemble induces a positive shift (red). The
strongest spin-induced response occurs when the drive tone is resonant with both the spin transition and
the Nb resonator.

Simultaneously, the spin transition h𝑓 = 𝑔𝜇B𝐵∥ tunes through theNb resonance, generating
a positive shift in 𝛿 𝑓r. On resonance, these contributions partially overlap, producing a
characteristic narrow dip at the center of the spin-induced feature.

To isolate the spin contribution, we calibrate the drive-frequency-dependent Kerr back-
ground by measuring 𝛿 𝑓r with the spin transition far detuned from the drive (e.g. at
𝐵∥ = 0.36 T in Fig. 4.4). This reference is subtracted from all datasets. The resulting
corrected shift 𝛿 𝑓r is then converted into a relative magnetization change 𝛿𝑀/𝑀S using the
calibration curve from Fig. 4.3, yielding the spin excitation pattern presented in Fig. 2.3a.
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5 Gralmonium Qubit Characterization

In this chapter, we provide an additional extensive characterization of the gralmonium
qubit. First, we introduce a rapid in-situ method to identify the operating regime of the
grAl nanojunction based on resonator flux sweep measurements. We then assess the
current-phase relation of the nanojunction embedded within the gralmonium circuit and
provide a comprehensive analysis of the qubit frequency fluctuations onmultiple timescales.
By combining time-domain measurements and two-tone spectroscopy, we establish the
nanojunction as the origin of these fluctuations and model them through variations in
the Josephson energy. Finally, we present an extended time-domain characterization of
the qubit, including coherence measurements at zero- and half-flux bias. We quantify the
impact of flux noise and photon shot noise on qubit dephasing and analyze individual
quantum jumps of the qubit. This chapter is adapted in parts from Ref. [3].

5.1 In-Situ GrAl Nanojunction Characterization

The first indication of a gralmonium qubit operating at the desired frequency range is the
observation of periodic avoided level crossings with the readout resonator, as discussed in
Section 3.1.3. These crossings, evident in the extended resonator flux sweep in Fig. 5.1,
repeat periodically as a function of the applied external flux𝛷ext. This periodicity, which
matches the area of the qubit flux loop, serves as a robust signature of coherent qubit-
resonator coupling, clearly distinguishing it from spurious interactions with potentially
magnetic-field-sensitive TLS or other parasitic modes [144]. In addition to the avoided
crossings, the resonator frequency is suppressed by 200 kHz over ten flux periods in Fig. 5.1
due to screening currents in the resonator.

Figure 5.2 further illustrates how flux-dependent avoided level crossings provide a rapid
diagnostic of the grAl nanojunction regime. We compare flux sweeps from three devices,
all fabricated on the same chip and sharing nominally identical nanojunction designs. The
observed regimes - ranging from excessively wide grAl confinement, through fluxonium
junctions in the desired regime, to electrically disconnected junctions - arise from variability
in the fabrication process (cf. Section 3.1.1 and Appendix A.2). To address this variability
and improve yield, multiple gralmonium devices are patterned per chip, typically yielding
one operational qubit per chip.

Figure 5.2a shows the flux sweep of a device with excessively wide grAl confinement,
exhibiting no avoided level crossings and a resonator frequency shift of 𝛿 𝑓r = 1 MHz. This
is explained by the high sensitivity of the nanojunction 𝐸J/𝐸C ratio to the nanojunction
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Figure 5.1: Periodicity of avoided level crossings in the qubit flux sweep. Readout resonator phase
response arg(𝑆11) in the vicinity of the resonance frequency 𝑓r, measured as a function of external flux
𝛷ext. The extended flux sweep up to𝛷ext/Φ0 = 10 displays strictly periodic qubit-resonator avoided level
crossings. The systematic shift by 𝛿 𝑓r (10 Φ0) ≈ 200 kHz (dashed lines) is attributed to screening currents
in the antenna (cf. Section 2.2.1). This dataset was acquired during a previous thermal cycle (cooldown #3
in Fig. 5.6), resulting in a 2.5MHz higher resonator frequency than that reported in Section 3.1. Adapted
from Ref. [3].

width 𝜀. For too wide nanojunctions leading to 𝐸J/𝐸C ≫ 1, quantum fluctuations of the
phase are suppressed. The applied magnetic flux instead generates persistent currents in
the flux loop, shifting the resonator frequency, reminiscent of the magnetically induced
shifts observed in grAl resonators coupled to spin ensembles in Chapter 2. Notably,
the 𝛿 𝑓r = 1 MHz shift exceeds the screening-induced frequency modulations shown in
Fig. 5.1. Indeed, the corresponding SEM image (cf. Fig. 5.2b) confirms an excessively wide
nanojunction confinement width of 𝜀 ≈ 50 nm.

In contrast, the flux sweep presented in Fig. 5.2c displays clear periodic avoided level
crossings (with no 𝛿 𝑓r shift visible in this flux range). The corresponding nanojunction
(Fig. 5.2d) features a confinement width of 𝜀 ≈ 20 nm, placing it within the optimal operat-
ing regime comparable to the devices characterized in Fig. 3.2 and Fig. 3.5. Finally, devices
with interrupted nanojunctions (Fig. 5.2f) exhibit no flux dependence in the resonator
response, consistent with the absence of qubit-resonator interaction.

5.2 Sinusoidal Current Phase Relation of the Nanojunction

While the sinusoidal C𝜑R defined in Eq. (1.4) is widely employed to model JJs in super-
conducting quantum circuits, it represents an approximation valid in the limit of many
low-transparency conduction channels. This condition is typically met in conventional
tunnel junctions, where a thin oxide barrier ensures low transparency. In contrast, other
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Figure 5.2: GrAl nanojunction regimes. a, c, e Readout resonator phase response arg(𝑆11) as a function
of external flux 𝛷ext for three nominally identical grAl nanojunctions, embedded into qubit circuits on
the same chip. b, d, f SEM micrograph of the grAl nanojunction corresponding to the flux sweeps in the
left column, imaged after the cooldown. a, b Excessively wide grAl confinement: A confinement width of
𝜀 ≈ 50 nm results in large screening currents in the flux loop and a consequent reduction of the resonator
frequency. c, d Optimized grAl confinement for fluxonium JJ: A confinement of 𝜀 ≈ 20 nm yields well-defined
periodic avoided level crossings between the qubit and resonator, consistent with a conventional fluxonium
JJ. e, f Disconnected grAl electrodes: An interrupted nanojunction results in a flat resonator frequency
response (apart from small shifts due to screening currents in the antenna, cf. Fig. 5.1). Adapted from Ref. [3].

types of weak links with higher transparency channels exhibit slanted C𝜑Rs character-
ized by contributions from higher-order harmonics (e.g. sin(2𝜑), sin(3𝜑)) in the C𝜑R,
corresponding to the coherent tunneling of multiple Cooper pairs [92].

Notably, even conventional Al/AlO𝑥 /Al tunnel junctions have recently been shown to
deviate slightly from a purely sinusoidal C𝜑R, likely originating from inhomogeneity of
the oxide barrier or from an inductive contribution of the leads, or both. As we report in
Ref. [8], higher harmonics propagate into the E𝜑R, subtly modifying the energy spectrum
of superconducting qubits and influencing key qubit properties such as anharmonicity
and charge dispersion.

In Section 3.1 wemodeled the grAl nanojunction as a single effective JJ with sinusoidal C𝜑R.
The good agreement between the fit to the fluxonium Hamiltonian 𝐻flux (Eq. (1.7)) and the
measured gralmonium spectroscopy provides preliminary support for this approximation.
To more rigorously assess its validity, we quantify how well the conventional sinusoidal
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Figure 5.3: Modeling the nanojunction current-phase-relation (C𝜑R). a Modeled current-phase-
relations (C𝜑Rs) for the nanojunction, showing the normalized current 𝐼/𝐼c as a function of the phase
𝜑 across the junction. In addition to the ideal sinusoidal relation for an SIS junction, 𝐼 = 𝐼c sin(𝜑) (green,
Eq. (1.4)), two modified C𝜑Rs incorporating higher-order Josephson harmonics are considered: a slanted
C𝜑R 𝐼 = 𝐼c (sin𝜑 − 0.25 sin 2𝜑 + 0.05 sin 3𝜑) (orange), and a sawtooth-like C𝜑R approximated by the Fourier
series 𝐼 = 𝐼c

∑10
𝑛=1 (−1) (𝑛+1) sin(𝑛𝜑)/𝑛 (red). b Corresponding energy-phase-relations (E𝜑Rs), plotted as

the normalized junction energy 𝐸/𝐸J as a function of phase 𝜑 . c Deviation between the measured qubit
transition frequency 𝑓measured and the model predictions 𝑓model. The latter are obtained by substituting the
E𝜑Rs into the standard fluxonium Hamiltonian 𝐻flux (Eq. (1.7)) and fitting it to 𝑓measured, using a numerical
diagonalization of the respective Hamiltonian. For the standard sinusoidal C𝜑R, fits are performed for
both the fully coupled qubit-resonator system (green) as well as the qubit only (black), enabling direct
comparison with the higher-harmonic models (orange and red), for which coupled fits are computationally
prohibitive. Data within a ±1 GHz interval of the qubit-resonator avoided level crossing (|𝛷ext/Φ0 | ≈ 0.2)
are excluded from the fit. The residual discrepancy between the purely sinusoidal C𝜑R-model and the
experiment constrains higher-order Josephson harmonics in the nanojunction C𝜑R to ≤ 5%, limited by the
resolution of the measured qubit spectroscopy. Adapted from Ref. [3].

