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1 Introduction

1.1 Qubits

Quantum computing is a computational paradigm that leverages phenomena
occurring at the quantum level to achieve increased computational power. It was
proposed by Richard Feynman in 1981 [1] and later formalized by David Deutsch
in 1985 [2].
Replacing the 0 and 1 state of the classical bit by the quantum states |0⟩ and |1⟩ of a
quantum bit (qubit) allows one to access superposition states and entanglement of
multiple qubits. Performing appropriate manipulations in the form of a quantum
algorithm on a set of qubits could solve certain computational problems orders of
magnitude faster than any classical algorithm [3].
Formally, a qubit is a two-level quantum system, represented by the Hamiltonian

Ĥ =
1
2

h̄ωqσ̂z, (1.1)

where ωq is the angular qubit eigen-frequency associated with the energy difference
between the two eigen-states E1 − E0 = h̄ωq and σ̂z is the z-Pauli-operator. The
possible states of the qubit can be intuitively represented on the Bloch sphere, as is
illustrated in Fig. 1.1 a). Any pure state can be written as

|ψ⟩ = cos
(

θ

2

)
|0⟩+ eiϕ sin

(
θ

2

)
|1⟩, (1.2)

where θ and ϕ correspond to the polar and azimuthal angles on the sphere, respec-
tively. In this picture, the north and south poles represent the ground and excited
states, while points on the equator correspond to equal superpositions of the two.
In the ideal case of an isolated qubit, the vector of the qubit state will precede
around the quantization axis with an angular momentum of ωq. Single qubit gates,
e.g. manipulations of the qubit state, are realized by applying drives of various
strengths and angles to the Bloch-Vector and will be discussed in chapter 3.
In reality, qubits interact with their environment, which allows for the dissipation
of their energy. This energy relaxation process is represented by a relaxation rate
Γ, with which the qubit spontaneously decays into its ground state. Furthermore,
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1 Introduction

Figure 1.1: a) A Bloch-Sphere representing a qubit state |ψ⟩, defined by the angles θ and ϕ. b) A
photograph of the Willow quantum processor, consisting of 105 individual transmon qubits [4].
c) Top-view schematic of a transmon qubit. Two Josephson junctions, denoted by the X symbols,
are shunted by a capacitance formed by the superconducting island, which is separated from the
surrounding ground plane by a small gap.

real qubits experience fluctuations in their Larmor frequency (ωq), leading to a loss
of phase coherence.
These processes of energy relaxation and decoherence represent a central obstacle
to large scale quantum computing, and are further explored in chapter 2.5.

1.2 Superconducting Qubits

There is a diversity of physical systems which are being researched for their
usability as qubits. In principle, any system that can house two quantum states
while fulfilling a short list of criteria, which were proposed by David DiVincenzo in
the year 2000, can be considered a qubit [5]. Prominent examples include trapped
ions, semiconductor spins, photons, and superconducting circuits, to name just
a few. Among these, superconducting qubits have emerged as one of the most
promising candidates for scalable quantum computing, owing to their design
flexibility and straightforward integration with microwave control electronics.
Today’s most advanced quantum processors, like the Google Willow depicted
in Fig. 1.1 b) [4], are built from superconducting circuits of the transmon type.
As shown in Fig. 1.1 c), a transmon qubit consists of a pair of Josephson tunnel
junctions, a shunt capacitance, and is coupled to a harmonic oscillator, which
functions as a readout resonator. All of these concepts will be explored in detail in
chapter 2.
In a 2019 breakthrough, Google demonstrated the advantage of quantum computing
over classical computers in a circuit sampling experiment [3]. In two hundred
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1.3 TLS and Motivation

Figure 1.2: Left: Schematic of various imperfections found on a qubit sample (from [6]). Right: an
atomic tunneling defect is modeled as a particle (orange sphere) trapped in a double-well potential
characterized by the tunneling energy ∆ and the potential asymmetry ε. This gives rise to the
name-giving two levels |g⟩ and |e⟩ of the two-level system [7].

seconds, the quantum processor performed an assigned task that is estimated to
require several days of computation on a conventional supercomputer.
Despite milestone experiments like this, superconducting qubits have yet not
entered the regime of large scale quantum computing. A major challenge remains
their limited coherence, which continues to be the focus of intensive research.

1.3 TLS and Motivation

A central impediment to the coherence of superconducting qubits is the presence of
atomic-scale material defects in the amorphous oxide layers on the chip surface and
in the Josephson tunnel junctions. While their exact microscopic nature is subject
of ongoing debate, they are most commonly pictured as atoms that can tunnel
between two positions in the amorphous lattice. These defects form two-level
systems (TLS) as illustrated in Fig. 1.2. Via their dipole moment, they couple to the
AC-electric field of the qubit sample on which they reside, which allows them to act
as channels for energy relaxation. The ubiquitous presence of amorphous oxides in
superconducting technology makes TLS-caused energy relaxation a challenging
problem.
Strategies to mitigate their detrimental effects include qubit design optimized to
reduce the coupling electric fields [8], the avoidance of stray junctions[9], and the
detuning of TLS from the qubit via electric fields [6]. The study of TLS defects is
necessary to further the coherence of superconducting quantum technology.