C𝜑R in 𝐻flux describes the gralmonium qubit and specifically the nonlinearity of the grAl
nanojunction.

Using the spectroscopy data presented in Fig. 3.3, we fit a model to a numerical diago-
nalization of 𝐻flux, incorporating three different C𝜑R (specifically their respective E𝜑R)
(cf. Fig. 5.3a, b). In addition to the purely sinusoidal C𝜑R, we construct a slightly slanted
C𝜑R with small second and third harmonic contributions and one resembling a sawtooth
pattern containing higher harmonics up to tenth order, sin(𝑛𝜑) (𝑛 > 1) [8, 92]. The diago-
nalization is performed for each C𝜑R individually, using an extension of the numerical
diagonalization used for the standard fluxoniumHamiltonian in Eq. (1.7). For the sinusoidal
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5.3 Fluctuations of the Gralmonium

case, we fit both the coupled qubit-resonator system and the qubit alone. In contrast, for
the more complex C𝜑Rs with higher harmonics, we restrict the fit to the qubit system due
to computational limitations.

In Fig. 5.3c, we present the deviation between the modeled |𝑔⟩ → |𝑒⟩ transition and the
measured qubit spectrum. Remarkably, the model using a standard sin(𝜑)-C𝜑R matches
the measured qubit spectrum within 2MHz. In contrast, the models incorporating higher
harmonics exhibit significant systematic deviations that exceed the spread in the experi-
mental data. Based on the spread of the measured |𝑔⟩ → |𝑒⟩ transitions, we infer an upper
bound of 5% on the amplitude of higher-order Josephson harmonics in the C𝜑R of the grAl
nanojunction, limited by the resolution of the spectroscopy. This bound can be refined
with further measurements improving the resolution of the qubit spectroscopy by using
the computational methods presented in Ref. [8]. Importantly, the magnitude of higher
harmonic contributions in the grAl junction appears comparable to those in conventional
SIS tunnel junctions, reinforcing the notion that grAl nanojunctions exhibit effective SIS JJ
characteristics.

5.3 Fluctuations of the Gralmonium

In this section, we analyze the conspicuous fluctuations of the gralmonium qubit frequency
initially observed in the Ramsey measurement in Section 3.1.3. As shown in Fig. 5.4a,
Ramsey fringes obtained at half-flux bias exhibit a beating pattern with a beating frequency
of 𝑓beating = 0.2 MHz, corresponding to discrete toggling of the qubit frequency between
two values separated by 0.2MHz. These fluctuations occur on a timescale faster than
the acquisition time of a single data point, i.e. 100 single-shot qubit measurements of
the same Ramsey sequence with delay time 𝜏 , placing an upper bound on the order of
milliseconds. At the same time, the fluctuations must be slower than individual single-shot
Ramsey measurements, as faster fluctuations would average out, resulting in a single
effective detuning without a visible beating pattern. This constrains the switching rate to
lie between the inverse Ramsey acquisition time and the Ramsey coherence time 1/𝑇2R.

On a timescale of minutes, the qubit frequency additionally exhibits discrete jumps of
𝛿 𝑓q = 1.5 MHz, which is visible both in the continuous-wave TT spectroscopy in Fig. 3.3
and in the two Ramsey measurements in Fig. 5.4a, performed under nominally identical
conditions. Note that the dwell time at both qubit frequencies is not identical, as shown in
the inset in Fig. 5.4a. This is similar to the case of the beating pattern, where non-equivalent
dwell times lead to imperfect destructive interference. To quantify the dynamics of these
fluctuations, we compute the power spectral density (PSD) of the qubit frequency evolution
using:

𝑆 (𝑓 ) = F 2(𝑓01) · 2𝑇 , (5.1)

where F (𝑓01) is the normalized discrete Fourier transform and 𝑇 is the total measurement
duration. Using a two-frequency fit, Ramsey and beating frequencies (𝑓Ramsey and 𝑓beating)
are extracted for 400 contiguous Ramsey measurements, spanning a total duration of
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Figure 5.4: Nanojunction induced qubit frequency fluctuations across timescales. a Ramsey fringes
measured at a nominal detuning 𝑓Ramsey = 2 MHz exhibit a beating pattern, indicating bistable switching of
the qubit frequency by 𝑓beating = 0.2 MHz (dotted lines), extracted using a two-frequency fit (black lines).
Over a timescale of minutes, repeated measurements acquired under identical conditions display a shift in
the average Ramsey frequency to 𝑓Ramsey = 3.5 MHz, corresponding to a discrete jump of 𝛿 𝑓Ramsey = 1.5 MHz.
Inset: Histogram of the extracted qubit detuning frequencies from 5000 Ramsey experiments, showing both
components of the two-frequency fit at 𝛿 𝑓 R = 𝑓Ramsey ± 𝑓beating/2. b Power spectral density (PSD) 𝑆 (𝑓 ) of the
gralmonium frequencies 𝑓q extracted from two-frequency fits across 400 contiguous Ramsey measurements.
The PSDs of 𝑓Ramsey and 𝑓beating (𝑆Ramsey (𝑓 ) and 𝑆beating (𝑓 )) are averaged over 85 repetitions, shown as blue
and green markers, respectively. A representative individual trace is shown in light gray. A Lorentzian fit
yields a random telegraph noise (RTN) switching rate 𝛤RTN = 9.4 mHz, amplitude 𝑏 = 1.89 × 1013 Hz2/Hz
and white noise floor of 𝑆0 = 3.73 × 1011 Hz2/Hz. c Overview of discrete qubit frequency fluctuations across
different timescales: The beating pattern in the Ramsey fringes corresponds to a qubit frequency toggling on
a ≤ milliseconds timescale, while the detuning shift of 𝛿 𝑓Ramsey = 1.5 MHz occurs on a minutes timescale (see
panels a, b). Additional jumps by 𝛿 𝑓q ≈ 10–100 MHz are detected every few days during cooldown, and the
largest shifts by 𝛿 𝑓q ∼ GHz occur following thermal cycling of the cryostat to room temperature (cf. Fig. 5.6).
These fluctuations are attributed to discrete changes in the nanojunction energy 𝛿𝐸J, as demonstrated in
Fig. 5.5. Adapted from Ref. [3].
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Figure 5.5: Identification of 𝐸J toggling as the source of gralmonium frequency fluctuations. TT
spectroscopy of the gralmonium qubit as a function of external flux𝛷ext reveals two distinct qubit frequency
branches across the full flux range. These branches are well described by fits using identical qubit parameters
𝐸C and 𝐸L, but differing Josephson energies 𝐸J, separated by 𝛿𝐸J = 190 MHz, as indicated by the dashed and
dotted curves. The relative visibility of the spectral branches varies during the measurement, reflecting
fluctuations in dwell time of the qubit occupying either energy branch. a At zero-flux 𝛷ext/Φ0 = 0, the
frequency difference between the two qubit spectra is 𝛿 𝑓q = 7.4 MHz. b The two branches cross at𝛷ext/Φ0 ≈
0.08, consistent with model predictions. c Towards half-flux, two distinct qubit frequencies are visible again,
with the model predictions inverted compared to zero flux (dashed above dotted curve). d The largest
splitting occurs at half-flux𝛷ext/Φ0 = 0.5 (𝛿 𝑓q = 30 MHz) and multiple transition lines become visible. This
spectroscopy measurement was acquired during a previous cooldown (#3 in Fig. 5.6), without a parametric
amplifier, using a sweep time of 50 s per trace across 100 drive frequencies 𝑓d. The color scale encodes the
in-phase component of the reflection coefficient Re(𝑆11), rescaled to the 0 − 1 interval for visual clarity.
Adapted from Ref. [3].

𝑇 = 832 s. Shown in Fig. 5.4b, the resulting averaged power spectrum, displays a Lorentzian
profile, characteristic for random telegraphic noise (RTN), which can be described by

𝑆 (𝑓 ) =
𝑏𝛤 2

RTN
𝑓 2 + 𝛤 2

RTN
+ 𝑆0 . (5.2)

Here, 𝛤RTN is the switching rate, 𝑏 the amplitude and 𝑆0 the frequency independent white
noise floor. A fit to 𝑆Ramsey(𝑓 ) reveals a switching rate of 𝛤RTN = 9.4 mHz, quantifying
the timescale of the qubit frequency toggling. In contrast, the PSD of the beating fre-
quency 𝑆beating(𝑓 ) is frequency independent, consistent with white noise and indicating
no additional structure beyond the toggling itself.
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Figure 5.6: Gralmonium spectra across successive cooldowns. Extracted |𝑔⟩ → |𝑒⟩ qubit transition
frequencies (blue markers), measured for the same device in consecutive cooldowns. The half-flux qubit
frequency shifts 𝛿 𝑓q between cooldowns are summarized in Fig. 5.4c. The black lines represent fits based
on numerical diagonalization of the fluxonium Hamiltonian 𝐻flux (Eq. (1.7)). Changes in 𝐸J and 𝐶q appear
correlated; however, 𝐶q remains constrained by the geometric shunt capacitance 𝐶 ∥ . In contrast, the qubit
inductance 𝐿q remains constant within few percent. Cooldown #4 corresponds to the data presented in
Section 3.1. b Gray dashed and dotted lines indicate model spectra using the 𝐿q value from cooldown #1
and a capacitance close to the lower limit of 𝐶 ∥ ≈ 0.8 fF. In this cooldown, measurements were limited to a
narrow flux range near𝛷ext/Φ0 ≈ 0.5, preventing an unambiguous fit of the full qubit spectrum. Adapted
from Ref. [3].

Beyond these two fluctuation-timescales, we also observe jumps of the qubit frequency
on the order of 𝛿 𝑓q = 10–100 MHz every few days while the sample remains at cryogenic
temperatures. The largest qubit frequency shifts, up to 𝛿 𝑓q ∼ GHz, occur after cycling to
room temperature. Importantly, these changes persist even when the cryostat remains
under vacuum, ruling out post-fabrication oxidation effects. A summary of frequency
fluctuations across timescales is presented in Fig. 5.4a.

We attribute all observed frequency fluctuations to variations in the nanojunction energy
𝐸J due to the exponential sensitivity of the qubit frequency at half-flux bias on 𝐸J/𝐸C. In
addition, we expect a higher impact of 𝐸J variations on the qubit frequency, since the value
of 𝐸C is bounded by the geometric shunt capacitance𝐶∥ (cf. Section 3.1.3). We confirm that
the discrete fluctuations stem from intrinsic variations in the Josephson energy rather than
for instance transverse coupling to a fixed-frequency TLS, by analyzing the dependence of
the toggling amplitude on the qubit frequency.
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Figure 5.7: Gralmonium spectra for additional samples with nominally identical design. Extracted
|𝑔⟩ → |𝑒⟩ qubit transition frequencies (blue markers) for gralmonium devices fabricated on a separate chip
but with the same nominal design. The black lines represent fits obtained via numerical diagonalization of
the fluxonium Hamiltonian 𝐻flux (Eq. (1.7)). Adapted from Ref. [3].

The toggling signatures are visible in continuous-wave TT spectroscopy versus flux when
the averaging time per flux-trace is comparable to the toggling timescale. This manifests as
apparent frequency jumps between adjacent traces, as visible in the raw TT spectroscopy
in Fig. 3.3. Figure 5.5 illustrates this concept for an averaging time increased by one
order of magnitude, resulting from measurements acquired without a parametric amplifier
during previous cooldown of the same sample. Under these conditions, the toggling
becomes resolvable within individual flux traces, appearing as two distinct qubit transitions.
Importantly, these two frequencies can be tracked across the entire qubit flux range, ruling
out transverse coupling to parasitic TLS with a fixed transition frequency. To confirm the
nanojunction as the source of these fluctuations, we fit the two observed branches using
the fluxonium Hamiltonian 𝐻flux, differing only in their value of the Josephson energy
𝐸J.

We corroborate the nanojunction at the origin of the conspicuous fluctuations by modeling
the two qubit lines with two fits to the fluxonium Hamiltonian 𝐻flux, differing only in their
value of the Josephson energy 𝐸J. The resulting model accurately captures the spectral
evolution of both frequency branches across the full flux range, including the merging
of the two branches at 𝛷ext/Φ0 ≈ 0.08 (Fig. 5.5b), as well as the inversion in frequency
ordering between zero and half-flux bias, visible in Fig. 5.5a and Fig. 5.5c.

We conclude the discussion on the qubit frequency fluctuations by analyzing the changes
of the qubit frequency between cooldowns. Figure 5.6 displays the extracted qubit spectra
for the same device across six successive cooldowns. Fits to the fluxonium Hamiltonian
𝐻flux (Eq. (1.7)) reveal that the most significant variation occurs in the Josephson energy 𝐸J.
These changes appear correlated with smaller variations observed in the qubit capacitance
𝐶q. However, since 𝐶q is bounded by the geometric shunt capacitance 𝐶∥ ≈ 0.8 fF, the
gralmonium charging energy is limited to values below 𝐸C ≤ 𝐸

∥
C ≈ 24 GHz. Across
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cooldowns, the vastly different qubit spectra include positive as well as negative shifts of 𝐸J,
excluding progressive device degradation, such as aging, as a source of the fluctuations.

Over the course of the gralmonium characterization, we have measured more than 20 func-
tioning gralmonium devices across 11 wafers. From fits to 𝐻flux, we confirm a sinusoidal
C𝜑R adequately describes the nanojunction nonlinearity across all devices. Figure 5.7
presents three representative spectra and their corresponding fits. In Fig. 5.7a, the Joseph-
son energy of the grAl nanojunction is sufficiently small to lift the entire qubit spectrum
of the |𝑔⟩ → |𝑒⟩ transition to the 10GHz range. While the spectrum in Fig. 5.7a is similar
to the one measured in cooldown #2 in Fig. 5.6b, the spectra in Fig. 5.7b, c exhibit qubit pa-
rameters similar to the gralmonium device analyzed in Section 3.1 (see Fig. 5.6d). Notably,
the spread of the Josephson energies across devices (7–40GHz) is similar to variations in
nanojunctions for successive cooldowns (8–27GHz).

5.4 Extended Time-domain Characterization

5.4.1 Decoherence budget at half-flux bias

In the following, we analyze the Hahn echo decoherence around half-flux bias𝛷ext/Φ0 =
1/2. Consistent with the results presented in Section 3.3.1, we observe a Gaussian decay
component in the Hahn echo signal when the qubit is biased away from the sweet spot
𝛷ext/Φ0 ≠ 0.5, which aligns with the expectations for 1/𝜔 flux-noise-induced dephas-
ing [30–34, 177, 195]. Accordingly, we employ the same fit procedure as presented in
Section 3.3.1: for every set of Hahn echo decay measurements vs. flux, we perform a joint
fit, extracting a flux-dependent Gaussian decay envelope with decay rate 𝛤𝛷

𝜑E on top of a
flux-independent exponential decay with 𝛤exp = 𝛤1/2 + 𝛤 const

𝜑E

𝑃 |𝑒⟩ (𝑡) =
1
2

(
𝑒
−(𝛤𝛷

𝜑E𝑡)
2
· 𝑒−(𝛤1/2+𝛤 const

𝜑E )𝑡
)
+ 1

2 (5.3)

Figure 5.8 shows the extracted Gaussian dephasing rates, averaged over five consecutive
flux sweeps. As expected, the Gaussian contribution vanishes at the sweet spot (𝛷ext/Φ0 =
1/2), where the qubit is first-order insensitive to flux noise. We fit the linear dependence of
𝛤𝛷
𝜑E on flux using themodel introduced in Eq. (3.5), assuming a 1/𝜔 flux noise power spectral
density, 𝑆𝛷 (𝜔) = 2𝜋𝐴𝛷/𝜔 (cf. Fig. 5.8). This yields a flux noise amplitude

√
𝐴𝛷 = 26 µΦ0,

comparable to the flux noise amplitudes in zero magnetic field extracted in Fig. 3.11, but
one order of magnitude larger than typically observed in JJ array flux qubits [30–32, 34,
177].

The presented analysis is based on the assumption that the exponential decay rate 𝛤exp
is independent of external flux. This assumption is supported by the measured energy
relaxation rates (blue in Fig. 5.8) corresponding to an average relaxation of 𝛤1 = 0.075 MHz.
Minor deviations of 𝛤𝛷

𝜑E from the linear trend, particularly in the vicinity of𝛷ext/Φ0 = 0.48,
appear correlated with a locally increased energy relaxation 𝛤1.
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Figure 5.8: Gralmonium decoherence near half-flux bias. Flux noise Hahn echo dephasing rate 𝛤𝛷
𝜑E

(green), and energy relaxation rate 𝛤1 (blue), measured in the vicinity of the sweet spot𝛷ext/Φ0 = 1/2. A fit
to the linear increase in 𝛤𝛷

𝜑E using Eq. (3.5) yields a flux noise amplitude of
√
𝐴𝛷 = 26 µΦ0. Note that each

of the five consecutive flux sweeps was fitted with a model combining a flux-dependent Gaussian decay
(accounting for 1/f flux noise) and a constant exponential decay component. Adapted from Ref. [3].

We attribute the exponential component of the dephasing rate to a combination of critical
current noise in the nanojunction and superinductor (𝛤𝐼c), and photon shot noise from
residual thermal photons in the readout resonator (𝛤𝑛)

𝛤exp =
𝛤1
2 + 𝛤𝐼c + 𝛤𝑛 . (5.4)

Here, the shot noise contribution 𝛤𝑛 is governed by the interplay between the dispersive
shift 𝜒 and the resonator linewidth 𝜅, as described in Eq. (3.4) for the shot noise induced
dephasing rate in the low photon limit.