For the past 50 years TLS have been described by the standard tunneling model
(STM)[10]. It describes the tunneling atom as a particle trapped in a double-well
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1 Introduction

potential characterized by a tunneling energy ∆ and a potential asymmetry ε, as
shown in Fig. 1.2. The energy splitting of the TLS defects is then given by

∆ETLS =
√

∆2 + ε2. (1.3)

More details on the theory of TLS will be given in section 2.1. The STM assumes
random distributions of the parameters defining the TLS defects and has been used
to describe the low-temperature behavior of amorphous substances[11].
While being a robust and well-tested theory, many questions about TLS remain,
which are not captured by the STM. For example, it leaves out the coupling of TLS
among each other, which has been explicitly verified using superconducting qubits
in 2015 [12][13]. Further questions remain about the exact microscopic origins
of TLS defects. Beside individual tunneling atoms, alternative proposals include
tunneling electrons, non-equilibrium quasi-particles, or the collective motion of
several atoms[14],[15].
Therein lie the two main motivations of the research done in this work. On the
one hand, revealing the properties of individual TLS using superconducting qubits
will allow us to better understand their underlying physics which have puzzled
researchers for many decades. On the other hand, this understanding will further
help us to tackle the pressing issue of decoherence in superconducting qubits and
thereby may pave the way to practical large scale quantum computing.
A powerful method to study the properties of defects is swap-spectroscopy, which
is detailed in section 3.5. This technique reveals the resonance frequencies of
individual defects interacting with a qubit via their detrimental effect on its energy
relaxation. Thus turning the qubit’s sensitivity to defects into a feature, swap
spectroscopy has since been used to study individual defects’ properties, such as
their reaction to mechanical strain and electric fields[6][7], their dipole-moment,
their tunneling energy, and their location [16],[17].
In this work, we aim to expand the scope of defect detection in superconducting
qubits in two ways.
Firstly, we employ qubit types previously unused in defect spectroscopy: fluxmon
qubits and newly developed fully tunable C-shunted flux qubits of our own design,
which are further detailed in chapters 2 and 3. An increase in qubit frequency
tuning range, and thereby in the TLS detection frequency window, is the main
focus of this approach. The results are presented in section 4.
Another approach we pursue is to study the response of defects to magnetic fields.
While aiming to reveal the prevalence of magnetically sensitive submicroscopic
defects, such as quasiparticle TLS or isolated spins, we made the unexpected
discovery of a new type of macroscopic defect. A parasitic RF-SQUID, which
was surprisingly formed by the on-sample bonding wires, was shown to interfere
destructively with qubit operation. This unforeseen finding has implications for
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qubit prototyping and wider superconducting technology, and is detailed in section
5.

1.4 Flux Qubit Development

As the main approach of this thesis consists of the design of fully tunable flux
qubits, we want to briefly review the development of this technology and highlight
important experiments here, while in-depth technical details are given in sections
2 and 3.
The original flux qubit [18, 19] consisted of a superconducting loop that is in-
terrupted by three Josephson junctions. In early experiments, flux qubits were
read out by measuring the flux through the qubit loop using a DC-SQUID in
switching-current [20] or dispersive measurements [21], and were used to demon-
strate two-qubit gates [22], access the ultra-strong coupling cavity QED regime
[23, 24], and multiplexed qubit readout [25] through coupling to transmission line
resonators.
The quantum coherence of flux qubits has been subject to steady, incremental
improvement over the past years. Bertet et al. [26] and Yoshihara et al. [27] reported
T1 times of 2-4µs in early experiments, which were likely limited by strongly
coupled readout-SQUIDs. Subsequently, longer T1 times of 6-20 µs were reached
by Orgiazzi et al. [28] and Stern et al. [29], by replacing the readout-SQUID with
coplanar waveguide resonators and 3D cavities, respectively.
Another design improvement was the addition of a shunt-capacitor. While in early
experiments using interdigitated capacitors by Steffen et al. [30] and Córcoles et
al. [31], T1 times were limited to 1-6 µs, Yan et al. demonstrated coherence times
of T1 ≈ 50 µs, using larger square-plate shunt-capacitors [32]. This breakthrough,
which they attributed to reduced dielectric loss in their shunt capacitors and a
reduction in the qubit persistent current (Ip), put flux qubits close to the coherence
of transmon qubits.

1.5 Fully tunable Flux Qubits

The flux qubit variants studied in this work are "fully tunable" or "gap-tunable"
flux qubits. A fully tunable flux qubit has an additional loop which allows for in
situ control of the tunneling barrier in the qubit’s double-well potential, which is
illustrated in Fig. 1.3 c). This was first experimentally realized by Paauw et al. [33],
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Figure 1.3: Example schematics of fully tunable flux qubits. a) Paauw et al.’s first experimental
realization of the concept [33]. The qubit is controlled via the control fluxes ΦT and ΦB , with
the outermost loop (blue dashed line) trapping N fluxoids to prebias the qubit. b) Poletto et al.’s
double-SQUID qubit design uses two junctions and a large superconducting loop [34], with local
coils inducing the bias fluxes. Both designs were read-out using a DC-SQUID (not shown). c)
Schematic of the potential energy control in a fully tunable flux qubit, with ΦT and ΦB controlling
the potential tilt and tunnel barrier height, respectively.