To evaluate this contribution quantitatively, we measure the dressed resonator phase
responses for the qubit in both the ground (|𝑔⟩) and excited (|𝑒⟩) states, using balanced IQ
histograms as a function of the readout frequency at the half-flux sweet spot (see Fig. 5.9).
Fits to these resonator responses yield a linewidth of𝜅/2𝜋 = 1.00 MHz and a dispersive shift
of 𝜒/2𝜋 = −1.72 MHz corresponding to the frequency separation between the resonator
when the qubit is in states |𝑔⟩ and |𝑒⟩, respectively. Based on these values and assuming
that 𝛤 const

𝜑E is dominated by the photon shot noise contribution, we estimate the residual
thermal population of the resonator using Eq. (3.4). We extract a residual average photon
number of 𝑛 ≈ 0.008, corresponding to an effective resonator temperature of 74 mK. These
values are consistent with literature (see e.g. Refs. [209, 217]), though notably about twice
the effective qubit temperature inferred from the IQ clouds (cf. Fig. 5.12d). Such elevated
resonator temperatures are commonly observed in superconducting qubit systems [217],
attributed to the stronger coupling of the resonator to the transmission line, in contrast to
the qubit, which couples only dispersively via the resonator and consequently experiences
an additional dispersive isolation.
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Figure 5.9: Dispersive readout of the gralmonium qubit at the half-flux sweet spot. Dressed resonator
phase responses arg(𝑆11) for the qubit in |𝑔⟩ (blue) and |𝑒⟩ (red). Data were acquired from IQ histograms
(cf. Fig. 5.12) as a function of readout frequency 𝑓r at half-flux bias𝛷ext/Φ0 = 1/2. To balance the population of
the qubit states, a 𝜋/2-pulse is applied prior to the readout pulse. Fits to the measured phase responses (black
lines) yield a resonator linewidth of 𝜅/2𝜋 = 1.00 MHz and a dispersive frequency shift of 𝜒/2𝜋 = −1.72 MHz
between the |𝑔⟩ and |𝑒⟩ states. Adapted from Ref. [3].

Finally, we note that among the contributions in Eq. (5.4) only the critical current-induced
dephasing 𝛤𝐼c is effectively suppressed by the Hahn echo sequence. This likely accounts
for the observed factor of three enhancement in 𝑇2E compared to the Ramsey coherence
time 𝑇2R. Specifically, the echo sequence filters noise slower than 101 µs, corresponding to
its filter function cutoff, while the single-point Ramsey measurement (i.e. 100 single-shot
qubit measurements) can already capture noise on timescales slower than milliseconds.

5.4.2 Zero Flux Coherence

In Fig. 5.10, we present energy relaxation and coherence experiments at the zero-flux
sweet spot, corresponding to a qubit frequency of 𝑓q = 10.8 GHz. Surprisingly, the energy
relaxation times are comparable to those obtained at half-flux bias, thereby excluding
the possibility that a constant quality factor 𝑄 governs the 𝑇1 limitation, 𝑇1 ≠ 𝑄/𝜔q, as
would be expected for example in the case of dielectric-loss-limited relaxation. In contrast,
both Hahn echo and Ramsey coherence times are reduced by a factor of ∼ 2 compared
to those obtained at 𝛷ext/Φ0 = 0.5. Moreover, Ramsey measurements at zero flux do
not exhibit the beating pattern, characteristic of the discrete qubit frequency switching
observed at half flux. While the discrete critical current fluctuations remain present at
𝛷ext/Φ0 = 0 (see Fig. 5.5), the susceptibility of the qubit frequency to changes in 𝐸J is
significantly reduced at zero-flux bias compared to half-flux. This diminished sensitivity
suppresses the observable beating frequency 𝑓beating in Ramsey fringes. Consequently,
resolving such a suppressed beating pattern would require longer Ramsey coherence times.
However, the experimentally observed reduction in 𝑇2R further impedes any revival of the
interference pattern, rendering it undetectable in our dataset. Finally, we note that at zero
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Figure 5.10: Energy relaxation and coherence of the gralmonium at zero-flux bias. a Free decay energy
relaxation and b Hahn echo measurements with single exponential fits to the decay, yielding relaxation
and echo coherence times of 𝑇1 = 11.9 µs and 𝑇2E = 5.2 µs, respectively. c Ramsey fringes acquired at a
nominal detuning of 𝑓Ramsey = 2 MHz. Unlike at the half-flux sweet spot, no beating pattern is observed,
allowing a single-frequency fit that yields a Ramsey coherence time of 𝑇2R = 1.4 µs. Insets: Histograms
of extracted relaxation and coherence times extracted from 5000 repetitions. While the average 𝑇1 at zero
flux is comparable to values measured at𝛷ext/Φ0 = 0.5, both 𝑇2E and 𝑇2R are reduced by a factor of ∼ 2. In
all panels, markers represent the mean values across 20 repetitions, each comprising 100 single-shot qubit
measurements per data point; shaded gray bands indicate the standard error of the mean. Adapted from
Ref. [3].
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Figure 5.11: Gralmonium energy potential and wavefunctions at the flux sweet spots. Fluxonium
potential energy landscape as a function of superconducting phase difference 𝜑 , shown at a zero flux bias
(𝛷ext/Φ0 = 0) and b half-flux bias (𝛷ext/Φ0 = 0.5). The first four wavefunctions (shown in blue, green,
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parameters are taken from the gralmonium characterized in Section 3.1: 𝐸L/ℎ = 0.574 GHz, 𝐸J/h = 23.4 GHz
and 𝐸C/h = 15 GHz. a At𝛷ext/Φ0 = 0, all wavefunctions are significantly delocalized over three wells of the
potential, indicating that the |𝑔⟩ → |𝑒⟩ transition is not plasmon-like. b At𝛷ext/Φ0 = 0.5, the wavefunctions
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Figure 5.12: Quantum jump detection of the gralmonium at half-flux bias. a Example segment of the
time trace of the resonator response, showing the in-phase component of the reflection coefficient 𝐼 = Re(𝑆11)
(black connected markers). The qubit state (blue line) is assigned based on the ±2𝜎 bands (shaded area)
around the mean response for the qubit for the ground (green) and excited (red) states. b, c Histograms of
the qubit dwell times in the ground (b) and excited (c) states. Maximum likelihood exponential fits (black
lines) yield qubit relaxation and excitation times 𝑇↓ = 9.9 µs and 𝑇↑ = 1.1 ms, respectively. d IQ histogram of
the same dataset used in panels a-c, showing two clearly separated IQ clouds corresponding to the |𝑔⟩ and
|𝑒⟩ states. Notably, the regime |𝜒 | = 1.72 MHz > 𝜅 = 1.00 MHz (cf. Fig. 5.9) results in a 180° phase separation
between the two states in the complex plane. For all measurements, we apply a continuous readout tone at a
frequency of 𝑓r = 7.4086 GHz with a microwave power corresponding to 𝑛 ≈ 10 circulating photons in the
readout resonator. The resonator response is demodulated into contiguous segments of 𝜏 = 784 ns per data
point over a total measurement time of 500ms. Adapted from Ref. [3].

flux, the gralmonium qubit’s wavefunctions are delocalized across three potential wells
(cf. Fig. 5.11), indicating that the |𝑔⟩ → |𝑒⟩ transition is not plasmon-like in our device.

5.4.3 Quantum Jump Analysis

To characterize the relaxation dynamics of the gralmonium qubit under continuous readout,
we present a quantum jump analysis in Fig. 5.12. The discrete quantum jumps between
the qubit ground and excited states are illustrated in a representative 1ms segment of the
demodulated in-phase quadrature in Fig. 5.12a. For qubit state assignment, we implement
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a two-point latching filter that declares a state transition whenever the 𝐼 -quadrature value
crosses into the 𝜇 ± 2𝜎 band associated with the opposite qubit state (shaded bands in
Fig. 5.12a). From a double Gaussian fit to the marginal distribution along the 𝐼 quadrature,
we obtain themean values 𝜇g,e ≈ ±3.0

√︁
photon and standard deviations𝜎g,e ≈ 1.0

√︁
photon

for the qubit ground and excited states, respectively. Exponential fits to the dwell-time
distributions in |𝑔⟩ and |𝑒⟩ (cf. Fig. 5.12b, c) reveal a relaxation time of𝑇1 = (𝑇 −1

↓ +𝑇 −1
↑ )−1 =

9.8 µs, comparable to the free decay relaxation time in Fig. 3.4. This indicates a QND
readout and a photon-number-independent energy relaxation.

In the IQ plane (Fig. 5.12d) the two qubit states form distinct Gaussian clouds, further
supporting high-fidelity state discrimination. Note that we rotate the qubit state in the IQ
plane to encode the state information into the in-phase quadrature 𝐼 in all measurements.
From the steady-state populations, we extract an effective qubit temperature of 37mK,
consistent with values in the literature [7, 9, 103, 217].
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6 Characterization of the Gralmonium
Qubit in High Magnetic Fields

In this chapter, we present an extended characterization of the gradiometric gralmonium
qubit under applied magnetic fields. We first compare the flux periodicities of gradiometric
and non-gradiometric devices to evaluate the role of inductance asymmetries in future
qubit design iterations. Next, we assess the magnetic-field dependence of qubit coherence
across multiple half-flux qubit frequencies obtained in successive cooldowns, confirming
the robust performance of the gradiometric architecture up to 1.2 T. We further analyze
the suppression of fast flux noise at high magnetic fields, corroborating its consistency
across varying qubit frequencies. We highlight the characteristic Gaussian decay observed
in Hahn echo measurements and provide a detailed derivation of the two-level fluctuator
model introduced in Section 3.3.1, which captures the measured field dependence of the flux
noise amplitude across qubit frequencies. Finally, we examine the influence of magnetic
field on the readout process, identifying elevated qubit temperatures as a result of thermal
photon leakage and highlighting the importance of shielding in future implementations.
This chapter is adapted in parts from Ref. [1].

6.1 Flux Periodicity Reduction in the Gradiometric
Gralmonium

In Section 3.2, we introduced the gradiometric qubit design to mitigate susceptibility
of flux-tunable gralmonium qubits to global flux noise in large magnetic fields. Due to
uncertainties in the resulting inductive asymmetry (cf. Eq. (3.2)), arising from distributed
capacitance and inductance in our design as well as charging effects in the meander
structures that reduce the effective qubit inductance (see Section 3.1), we conservatively
implemented a 10% mismatch in the enclosed flux loop area, rather than aiming for a more
flux-insensitive design. To quantify the impact of these effects, we analyze the inductive
asymmetry 𝛼 =

𝐿1,s−𝐿3
𝐿1,s+𝐿3

in the following. Understanding the variability of 𝛼 is particularly
relevant for the design of future devices with increased flux insensitivity, in order to
mitigate the limitations imposed by low-frequency flux noise on two-tone spectroscopy
(cf. Fig. 3.6) and Ramsey coherence times (cf. Fig. 3.8). To this end, we fabricated both a
gradiometric fluxonium qubit (as shown in Fig. 3.5) and a non-gradiometric variant with
nearly identical layout. The latter omits the connecting wire that closes the second flux
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Figure 6.1: Flux periodicity in gradiometric and non-gradiometric gralmonium qubits. a ,b SEM
images of a a gradiometric and b a non-gradiometric qubit circuit. The non-gradiometric design omits
the outer inductor closing the outer flux loop in the gradiometric design. c ,d Flux dependence of the
readout resonator phase response arg(𝑆11), for the c gradiometric and d non-gradiometric gralmonium
qubit, measured as a function of perpendicular magnetic field 𝐵⊥. The gradiometric design exhibits a flux
period reduced by a factor of 4.6 compared to the non-gradiometric design. Adapted from Ref. [1].

loop in the gradiometric design. We present SEM images of both implementations in
Fig. 6.1a, b.

The flux sweeps of the two designs, shown in Fig. 6.1c, d, reveal flux periods of 𝐵Φ0 = 93 µT
and 𝐵Φ0 = 22 µT for the gradiometric and non-gradiometric design, respectively. This
corresponds to𝛷1/𝛷ext = 4.25, slightly below the expected value of 𝛷1/𝛷𝛥 = 4.6 based
on the designed loop areas. From this, we infer an effective area of 𝐴eff = 34 µm2 for
the gradiometric device and an inductive asymmetry of 𝛼 = −2.3 %. While this value
contrasts with the nominally positive design asymmetry (𝐿1 ≈ 1.09 · 𝐿3, 𝛼design = +4 %), it
confirms the aforementioned uncertainty in inductive asymmetry. At the same time, the
small magnitude of 𝛼 justifies the approximation of negligible inductive asymmetry 𝛼 ≈ 0
throughout the manuscript.
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Figure 6.2: Gradiometric gralmonium spectroscopy across successive cooldowns. Extracted |𝑔⟩ → |𝑒⟩
transition frequencies of the same device measured over consecutive cooldowns. Black lines represent fits
to the fluxonium Hamiltonian 𝐻flux (Eq. (1.7)). The spectra correspond to half-flux qubit frequencies of
a 𝑓q = 4 GHz, b 𝑓q = 2.5 GHz and c 𝑓q = 1.8 GHz, as referenced in Fig. 6.3 and Fig. 6.5.

6.2 Qubit Characterization in Magnetic Field at Different Qubit
Frequencies

Fluctuations in the nanojunction energy, as discussed in Section 5.3, enable magnetic-field
characterization of the same gradiometric gralmonium device introduced in Section 3.2 at
different half-flux qubit frequencies across multiple cooldowns. Figure 6.2 presents the
qubit spectroscopy of the gradiometric gralmonium across three consecutive cooldowns
(cooldown #1 is shown in Fig. 3.6), corresponding to qubit frequencies at the half-flux
sweet spot of 𝑓q = 4 GHz, 𝑓q = 2.5 GHz and 𝑓q = 1.8 GHz, respectively. We characterize
the energy relaxation and coherence at these qubit frequencies as a function of magnetic
field in Fig. 6.3. Both the energy relaxation time 𝑇1 and the Hahn echo coherence time 𝑇2E
remain robust up to magnetic fields of 1.2 T, confirming the results in Section 3.2.2. Note
that in our analysis, we focus on the Hahn echo coherence time 𝑇2E, rather than Ramsey
decay times, as 𝑇2E can be reliably extracted even when the Ramsey beating frequency
𝑓beating is not resolvable due to variations in 𝑓beating competing with the decay envelope.

Across all cooldowns and qubit frequencies, we observe clear signatures of electron spin
resonance (ESR) coupling to 𝑔 = 2, spin-𝑠 = 1/2 paramagnetic impurities. These appear as
sharp reductions in𝑇1 when the qubit frequency becomes resonant with the ESR condition.
As expected, the resonance field 𝐵ESR increases with qubit frequency, in agreement with
the linear ESR dispersion. Furthermore, we observe a systematic reduction in 𝑇1 with
increasing qubit frequency, consistent with a frequency-dependent loss mechanism, such
as dielectric loss in the qubit capacitor.
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Figure 6.3: Energy relaxation and coherence in magnetic field across qubit frequencies. a Qubit
energy relaxation time 𝑇1 and b Hahn echo coherence time 𝑇2E as a function of magnetic field 𝐵 ∥ . Markers
represent measurements at different qubit frequencies at the half-flux sweet spot, using the same device
across successive cooldowns (Fig. 6.2). Both 𝑇1 and 𝑇2E remain robust under magnetic field across different
qubit frequencies. Notably, pronounced decreases in 𝑇1 are observed when 𝑓q becomes resonant with the
electron spin resonance (ESR) of spurious 𝑔 = 2 spin-𝑠 = 1/2 paramagnetic impurities. As expected, the
magnetic field 𝐵ESR of the ESR signature increases with 𝑓q, consistent with Fig. 3.9.

6.3 Flux Noise in Magnetic Field

In Section 3.3.1, we demonstrated the suppression of fast flux noise in magnetic field. Here,
we extend this analysis by incorporating additional data from multiple qubit frequencies
measured across successive cooldowns, and we provide a theoretical derivation of the
magnetic field dependence of the extracted flux noise amplitudes.

For Gaussian-distributed noise (see Ref. [195]), the dephasing contribution to the Hahn
echo decay is governed by [195]

𝑓𝜑E(𝑡) = exp
(
−𝑡

2

2

���� 𝜕𝜔𝜕𝛷ext

����2 ∫ ∞

−∞

d𝜔
2𝜋 𝑆 (𝜔)

sin4(𝜔𝑡/4)
(𝜔𝑡/4)2

)
, (6.1)
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Figure 6.4: Flux-dependence of the Hahn echo decay. Time evolution of the qubit excited-state popula-
tion during Hahn echo experiments, with a single refocusing 𝜋-pulse applied at 𝑡/2. Black lines represent a
joint fit of 42 individual echo measurements acquired over the flux range𝛷ext = 0.48–0.52 Φ0, using Eq. (5.3),
with a constant exponential decay rate 𝛤exp and a flux-dependent Gaussian dephasing contribution 𝛤𝛷

𝜑E. To
improve the visibility of the echo signal, state initialization into the ground state |𝑔⟩ is employed, compen-
sating for reduced readout contrast due to high thermal qubit population of 𝑝th ≳ 35 %.
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√
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to spin polarization. We extract spin temperatures of 𝑇S = 53 mK, 𝑇S = 85 mK and 𝑇S = 192 mK. Adapted
from Ref. [1].
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where 𝑆 (𝜔) denotes the noise power spectral density. For a constant (white) noise spectrum
𝑆𝛷 (𝜔) = 𝐴, the integral evaluates to a single exponential decay:

𝑓𝜑E(𝑡) = exp
(
−𝑡

���� 𝜕𝜔𝜕𝛷ext

����2 𝐴2
)
. (6.2)

In contrast, assuming a 1/𝜔 flux noise power spectrum, 𝑆𝛷 (𝜔) = 2𝜋𝐴𝛷/𝜔 , the integration
in Eq. (6.1) yields

𝑓𝜑E(𝑡) = exp
(
−𝑡2

���� 𝜕𝜔𝜕𝛷ext

����2𝐴𝛷 ln 2
)
, (6.3)

corresponding to a Gaussian decay envelope characterized by the flux-noise-induced
dephasing rate 𝛤𝛷

𝜑E, as introduced in Eq. (3.5).

Indeed, this Gaussian decay characteristic is confirmed in the Hahn echo decay curves
shown in Fig. 6.4. Away from the sweet spot (Fig. 6.4a), the echo signal displays clear
non-exponential decay, whereas near𝛷ext/Φ0 = 1/2, the decay transitions to a purely ex-
ponential form (cf. Fig. 6.4b, c). The linear dependence of the dephasing rate on |𝜕𝜔/𝜕𝛷ext |
(Fig. 3.11a) further supports a 1/𝜔 noise spectrum, as opposed to the quadratic dependence
expected for white noise with an exponential decay, i.e. 𝛤𝜑E ∝ |𝜕𝜔/𝜕𝛷ext |2 (cf. Eq. (6.2)).