whose design is shown schematically in Fig. 1.3 a). Soon after, Poletto et al. demon-
strated operation in both the flux qubit regime, where the potential has the shape of
a double-well and the phase qubit regime, where the potential has a single well [34],
using a double-SQUID qubit design shown in Fig. 1.3 b). This control of the qubit
potential makes fully tunable flux qubits attractive for different applications, such
as quantum annealing [35, 36], as couplers and computational qubits in quantum
processors [37, 38], for use in quantum metamaterials [39], and for microwave-free
qubit manipulation [40]. Fully tunable flux qubits are particularly well suited for
investigating decoherence sources, since a single device can access both flux-like
and phase-like operating regimes. Their wide tunability enhances the accessible
range for swap-spectroscopy scanning of their electromagnetic environment.
So far, balancing the enhanced qubit tunability with good coherence has been
proven to be difficult. Early fully tunable designs exhibited T1 times between 1.4 ns
and 1.5 µs, which have been attributed to thermal noise[33], and dielectric loss[34],
respectively. In a recent experiment using an asymmetric α-junction SQUID, Chang
et al. reported T1 times up to 8 µs [38], attributing this limit to dielectric loss.
However, this approach limits the tuning range of the device (about 7 GHz was
reported). Despite this significant improvement in energy relaxation, a fully tunable
flux qubit, which combines access to a wide tuning range with a long T1 time has
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not yet been achieved.
With the fully tunable C-shunted flux qubits we present a design that combines the
advantageous coherence properties of the C-shunted flux qubit with full tunability
in sections 2, 3 and 4. During this thesis we show how this design is a useful
platform for defect spectroscopy and further applications, with a tuning range of
up to 20 GHz and a competitive energy relaxation time of over 25 µs.
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2 Theory

2.1 Two-Level Systems (TLS)

Two-level systems (TLSs) are ubiquitous microscopic defects in amorphous materi-
als. Their description as an ensemble of tunneling particles shapes our understand-
ing of the low-temperature properties of glasses since the 70s [10, 11]. Nowadays,
their detrimental effect on the coherence of newly emerging quantum technology
revitalizes the study of TLS with both renewed urgency and new tools. This very
work aims to be part of this effort, and we shall begin by reviewing the basic theory
of TLS.

2.1.1 Standard Tunneling Model

The standard tunneling model (STM) describes a TLS as a virtual particle trapped
in a one-dimensional double-well potential. The Hamiltonian of an individual TLS
is

ĤTLS =
h̄
2

∆σ̂x +
h̄
2

εσ̂z =
h̄
2

(
ε ∆

∆ −ε

)
. (2.1)

where h̄ε is the asymmetry energy between the two wells, and h̄∆ is the tunneling
energy between the two lowest bound states. In the common image of the TLS as
an atom tunneling between two positions in the amorphous lattice, this tunneling
energy is in dependence of the tunneling mass m, the tunneling distance d, the
barrier height V0 and the ground state energy E0 given by

∆ = E0e−λ, λ =
d
h̄

√
2mV. (2.2)

Diagonalization of the Hamiltonian gives the energy splitting

E = h̄
√

∆2 + ε2, (2.3)

where we note the hyperbolical dependence on ε, as depicted in Fig. 2.1.
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2 Theory

Figure 2.1: a) The double-well potential of a single TLS defect as defined by the STM. It describes a
virtual particle tunneling between two configurations, separated by a tunneling distance d and a
potential barrier V0, giving rise to the tunneling energy h̄∆. The tunneling energy together with the
asymmetry energy h̄ε define the TLS’ splitting energy E between the TLS energy levels (dashed
lines). b) E depends hyperbolically on ε, with h̄∆ defining its minimum. This gives rise to observable
TLS parabola, when ε is varied intentionally by applied strain or electric fields.

2.1.2 TLS Density of States

Due to the disorder of amorphous solids, individual TLS parameters are randomly
distributed. As a central assumption, the STM assumes the parameters ε and λ to
be independent and uniformly distributed in the intervals dε and dλ, i.e.

P(ε, λ) = P0dεdλ, (2.4)

where P0 is a constant. From this distribution we gain the TLS’ density of states
(DoS) D(E), by re-expressing in terms of E and ∆,

P(E, ∆)d∆dE = P0
E

∆
√

E2 − h̄2∆2
d∆dE, (2.5)

and integrating over ∆

D(E) =
∫ E

h̄∆min

P(E, ∆)d∆ = P0 ln
2E

h̄∆min
≈ D0, (2.6)

where ∆min is the minimal ∆ which still allows for tunneling between the wells. The
DoS is approximately constant over the energy scales of interest, where h̄∆min ≪ E.
This assumption holds for amorphous glasses in general and typical experimental
energy scales [14].
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2.1.3 TLS Interaction with Environment

There are two mechanisms by which TLS couple to their environment. As localized
defects, they couple to local strain in the form of phonons or deformation of the
sample, and as charged particles, they couple to electric fields via their dipole
moment. These effects can be described by the interaction Hamiltonian

Ĥint =

(
1 0
0 1

)
pF +

(
1 0
0 1

)
γξ, (2.7)

where F is the electric field, p is the TLS’ electric dipole moment, ξ is the strain
field and γ the TLS’ elastic dipole moment. Combining equations (2.1) and (2.7)
with the definitions of the dipole moments d ≡ ∂ε/2∂E and γ ≡ ∂ε/2∂ξ, we find
the dependence of the TLS’ energy splitting on the applied fields

E(F , ξ) = h̄

√
∆2 +

(
ε +

2pF
h̄

+
2γξ

h̄

)2
. (2.8)

These interactions are fundamental to the research presented here in several ways.
The TLS couple to the oscillating supercurrents in a qubit circuit via their dipole
moment, which allows for the dissipation of the qubit’s excitation into the TLS
bath. This effect, which is further explored in section 2.5.5, makes TLS one of the
leading limitations to the lifetime of superconducting qubits. At the same time,
this sensitivity is exploited to study the energy splitting of individual TLS using
the methods detailed in section 3.5. During these measurements, electric fields and
mechanical strain are applied to the sample, tuning the individual TLS’ energy
splittings, and revealing the hyperbolic behaviour predicted by Eq. (2.8).