In Fig. 6.5, we present the magnetic field dependence of the flux noise amplitude
√
𝐴𝛷 , for

three qubit frequencies extracted from successive cooldowns (cf. Fig. 6.2). These amplitudes
were obtained by fitting the flux-dependent dephasing rates 𝛤𝛷

𝜑E to Eq. (3.5), as shown in
Fig. 3.11a. Across all qubit frequencies, we observe a clear suppression of the flux noise
amplitude with increasing magnetic field, consistent with the trends previously reported
in Section 3.3.1. Notably, we also observe the onset of an additional flux noise mechanism
in magnetic fields 𝐵∥ ≳ 1 T consistently across qubit frequencies.

To model the magnetic field dependence of the flux noise amplitude, we consider a bath
of magnetic two-level fluctuators (TLFs), such as non-interacting localized spins. At the
experimentally probed magnetic fields 𝐵∥ ∼ 1 T, the high-temperature approximation
𝑘B𝑇 ≫ 𝜇B𝐵, which implies the simplification of equal excitation and relaxation rates
𝛤↑ = 𝛤↓, no longer holds. Therefore, we model each TLF as a source of an asymmetric
random telegraph signal, resulting in a Lorentzian power spectrum of the form:

𝑆 (𝜔) ∝ 1
𝛤1/𝛤↑ + 𝛤1/𝛤↓

𝛤1

𝛤 2
1 + 𝜔2 , (6.4)

where 𝛤1 = 𝛤↑ + 𝛤↓ denotes the total transition rate, and 𝛤↑, 𝛤↓ are the excitation and
relaxation rates, respectively [210].

To extract the magnetic field dependence of the noise amplitude 𝐴𝛷 ∝ (𝛤1/𝛤↑ + 𝛤1/𝛤↓)−1,
we assume 𝛤1 is field-independent and apply the principle of detailed balance for the
population probabilities 𝑝0 and 𝑝1 of the ground and excited state

¤𝑝0 = 𝛤↓𝑝1 − 𝛤↑𝑝0 , ¤𝑝1 = 𝛤↑𝑝0 − 𝛤↓𝑝1 .
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At thermal equilibrium, ¤𝑝0 = ¤𝑝1 = 0, we obtain

𝛤↑ = 𝛤1𝑝th (6.5)
𝛤↓ = 𝛤1(1 − 𝑝th) , (6.6)

where 𝑝th = 𝑝1( ¤𝑝1 = 0) denotes the excited state population probability in thermal
equilibrium.

For Boltzmann-distributed populations

𝑝1
𝑝0

=
𝑝th

1 − 𝑝th
= 𝑒

−𝛥𝐸
𝑘B𝑇 , (6.7)

with the energy difference 𝛥𝐸 between the ground and excited state, the flux noise power
becomes

1/𝐴𝛷 ∝ 𝛤1
𝛤↑

+ 𝛤1
𝛤↓

(6.8)

=
1
𝑝th

+ 1
(1 − 𝑝th)

(6.9)

=

(
𝑒

−𝛥𝐸
𝑘B𝑇 + 1

) (
𝑒

𝛥𝐸
𝑘B𝑇 + 1

)
(6.10)

= 4 cosh2
(
𝛥𝐸

2𝑘B𝑇

)
. (6.11)

Assuming the bath of magnetic TLFs consists of𝑔 = 2 spin-𝑠 = 1/2 paramagnetic impurities,
consistent with ESR signatures observed in qubit energy relaxation (cf. Section 3.3.1), the
energy splitting is 𝛥𝐸 = 2𝜇B𝐵. The magnetic field dependence of the flux noise amplitude
is thus: √︁

𝐴𝛷 ∝ 1

cosh
(
𝜇B𝐵
𝑘B𝑇

) . (6.12)

Fits to Eq. (6.12) accurately reproduce the measured field-dependent flux noise amplitudes
shown in Fig. 6.5. Nevertheless, the persistence of residual flux noise at high field indicates
the presence of additional decoherence mechanisms. This suggests further measurements,
including spectral analysis of the magnetic-field-dependent noise.

6.4 Qubit Readout in Magnetic Field

In this section, we examine the influence of an in-plane magnetic field on the fidelity and
stability of the qubit readout process. Figure 6.6 shows histograms of single-shot qubit
measurements in 𝐵∥ = 0 T and 𝐵∥ = 1.2 T at the half-flux sweet spot. To quantify the
readout performance, we extract the signal-to-noise ratio (SNR) from double-Gaussian fits
to the marginal distribution along the in-phase quadrature (lower panels in Fig. 6.6). We
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Figure 6.6: Comparison of qubit IQ histograms in magnetic field. Histograms of single-shot qubit
measurements at the half-flux sweet spot for a 𝐵 ∥ = 0 T and b 𝐵 ∥ = 1.2 T Top panels show 2D histograms of
the resonator response in the complex plane corresponding to effective qubit temperatures of 165mK and
150mK, respectively. Bottom panels show the corresponding marginal distributions along the 𝐼 = Re(S11)
quadrature with associated double-Gaussian fits. The regime 𝜒/2𝜋 = 0.5 MHz < 𝜅/2𝜋 = 1.2 MHz results in
a phase separation 𝜑 < 180◦ between the qubit states. Measurements were performed using a 540 ns readout
pulse at a power corresponding to a steady-state average photon number of 𝑛 = 25. The demodulated
signal, integrated over 𝜏 = 540 ns, includes resonator ring-up and ring-down dynamics. Consequently, data
are normalized to the amplitude of the reflection coefficient for the ground state, |𝑆11 ( |𝑔⟩) |. Adapted from
Ref. [1].

define the SNR as the distance between |𝑔⟩ and |𝑒⟩ states in the complex plane relative to
their combined standard deviation, which maps to the respective marginal distribution in
the in-phase quadrature, encoded into the mean values 𝜇 and standard deviations 𝜎 from
the double Gaussian fits:

𝑆𝑁𝑅 =
|𝜇 |𝑔⟩ − 𝜇 |𝑒⟩ |
𝜎 |𝑔⟩ + 𝜎 |𝑒⟩

= 2.5 .

Using an automated tune-up of the parametric amplifier, we maintain a constant SNR
throughout experiments conducted in high magnetic fields.

From the steady-state populations of the |𝑔⟩ and |𝑒⟩ state, we infer an effective qubit
temperature of 𝑇q = 165 mK in zero field, corresponding to a thermal population of
𝑝th = 34 %. This elevated thermal population is attributed to the absence of additional
thermal shielding around the sample holder (cf. Fig. B.1), allowing thermal photons to
infiltrate the chip environment. Since a cryogenic infrared filter is installed directly in front
of the sample holder to suppress photon inflow via the microwave lines, the dominant
contribution is identified as direct infrared photon infiltration bypassing the copper dowel
of the sample holder (cf. Fig. B.1). This conclusion is supported by the similarity between
the extracted qubit temperature and the readout resonator temperature of 𝑇r = 150 mK,
inferred from photon-shot-noise-limited dephasing at the sweet spot. This contrasts with
the results reported in Section 5.4.1, where a qubit temperature approximately half that of
the resonator was attributed to indirect coupling of the qubit to the transmission line via
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the resonator, providing additional isolation from thermal photons in the transmission line.
Such qubit-resonator temperature differences are consistent with previous observations
in superconducting qubit systems [217]. The absence of such a temperature difference
in the present setup suggests that the dominant source of residual qubit excitation is not
the transmission line but rather a higher ambient photon population within the sample
enclosure.

To mitigate the reduction in readout contrast resulting from high thermal population, we
perform state initialization into |𝑔⟩ prior to all time-domain measurements, including the
Hahn echo experiments illustrated in Fig. 6.4.
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Conclusion and Future Directions

This work aimed to realize a magnetic-field-resilient platform for longitudinal coupling
between individual spins and superconducting circuits. Towards this goal, the first result
was the demonstration of a longitudinal interaction between a granular aluminum (grAl)
resonator and a molecular spin ensemble, mediated by the superconductor’s kinetic induc-
tance. To extend this coupling mechanism to the nanoscopic scale required for single-spin
detection, we developed a novel circuit element, which concentrates kinetic inductance
within a nanoscopically confined grAl volume: the grAl nanojunction. Integrated into a
fluxonium superconducting qubit fabricated entirely from a single grAl layer, the resulting
gralmonium qubit retains a characteristic fluxonium spectrum and enables coherent qubit
operation. We further demonstrated magnetic field resilience of the gralmonium and
detected signatures of spin ensembles located in the qubit environment. Finally, numerical
simulations confirmed the gralmonium’s sensitivity to individual spins. In the following,
we summarize the key achievements and outline future directions for achieving single-spin
detection with this architecture.

Longitudinal Spin–Resonator Coupling

The first key result of this work was the realization of longitudinal coupling between a
molecular spin ensemble and a grAl resonator. The interaction is mediated by persistent
currents induced in grAl by the ensemble magnetization, which in turn modulates the
kinetic inductance via the intrinsic grAl nonlinearity. This effect enables the measurement
of the ensemble magnetization independent of spin-resonator detuning, yielding a full
paramagnetic magnetization curve up to 1 T. Such measurements provide direct access to
the spin temperature and offer a route towards characterizing the Zeeman energy spectrum
of spin ensembles, akin to techniques based on DC SQUIDs [159].