2.2 Superconducting Circuits and Josephson Junction
Physics

The qubits presented in this work are superconducting qubits, which means they are
microcircuits patterned from a superconducting material. Here, we use Aluminium
which is cooled to millikelvin temperature. These circuits combine macroscopic
electrical elements like inductors, capacitors, and Josephson junctions into engi-
neered quantum systems whose dynamics can be described by the laws of quantum
mechanics. Unlike conventional electronic devices, superconducting circuits ex-
ploit the collective behavior of Cooper pairs, which move without resistance and
maintain long-range phase coherence. This macroscopic quantum coherence allows
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Figure 2.2: SEM-image and schematic of a Josephson junction. The superconducting aluminium
electrodes are separated by a layer of aluminium-oxide, which allows Cooper pairs to tunnel
between the two. The SEM also shows a third ’bandage’-layer of aluminium on top of the two
electrodes, whose purpose is detailed in section 3.1

superconducting circuits to behave as artificial atoms, exhibiting discrete energy
spectra and enabling strong, controllable coupling to electromagnetic fields.

The central element of superconducting qubits is the Josephson junction, a weak
link between two superconductors separated by a few nanometers of an insulating
barrier, as depicted in figure 2.2. The underlying Josephson effect, for which Brian
D. Josephson received the 1973 Nobel Prize in Physics, introduces intrinsic nonlin-
earity into the otherwise harmonic dynamics of linear circuits. This nonlinearity is
essential for defining and manipulating quantum states, as it allows the circuit’s
energy levels to become anharmonic and individually addressable, which we will
see in the following chapter.

2.2.1 Basic Josephson Effect

The fundamental phenomena associated with a Josephson junction arise from
the quantum mechanical phase coherence of the superconducting condensate.
According to the Ginzburg-Landau theory [41], each superconducting electrode is
described by a macroscopic wavefunction of the form

Ψ = |Ψ|eiφ, (2.9)

where φ is the superconducting phase. When two superconductors are brought
into weak contact through a thin insulating barrier, their phases φ1 and φ2 are no
longer independent. Instead, a supercurrent can tunnel across the barrier which
depends on the phase difference

δ = φ1 − φ2 (2.10)
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across the junction, and is described by the two Josephson equations [42]:

1. Current-phase relation:

Is = Ic sin δ, (2.11)

where Is is the supercurrent across the junction and Ic is the critical current, e.g.
the maximum supercurrent. It describes a constant supercurrent tunneling across
the junction, even in the absence of an applied voltage, which is known as the DC
Josephson effect.

2. Voltage-phase relation:

dδ

dt
=

2e
h̄

V, (2.12)

where V is an applied voltage across the junction, e is the elementary charge, and
h̄ is the reduced Planck constant. This equation expresses that a constant voltage
drives a linear evolution of the phase difference, and in combination with Eq. 2.11
describes the AC Josephson effect:

Is(t) = Ic sin(δ(t)) = Ic sin(δ0 +
2eV

h̄
t), (2.13)

which means that voltage across the junction induces a supercurrent oscillation
with the frequency

ωJ =
2eV

h̄
=

2π

ϕ0
V, (2.14)

introducing the flux quantum ϕ0 = h/2e.
We can see that the Josephson junction behaves as a nonlinear inductive element,
by expanding the sine in Eq. 2.13 to first order and using the voltage relation
V(t) = ϕ0

2π δ̇, leading to

V(t) =
ϕ0

2π

İ(t)
Ic cos δ

≡ LJ İ(t), (2.15)

which is equivalent to the linear inductance relation V = −L · dI/dt, but with the
non-linear Josephson inductance

LJ =
h̄

2eIc cos δ
. (2.16)
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Using the same relations, we can further derive the energy stored in the junction
as a function of δ:

U(δ) =
∫

P dt =
Φ0

2π

∫
I(δ) dδ =

Φ0 Ic

2π

∫
sin δ dδ = −Φ0 Ic

2π
cos δ + C. (2.17)

Defining the Josephson energy EJ =
h̄Ic
2e , we arrive at the expression

U(δ) = −EJ cos(δ), (2.18)

which is an important term used in the Hamiltonian descriptions of the circuits
used in this work.
The Josephson energy depends on the geometry of the junction, as it increases pro-
portionally with the junction area, and decreases exponentially with the thickness of
the tunnel junction. This can be easily understood from the Ambegaokar-Baratoff
relation

IcRn =
π∆Al

2e
, (2.19)

which relates a junction’s room temperature resistance Rn to its critical current and
the material’s superconducting gap ∆Al (aluminium here). Thus, a single junction’s
parameters are fixed during fabrication, and can be probed via room temperature
resistance measurements.

2.2.2 DC-SQUID: a Tunable Josephson Junction

Experiments with qubits often require the tuning of a circuit’s critical current
in situ. For this purpose a DC-SQUID (Superconducting Quantum Interference
Device) can be employed. Originally developed as a very sensitive magnetometer
[43], the DC-SQUID consists of a superconducting loop containing two Josephson
junctions. Effectively, it acts as a Josephson junction, whose Josephson energy
depends on the external flux applied to the SQUID loop.
To understand this behavior, we need to introduce the concept of flux quantization.
Since the superconducting condensate is described by a wavefunction of the form
shown in Eq. (2.9), the total phase change around a superconducting loop has to
be a multiple of 2π, which can be expressed as∮

C

(
∇φ − 2π

Φ0
A
)
· dl = 2πm. (2.20)

Using Stokes’ theorem and
∮

Adl = Φtot being the total magnetic flux through the
loop, we get

∆φtot +
2π

Φ0
Φtot = 2πm. (2.21)
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2.2 Superconducting Circuits and Josephson Junction Physics

Figure 2.3: a) Circuit schematic of a DC-SQUID. Two Josephson junctions with respective Josephson
energies EJ1 and EJ2 share a superconducting loop, which is threaded by the external flux Φext.
The parameter d describes the asymmetry between the junctions. b) The DC-SQUID’s effective
Josephson energy Eeff

J in dependence of Φext for different values of d, according to Eq. (2.26). The
plot is normalized by the average Josephson energy EJ = (EJ1 + EJ2)/2. We note that junction
asymmetry results in a lower bound to the Eeff

J tuning range.

In the case of a superconducting loop interrupted by n Josephson junctions, ∆φtot

is the sum of the phase differences across the junctions, and Φtot is given by the
external magnetic flux Φext, leading to the condition

n

∑
j=1

δj +
2π

Φ0
Φext = 2πm. (2.22)

Neglecting the geometric inductance of the loop, and using equation 2.11, the
inductance of the DC-SQUID reads as

IDCSQUID = Ic1 sin δ1 + Ic2 sin δ2. (2.23)

Defining the average phase δm = δ1+δ2
2 . and using the flux quantization relation

(Eq. (2.22)) we find

IDCSQUID = Ic1 sin
(

δm − πΦext

Φ0

)
+ Ic2 sin

(
δm +

πΦext

Φ0

)
. (2.24)

In the symmetrical case Ic1 = Ic2 = Ic, Eq. (2.24) reduces to:

IDCSQUID = 2Ic cos
πΦext

Φ0
sin δm (2.25)

By comparison with Eq. (2.24), we see that the device behaves like a single effective
Josephson junction with a tunable critical current of 2Ic cos πΦext

Φ0
, and an effective

Josephson energy of

Eeff
J (Φext) = 2EJ cos

(
πΦext

Φ0

)
, (2.26)
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where Φext is the external magnetic flux threading the loop. This flux dependence
allows in-situ tuning of the qubit transition frequency when a DC-SQUID is used
in place of a fixed Josephson junction.
In the case of a small asymmetry between the junctions, the effective Josephson
energy generalizes to

Eeff
J (Φext) = 2EJ cos

(
πΦext

Φ0

)√
1 + d2 tan

(
πΦext

Φ0

)2
, (2.27)

with the asymmetry factor d =
EJ1−EJ2
EJ1+EJ2

and assuming EJ1 + EJ2 = 2EJ for ease
of comparison. As can be seen in Fig. 2.3, an asymmetry factor d > 0 leads to a
reduction in the Eeff

J -tuning range of the DC-SQUID and a reduced dEeff
J /dΦext

dependency.

2.3 The Hamiltonian Formalism for Superconducting
Circuits

Despite being macroscopic objects consisting of many atoms, the physics of a qubit
can often be described by a simple one-dimensional Hamiltonian, representing the
dynamics of charges tunneling across the qubit junctions. This is possible in the
so called lumped element limit, in which the circuit elements, such as capacitors,
inductances and junctions, are much smaller than the wavelengths of the relevant
modes of the circuit.

2.3.1 Harmonic Oscillator Hamiltonian

The simplest example of a quantum circuit is the oscillator circuit, formed by a
capacitance C and a linear inductance L, as shown in Fig. 2.4 a) and b). The depicted
circuit describes the coplanar waveguide resonators we use for qubit readout in
the lumped-element limit. The two elements contribute to the Lagrangian of the
system through their energies T = Φ̇C/2 and V = Φ2/2L respectively, where Φ

is the flux along the inductance. Introducing the charge Q = δL/δΦ̇ = CΦ̇ as the
conjugate variable to Φ, one arrives at the classical Hamiltonian of the resonator

Hres = QΦ̇ −Lres =
Q2

2C
+

Φ2

2L
, (2.28)
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Figure 2.4: a) Schematic of a meander readout resonator. The zoom-in inset shows how in this
coplanar waveguide design a central conductor is separated from the surrounding ground-plane. b)
Idealized circuit-diagram of the resonator. Its resonance frequency ω is defined by its inductance
L and capacitance C. c) Energy potential and spectrum of the resonator. The harmonic potential
gives rise to equidistant energy states. d) Circuit-diagram of a transmon qubit which consists of
a capacitance C and a Josephson junction with critical current Ic, which define the characteristic
energy scales of the qubit, EC and EJ . e) Energy potential and spectrum of a transmon qubit. In
contrast to the linear inductance of the resonator, the Josephson junction provides an anharmonic
potential, which gives rise to the different energy spacings E01 E02. This allows for the transmon
states to be addressed independently.

which is the well-known harmonic-oscillator form. We arrive at the quantum
harmonic oscillator description by promoting Φ and Q to operators, fulfilling the
commutation relation [Φ̂, Q̂] = ih̄