To probe spin dynamics, we performed TT-ESR spectroscopy using on-chip, fixed-frequency
niobium drive resonators operating far detuned from the readout. Transitioning to a
frequency-continuous drive line would enable full mapping of the Zeeman diagram for
ESR-active transitions. Furthermore, time-resolved excitation and relaxation measure-
ments revealed a non-exponential spin relaxation, limited by phonon decay into the
substrate (phonon bottleneck). When mitigating this limitation, e.g. by using diluted
molecular crystals with smaller spin concentration and smaller overall sample size, the
longitudinal spin coupling allows to infer the energy relaxation time 𝑇1 without being
constrained by Purcell decay or suppressed readout signal at large detunings.
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Beyond this initial proof-of-concept, spin sensitivity could be further enhanced using a
loop geometry similar to the implementations of kinetic inductance magnetometers [161–
163]. Moreover, this interaction mechanism is not limited to grAl but can be readily
implemented in microwave devices utilizing other magnetic field resilient high-kinetic-
inductance superconductors such as NbN [131–133], NbTiN [134–136], InOx [137, 138].
While the present work establishes a microwave-domain, non-demolishing spin readout
strategy, the ensemble-based approach remains subject to limitations, such as inhomoge-
neous broadening and the phonon relaxation bottleneck. Overcoming these challenges
necessitates to extend this coupling scheme towards individual spin detection.

The Gralmonium Qubit

To tailor the kinetic-inductance-mediated interaction to the highly localized dipole field
of a single spin, we developed a novel superconducting circuit element by confining the
grAl wire within a (20 nm)3-volume, which we denote grAl nanojunction. Integrated into
a fluxonium qubit architecture in a single grAl layer, this forms the gralmonium qubit.
Employing the fluxonium energy spectrum as a sensitive probe, we confirmed a spectrum
consistent with conventional fluxonium devices exhibiting a sinusoidal current-phase
relation, with an upper bound of 5 % on higher Josephson harmonics. A remarkable conse-
quence of these results is that the grAl nanojunction can be understood as a single effective
Josephson junction operating in a novel mesoscopic regime. In this configuration, trans-
port is mediated neither by tunneling between macroscopic electrodes (i.e. a conventional
SIS JJ) nor by tunneling via an individual grain, but via collective inter-grain Josephson
coupling across a 3D aluminum grain network.

The gralmonium demonstrated energy relaxation and coherence times on the order of
10 µs, comparable to coherence times of many SIS-JJ-based qubits, though two orders of
magnitude below the current state-of-the-art. Notably, this performance surpasses that of
typical constriction based devices made from disordered superconductors [131–133, 137,
186] or gate-tunable weak links [125, 178–183]. This highlights the grAl nanojunction’s
unique combination of the coherence of standard Al/AlO𝑥 /Al junctions with the field
resilience of disordered superconductors and the nanoscopic footprint of ScS weak links.
These coherence metrics not only serve as figures of merit for quantum information
processing but also quantify the qubit frequency resolution critical to the longitudinal
spin detection scheme. On timescales ranging from milliseconds to days, the nanojunction
exhibits discrete critical current fluctuations manifesting as toggling between two distinct
qubit transition frequencies. This further illustrates themesoscopic junction size, observing
a transition where discrete random-telegraph-switching replaces the smooth 1/𝑓 ensemble
average seen in large Al/AlO𝑥 /Al junctions. Importantly, the observed frequency toggling
reflects the qubit’s exponential sensitivity to Josephson energy 𝐸J — the same mechanism
that enables single-spin state encoding — but concurrently limits Ramsey coherence.

Candidate mechanisms for the fluctuations include structural defects modulating the
tunnel transparency and charge fluctuations coupling to the superconducting phase via
the Aharonov-Casher effect. Experiments to discriminate between these effects involve
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implementing a local electric field bias with a gate electrode or applying mechanical
stress [35, 144]. Potential strategies to reduce the nanojunction fluctuations involve
cold substrate deposition, which has been shown to yield smaller and more uniform
grains [140, 203], or post processing such as hydrogen surface passivation [218] and laser
annealing [219]. Beyond grAl, the chemical and structural similarity between the grAl
microstructure and conventional Al/AlO𝑥 /Al junctions suggests that insights gained from
reducing fluctuations in nanojunctions may directly inform broader superconducting
qubit technologies. In this context, grAl nanojunction fluctuations provide a direct metric
of improvement for evaluating new fabrication strategies aimed at minimizing critical
current noise. The fact that any reduction in junction fluctuations will directly enhance
the resolution of single-spin detection highlights the importance of fabrication control and
material engineering for future implementations of hybrid spin-superconductor quantum
architectures.

A Superconducting Qubit Resilient to High Magnetic Fields

Integrating the gralmonium qubit into hybrid quantum architectures for single-spin read-
out requires robust operation in high magnetic fields to enable spin qubit operation. To
minimize the impact of global flux noise on qubit performance, we implemented a gradio-
metric qubit design. We confirmed spectral stability of the gralmonium in magnetic fields
up to 1.2 T, with fluxonium parameters showing only a small shift attributed to a mere
percent suppression of the superconducting gap 𝛥 (𝐵∥). Notably, the critical magnetic field
and coherence length of the grAl nanojunction, 𝐵c = 6.8 T and 𝜉 = 7 nm, exceed those of
the grAl superinductor and stripline resonator (𝐵c = 4.9 T and 𝜉 = 8.2 nm). This difference
reflects the nanojunction’s reduced dimensions and is not yet fully understood, motivating
further theoretical modeling. It may arise from spatial confinement of Cooper pairs or
locally increased oxidation. Since the modeling of the disorder-driven enhancement in 𝑇c
and 𝐵c in granular aluminum remains unsettled, our measurements provide a unique data
point that hints at localization as the underlying cause, rather than an intrinsic material
property.

Remarkably, energy relaxation and coherence remain robust in magnetic fields up to
1.2 T. However, increased low-frequency flux noise in magnetic field results in a moderate
reduction in Ramsey coherence time. This limitation can be addressed in future designs
by increasing the symmetry in the gradiometric fluxonium layout to further suppress
sensitivity to global flux noise. Additionally, improved frequency resolution for single-spin
readout can be achieved by minimizing dielectric losses in the interdigitated capacitor and
introducing infrared shielding around the sample holder to mitigate photon shot noise.

Beyond its role in hybrid quantum systems, the gralmonium’s field resilience and spectral
stability make it a powerful platform for probing magnetic field susceptibilities of various
degrees of freedom coupled to superconducting circuits. We experimentally rule out
paramagnetic defects at the origin of the discrete critical current fluctuations, as these
remained unchanged in magnetic fields up to 1 T. Furthermore, we detect ESR signatures
of spurious 𝑔 = 2 spin 𝑠 = 1/2 paramagnetic impurities coupling transversely to the
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qubit, observed for the first time with a superconducting qubit. Such spin signatures
are commonly attributed to unpaired electrons localized in disordered aluminum oxide,
adsorbed oxygen radicals, or dangling bonds at the sapphire-metal interface [28, 91,
207]. We also confirm the long-standing hypothesis of the freeze-out of fast flux noise in
high magnetic fields: Hahn echo experiments reveal a suppression of the 1/𝑓 flux noise
amplitude, accurately captured by a model of asymmetric random telegraph fluctuators
and consistent with a 𝑔 = 2, spin 𝑠 = 1/2 paramagnetic origin. The intriguing correlation
between the ESR signatures in the qubit energy relaxation and the suppression of fast
flux noise suggests a common paramagnetic origin. Validating this link through detailed
spectral analyses of the flux noise evolution in magnetic fields will provide critical insights
into its microscopic mechanisms. Finally, operation of the gralmonium in magnetic field
allowed us to exclude the electron-spin hypothesis for the long-lived two-level system
environment responsible for non-Markovian qubit dynamics [7].

Perspective on single-spin sensing

To extend the longitudinal coupling scheme towards single-spin detection, we propose
to place a single spin atop a grAl nanojunction. The spin state modulates the Josephson
energy 𝐸J by locally suppressing the superconducting gap, thereby shifting the qubit
frequency. Numerical simulations confirm that this configuration enables spin-induced
qubit frequency shifts on the order of several kHz — a resolution routinely achieved with
superconducting qubits [101, 213, 214] and potentially enhanced by advanced frequency-
tracking protocols from quantum sensing [215, 216]. Further improvements can be achieved
by repeated fast measurements, facilitated by the short readout time enabled by photon-
number-independent readout [103]. Moreover, order of magnitude stronger interaction
could be possible by miniaturizing the nanojunction by a factor of two and embedding
the magnetic molecule in its center. As a result, this architecture paves the way towards
single-shot, quantum non-demolition readout of individual spins.
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Appendix





A Fabrication details

A.1 GrAl Resonator Fabrication

The grAl resonators discussed in Chapter 2 and Chapter 4, are fabricated on c-plane
sapphire substrates using a two-step optical lithography process to define both grAl and
niobium resonators on the same chip. Each step involves patterning AZ5214E photoresist
via optical lithography and development in AZ developer. Prior to metal deposition, an
Ar/O2 plasma clean is performed using a Kaufman ion source within a Plassys MEB 550S
shadow evaporation system, followed by a titanium gettering step to reduce chamber
pressure to 𝑝 ∼ 10−7 mbar. A 20 nm thick grAl film is then deposited at 1 nm/s in a
dynamic oxygen environment, yielding a sheet resistance of 𝑅□ = 1.1 kΩ/□. In the second
(optional) lithography step, a 50 nm thick niobium film is deposited to define Nb drive
resonators, also at a rate of 1 nm/s. Accurate alignment of the Nb structures relative to the
grAl resonators (cf. Fig. 2.1) is achieved using a Suss mask aligner.