Ĥres =
Q̂2

2C
+

Φ̂2

2L
= h̄ωres(â† â +

1
2
) = h̄ωres(n̂res +

1
2
), (2.29)

with the angular resonance frequency ωres = 1/
√

LC, the excitation number oper-

ator n̂res = â† â and the ladder operator â =
√

1
2h̄Z Φ̂ + i

√
Z
2h̄ , where Z =

√
L
C is the

characteristic impedance of the oscillator.
In other words, this Hamiltonian describes a flux particle of virtual mass C moving
in a harmonic potential generated by the linear inductance, with the angular reso-
nance frequency ωres = 1/

√
LC, which is illustrated in Fig. 2.4 c). For experiments,

it is more useful to refer to the linear resonance frequency fres = ωres/2π, which
typically lies in the 5-10 GHz range.
Usually, we describe quantum circuits with respect to the superconducting phase
difference φ = 2πΦ/Φ0 and the Cooper-pair number operator n̂ = Q̂/2e =

−i∂/∂φ, leading to

Ĥres = 4ECn̂2 +
1
2

EL φ̂2, (2.30)
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with the characteristic energy scales EC = e2/2C, EL = Φ2
0/L.

2.3.2 Transmon Hamiltonian

As motivated in the introduction, the transmon qubit is a simple, yet powerful and
widely used circuit, which consists of a Josephson junction which is shunted by a
capacitance C, as depicted in Fig. 2.4 c). The transmon Hamiltonian can be derived
analogous to the harmonic oscillator, by replacing the quadratic linear inductance
term V = Φ2/2L by that of a Josephson junction. According to equation 2.18, this
gives us the potential term V = EJ(1 − cos(Φ)), which results in the Hamiltonian

Ĥtransmon =
Q̂2

2CΣ
− EJ cos(2π

Φ̂

Φ0
) = 4ECn̂ − EJ cos φ̂, (2.31)

with EC = e2/2CΣ, where CΣ = C+CJ is the sum of the shunt capacitance C and the
intrinsic capacitance of the Josephson junction CJ . Importantly, a transmon should
be designed to have a large EJ/EC-ratio, with the original publication suggesting
a range of 20 < EJ/EC ≪ 5 × 104, which is also called the transmon limit [44].
Analogous to the harmonic resonator, this describes a phase particle moving in
a cosine potential, as illustrated in Fig. 2.4 d). In contrast to the harmonic case,
the potential of the Josephson junction introduces anharmonicity into the system.
This leads to the important effect, that the energy levels of the transmon qubit
are not equidistant, and can thus be addressed individually. The energy levels are
approximately

Em ≈ −EJ +
√

8ECEJ

(
m +

1
2

)
− EC

12
(6m2 + 6m + 3). (2.32)

The anharmonicity α is a measure of how much the energy levels are not equidistant,
and is defined as

α ≡ E12 − E01 = E2 − E1 − E1 − E0, (2.33)

which in the transmon case calculates to

αtransmon = −EC. (2.34)

In the context of experiments with superconducting circuits, it is useful to express
energies in terms of linear frequency, as it gives a more intuitive picture how the
system interacts with microwave drives and its environment. For example, we
define the qubit resonance frequency fq = E01/h.
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2.3 The Hamiltonian Formalism for Superconducting Circuits

Figure 2.5: a) Circuit-diagram of an RF-SQUID, featuring a capacitance C, a linear inductance L,
and a Josephson junction with critical current Ic. The loop formed by the junction and L is threaded
by an external flux Φext. b) RF-SQUID energy potentials for different values of the βL parameter, at
an external flux of Φext = Φ0/2. A higher βL parameter leads to more potential wells. c) RF-SQUID
energy potentials for different values of Φext at a fixed βL = 15. As the external flux changes, the
local minimum, in which virtual particle (black circle) is trapped, becomes flatter and less stable,
until the particle escapes.

2.3.3 RF-SQUID

Another common type of superconducting circuit is the RF-SQUID. As illustrated
in Fig. 2.5 a), its most general form features a Josephson junction, a linear induc-
tance and a capacitance. Similar to the DC-SQUID, it was originally used as a
magnetometer, with the "RF" and "DC" naming convention being a reference to
the historical readout methods for these devices. We will see that the RF-SQUID’s
combination of both a linear and a Josephson inductance in a superconducting loop
leads to a versatile potential energy, which depends on the circuit parameters and
the applied external flux. Understanding its flux-dependent and hysteretic proper-
ties allowed us to identify the presence of an unintended, parasitic RF-SQUID in
one of our circuits, which is described in chapter 5.
The RF-SQUID Hamiltonian can be derived analogously to the harmonic oscillator
and transmon case detailed in the previous section as

Ĥ =
Q̂2

2C
−Ej cos

(
2π

Φ̂

Φ0

)
+

(Φ̂ − Φext)2

2L
= 4ECn̂2 −EJ cos(φ̂)+

1
2

EL(φ̂− φext)
2.

(2.35)

As with the DC-SQUID, the flux quantization condition links the fluxes along the
superconducting loop via the applied external flux Φext. The shape of the potential
energy depends on Φext and the inductance ratio βL = EJ/EL = 2πLIc/Φ0, which
is illustrated in Fig. 2.5.
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Figure 2.6: a) Energy potential and states of an RF-SQUID with βL = 15 and Φext = −Φ0/2. In the
case shown, where the system is trapped in a local minimum, the energy spacing is similar to that
of a transmon, and the system behaves like a phase qubit. b) Plots showing the internal flux in the
RF-SQUID Φq varying with the external flux Φext for different values of βL . For βL > 1, this function
becomes multivalued, which coincides with the presence of multiple metastable potential wells (see
Fig. 2.5). Indicated by the arrows, the internal flux shows hysteretic behaviour for βL > 1. c) Plot
showing the RF-SQUID resonance frequency fSQUID under variation of Φext, with the solid blue line
showing an increase and the dashed red line a decrease in Φext, respectively. fSQUID dips down in
the sweep direction followed by sudden upward jumps in regular intervals. These jumps coincide
with the internal flux jumps shown in subfigure b) and the well-jumps illustrated in Fig. 2.5 c).

For βL < 1 the parabolic term dominates the potential energy and the RF-SQUID
behaves like a slightly anharmonic oscillator. For βL > 1 the Josephson term
is strong enough to create additional local minima. This leads to a double-well
potential when βL ≳ 1 and a multi-well potential when βL ≫ 1.
In the double-well case, the RF-SQUID behaves like a persistent-current flux qubit,
which will be detailed in the following section. In the multi-well case, the main
mode is that of a phase particle oscillating in one of the potential wells, similar to
a phase qubit. An example well with the corresponding energy levels is shown in
Fig. 2.6 a). The energy levels depend on the exact shape of the potential well in
which the phase particle is trapped, referred to as the "active well", with deeper
wells leading to higher qubit frequencies, and flatter wells to lower. Here, the
energy levels and eigenfunctions are calculated numerically from the Hamiltonian,
using a method which is explained in section 2.4.
From the Hamiltonian we see that the external flux acts as an offset between the
Josephson potential term and the harmonic term. Figure 2.5 c) shows the potential
shape for different values of Φext, with a black circle representing the phase particle
indicating the active well. As Φext is decreased, the active well flattens until the
phase particle escapes into the next deeper well.
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According to the Wentzel-Kramers-Brillouin approximation (WKB), the quantum
escape rate from energy level n is given by

Γn ≈ ω0

2π
fn exp (−iSn/h̄), (2.36)

where

Sn =
∫ φ2

φ1

√
2m[U(φ)− En]dφ, (2.37)

with the classical turning points φ1 and φ2, En being the energy of state n and

fn =

√
2π

n!

(
n + 1/2

e

)n+1/2
(2.38)

being a numerical factor. For the lowest lying state n = 0, the factor Sn is pro-
portional to the gray area in Fig. 2.6. As this area gets smaller with decreasing
Φext, the escape rate Γ0 increases, until the system escapes to the next deeper well.
With continual change of Φext, this behaviour will then repeat, resulting in regular
well-jumps with a Φext periodicity of Φ0.
These jumps coincide with two important effects shown in Fig. 2.6 b) and c),
namely jumps of the SQUID’s eigenfrequency fSQUID and jumps of the flux in the
SQUID-loop Φ.
How Φ depends on Φext can be understood as a consequence of the flux quantiza-
tion condition in the SQUID loop, Eq. (2.21), and the current-phase relation of the
Josephson junction, Eq. (2.11). The total flux in the SQUID loop is then the sum of
the external flux Φext plus the flux which the Junction’s supercurrent Is generates
in the loop inductance L. The resulting equation

Φ = Φext + LIs = Φext − LIc sin (2πΦ/Φ0) (2.39)

is plotted in Fig. 2.6 b) for different values of βL.
The fSQUID behaviour in dependence of Φext is caused by the variation of the shape
of the active well. As the well gets flatter, fSQUID decreases, until the system escapes
into the next deeper well, which has a higher fSQUID, resulting in regular dips and
jumps with the same periodicity as the well-escapes.
Also indicated in Fig. 2.6 is that both of these effects are hysteretic, with the
hysteresis depending on βL.

2.3.4 3-junction Flux Qubit

Figure 2.7 a) shows the circuit diagram of a flux qubit. In the original three-junction
design shown here, it functions similar to the RF-SQUID, with the difference
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Figure 2.7: a) Circuit-diagram of a 3-JJ flux qubit. Two of the three junctions threading the loop are
identical, with Joesphson energy EJ and capacitive Energy EC while the third one is smaller by a
factor of 0.5 < α < 1, resulting in the reduced energy scales αEJ and αEC . The loop is threaded by an
external flux Φext b) Potential energy of the 3-JJ flux qubit at the half-flux point, where Φext = Φ0/2,
with an EJ /Ec = 100 and α = 0.7. The dashed lines indicate the qubit energy levels and the colored
lines the corresponding eigenfunctions, both calculated numerically from the Hamiltonian. c) The
potential energy of the same qubit for different values of Φext (Φext = 0.5Φ0, 0.49Φ0 for the solid
blue line and the dashed orange line, respectively). Φext changes the potential tilt and thereby the
qubit energy splitting E01.

being that the large inductance is now contributed by two Josephson junctions
with identical EJ and EC instead of a linear inductance. The third junction has
reduced size by a factor of α and thereby reduced energy scales αEJ and αEC.
In contrast to the circuits we’ve considered previously, the flux qubit has three
superconducting islands, leading to a higher-dimensional Hamiltonian. The flux
quantization condition links the superconducting phase differences across the
junctions φk, k = [1, 2, α]