A.2 Gralmonium Qubit Circuit Fabrication

The gralmonium qubit circuits presented in Section 3.1 and Chapter 5 are fabricated using
a standard lift-off electron-beam lithography process on 330 µm, double-side polished
c-plane sapphire substrates. The substrates are spin-coated with a bi-layer resist stack
comprising ∼ 700–800 nm MMA EL-13 and 300 nm PMMA A4, chosen for reliable lift-off
and high-resolution patterning. To prevent charging during exposure, a 10 nm chromium
anti-static layer is deposited prior to e-beam writing, which is conducted at 100 keV. Post-
exposure, the chromium is removed by etching for 10 s, and the resist is developed in a
(1 : 3) MIBK:isopropanol mixture using spray development. A subsequent Ar/O2 plasma
descum with a Kaufman ion source removes resist residues and surface contaminants. An
additional titanium gettering step is used prior to deposition to further improve vacuum
conditions. The 20 nm thick grAl layer is thermally evaporated at room temperature
inside a Prevac deposition system, with a deposition rate of 1 nm/s in a dynamic oxygen
atmosphere, yielding a chamber pressure between 10−5–10−4mbar. Lift-off is performed
in acetone with ultrasonic agitation for seven minutes, followed by an ethanol rinse.
The measured sheet resistance for the sample discussed in Section 3.1 is 𝑅□ = 1.5 kΩ/□,
corresponding to a resistivity of 𝜌 = 3000 µΩ cm.
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A.3 Gradiometric Gralmonium Qubit Fabrication

The gradiometric gralmonium devices discussed in Section 3.2 and Chapter 6 were fab-
ricated using a similar lift-off electron-beam lithography process with several key opti-
mizations. A single-layer PMMA A4 resist is employed, covered with an 8 nm aluminum
anti-static layer, which provides lower surface roughness and an easier stripping procedure
compared to chromium. After 100 keV e-beam exposure, the aluminum anti-static layer is
removed using tetramethylammonium hydroxide (TMAH) in MF319 developer. The resist
is developed in a chilled 6 °C isopropanol/water (1:3) solution. Similar to the fabrication
process described in Appendix A.2, we apply a 15 s Ar/O2 plasma descum and a titanium
gettering step prior to the metal deposition. A 20 nm grAl film is deposited using thermal
evaporation in a Prevac system, yielding a sheet resistance of 𝑅□ = 1.0 kΩ/□. The lift-off
process involves sequential immersion in acetone, a 30min N-ethyl-2-pyrrolidone (NEP)
bath with ultrasonic cleaning, and a final ethanol rinse.
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B.1 Sample holder

Figure B.1, depicts the readout and thermalization scheme employed for the samples
investigated in this work. The superconducting circuit is patterned on a 3 mm × 10 mm
sapphire chip, which is mounted inside a 3 mm copper tube that serves as a cylindrical

Figure B.1: Cylindrical waveguide sample holder. a Photograph of the cylindrical waveguide sample
holder, embedded into a schematics of the vector magnet for field operation. The 2D vector magnet is
thermalized on the 4 K stage of the cryostat and separated by a 1mm gap from the cylindrical pipe of the
sample holder, which is anchored at the base temperature of the cryostat. b Cross-sectional schematic zoom
in on the sample holder. A 3 mm × 10 mm sapphire chip is mounted inside a cylindrical copper waveguide
with 3mm inner diameter and 0.3mm wall thickness. It is secured using a copper dowel clamped against the
inner wall. The copper dowel has a thin slit to enclose ∼ 5 mm of the chip, which we fill with Apiezon N [167]
vacuum grease to enhances thermal contact. The waveguide is operated below its ∼ 60 GHz cut-off frequency,
ensuring that microwave coupling occurs via the evanescent field of a stripped 2.2mm coaxial cable pin,
located approximately 0.5mm from the chip’s readout resonator. The coupling strength, which decays
exponentially with increasing chip-pin separation, is tunable by axially adjusting the waveguide relative to
the fixed coaxial pin. The solenoid coil applies magnetic fields in the substrate plane, while the Helmholtz
pair is aligned perpendicular to the chip to control 𝐵⊥ and enable magnetic flux tuning. No magnetic or
thermal shielding is implemented between the sample holder and the vector magnet coils. c Finite element
simulation of the electric field distribution within the sample holder. The electric field scale corresponds to
an energy of 1 J. Adapted from Refs. [1, 3].
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waveguide sample holder (outer diameter 3.3 mm). The sample holder is centered within a
2D vector magnet, separated by a 1 mm gap. We anchor the magnet on the 4 K stage of the
cryostat to prevent heating of the base plate, which can arise for instance from ramping
the magnetic field or sourcing high currents, both of which can induce dissipative vortex
motion in the magnet windings. The 2D vector magnet consists of a solenoid generating a
parallel magnetic field 𝐵∥ in the substrate plane, and a Helmholtz pair for out-of-plane
field control 𝐵⊥. This configuration allows for precise flux biasing and compensation
of residual perpendicular field components, typically arising from sample misalignment.
For experiments involving large magnetic fields, the sample is not enclosed in additional
magnetic shielding. In addition to external magnetic field fluctuations, sources of magnetic
noise include power supply fluctuations, mechanical vibrations of the copper pipe, and
vortex motion or retrapping in the magnet windings.

As shown in Fig. B.1b, the readout resonator is positioned in close proximity to the
stripped inner conductor of a coaxial cable. Because we operate below the waveguide cut-
off frequency of ∼ 60 GHz, microwave coupling to the resonator is mediated by evanescent
waves from the cable pin, enabling single-port reflection measurements. Finite-element
simulations (cf. Fig. B.1c) confirm that the external quality factor 𝑄c scales exponentially
with with the chip-pin separation, changing by approximately one order of magnitude
per 0.5mm. The coupling strength can be tuned between cooldowns via an𝑀5 × 0.5 fine-
thread between the waveguide tube and the fixed copper block securing the coaxial cable.
When the chip is in contact with the pin (strong coupling), the resonator is positioned
approximately 0.5 mm from the pin.

Mechanical stability is ensured by clamping the chip with a partially enclosing copper
dowel, which also aligns it with the vector magnet to within 1° tilt. We enhance thermal
contact of the chip to the cryostat, using Apiezon N [167] vacuum grease applied within
the dowel slit. Experiments requiring magnetic fields on the Tesla scale (e.g. in Chapter 2
and Section 3.2) are performed in a Sionludi dilution refrigerator, operating at a base
temperature of 𝑇base = 30 mK and equipped with the 2D vector magnet. In contrast,
experiments characterizing the Gralmonium qubit in zero field (Section 3.1 and Chapter 5)
were performed in a BlueFors dilution refrigerator with a base temperature of 15mK,
where flux biasing was implemented via a small coil anchored to the base plate. In this
configuration, the sample holder was enclosedwithin a Cryopermmagnetic shield. Notably,
across all experiments, the absence of infrared shielding contributes to an elevated thermal
population in the qubit states (cf. Section 6.4).

B.2 Perpendicular field compensation procedure

As demonstrated in Ref. [139], perpendicular magnetic fields 𝐵⊥ exceeding a resonator-
width-dependent threshold induce a hysteretic, non-monotonic response in grAl resonators.
This includes additional frequency shifts and microwave losses, potentially arising from
coupling to spurious magnetic-field-sensitive modes. To avoid these detrimental effects,
all high-field experiments in this work are conducted with magnetic fields applied strictly

102



B.2 Perpendicular field compensation procedure

in the plane of the substrate (𝐵∥), while minimizing residual out-of-plane field components
(𝐵⊥).

Perpendicular magnetic fields can result from chip misalignment within the circular sample
holder (cf. Appendix B.1), including both tilt and rotational offsets with respect to the
solenoid axis of the main magnetic field. To mitigate this, we determine a compensation
field 𝐵⊥,comp for each value of 𝐵∥ , thereby ensuring:

• resonator measurements (Chapter 2 and Chapter 4) are performed under minimized
effective 𝐵⊥,

• Qubit measurements (Section 3.2 and Chapter 6) are conducted within the flux period
closest to zero effective out-of-plane field.

The compensation procedure leverages the approximately three orders of magnitude
higher magnetic susceptibility of grAl resonators to 𝐵⊥ compared to 𝐵∥ . By sweeping
the perpendicular field component and monitoring the associated quadratic suppression
of the resonator frequency, we identify 𝐵⊥,comp as the field that maximizes the resonator
frequency – corresponding to the point of minimal perpendicular field exposure. For the
gradiometric gralmonium qubit measurements in magnetic field, this procedure revealed
an effective chip misalignment of 0.66mT/T.
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