φ1 − φ2 + φα =
2πΦext

Φ0
, (2.40)

leading to the two-dimensional potential energy

V = EJ

(
cos φ1 − cos φ2 − α cos

(
2πΦext

Φ0
+ φ1 − φ2

))
. (2.41)

To find a one-dimensional expression, we first transform the coordinates by intro-
ducing the phases φp = (φ1 + φ2)/2 and φm = (φ1 − φ2)/2, leading to the reduced
Hamiltonian

Ĥ =
1
2

EC,pn̂2
p +

1
2

EC,mn̂2
m + EJ(−2 cos(φp) cos(φm)− α cos(

2πΦext

Φ0
+ 2φm)),

(2.42)

where EC,p = 2e2/C and EC,m = e2/C(α + 1/2) are the effective charging ener-
gies of the p-mode and m-mode respectively, and n̂σ = −i∂/∂φσ, (σ = p, m) the
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Figure 2.8: a) Circuit diagram of a fully tunable flux qubit, where the α-junction is replaced by a
symmetric DC-SQUID. The two bias fluxes ΦB and ΦT control the potential barrier-height and tilt
respectively as indicated by the colored potential sketches. b) Fully tunable flux qubit potentials at
the half-flux point for α = 0.7, 0.5, 0, respectively, with the dashed lines indicating the energy levels
and the colored lines the corresponding eigenfunctions, calculated numerically for EJ /EC = 100.
Decreasing alpha leads to an increase in fq and a decrease in the anharmonicity.

respective Cooper-pair number operators. In analogy to the Born-Oppenheimer ap-
proximation, we can omit the p-mode in cases where it oscillates much faster than
the m-mode. The validity of this approach for the circuits fabricated in this work
will be discussed in the next section. This gives us the 1-dimensional Hamiltonian

Ĥ =
1
2

EC,mn̂2
m + EJ

(
−2 cos φm + α cos

(
2πΦext

Φ0
+ 2φm

))
. (2.43)

In this form, the analogy to the RF-SQUID becomes apparent. Instead of the βL-
factor, here the α factor determines the potential shape. For α < 0.5, the potential
has one well, and multiple wells for α > 0.5. A special case is α = 0.5, which is
used in so-called "quarton" qubits, which are named after the quartic term, which
dominates the expansion of the potential.
Similar to the RF-SQUID, the potential can be manipulated by an external flux
Φext. Of special interest is the range around the half-flux point Φext = 0.5Φ0, where
the potential is symmetric. This symmetric double-well configuration is used in
so called "persistent current" qubit, which was the original idea for the flux qubit,
where currents of opposite direction function as the computational states. This
allows for a very intuitive picture, where the qubit states |L⟩ and |R⟩ represent the
supercurrents of opposing directions associated with the left and right potential
well, respectively. In the {|L⟩ , |R⟩}-basis, the effective two-level Hamiltonian reads:

H = − ε

2
σz −

∆

2
σx , (2.44)
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where ε = 2Ip

(
Φext − Φ0

2

)
is the energy bias between the wells, tunable via the

external flux, ∆ is the tunneling amplitude between the wells, and σz and σx are
the Pauli matrices in the {|L⟩ , |R⟩} basis.

Diagonalization of H gives the eigenenergies

E± = ±1
2

√
ε2 + ∆2 , (2.45)

and the corresponding eigenstates are superpositions of the current states:

|±⟩ = cos
θ

2
|L⟩ ± sin

θ

2
|R⟩ , (2.46)

with the mixing angle

tan θ =
∆

ε
. (2.47)

At the degeneracy point, ε = 0, the eigenstates are equal superpositions:

|±⟩ = 1√
2
(|L⟩ ± |R⟩) . (2.48)

2.3.5 C-shunted Fully Tunable Flux Qubit

As motivated in the introduction, the circuits we developed in this work are fully
tunable C-shunted flux qubits. They expand the design of the 3-JJ flux qubit
introduced in the previous section by replacing the α-junction by a DC-SQUID and
addition of a shunt capacitance Csh. In a fully tunable flux qubit, we combine the
ideas of the DC-SQUID with the 3-junction flux qubit, by replacing the α-junction
by a DC-SQUID with both junctions having critical current smaller by the factor
α/2. Combining Eq. (2.26) and 2.43 leads to the 1-d Hamiltonian

Ĥ =
1
2

EC,mn̂2
m + EJ

(
−2 cos φm + α cos

(
πΦB

Φ0

)
cos

(
2πΦT

Φ0
+ 2φm

))
, (2.49)

with EC,m = e2/(Csh + C/2 + αC), where C is the intrinsic capacitance of one large
junction. The flux ΦB threading the α-SQUID, is now effectively tuning the α-factor
of the qubit, allowing for in situ control of the potential shape as illustrated in
Fig. 2.8 b).
As we will see in section 4, this control can be leveraged into a large ωq tuning
range, which is the key feature that makes this design attractive to be used for the
study of defects.
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2.3.6 Readout Resonator Coupling

The qubits discussed in this thesis are read-out using dispersive readout, which
means the state of the qubit is detected by observing the resonance frequency
of a readout resonator which is coupled to the qubit. Assuming a single mode
of frequency fq in the qubit and fr in the resonator respectively, and a coupling
strength g, a simple expression for the dispersive shift of the readout resonator can
be derived from the Hamiltonian

H =

(
fq g
g fr

)
. (2.50)

The eigenvalues of this matrix are

λ± =
fq + fr

2
±

√(
fq − fr

2

)2

+ g2, (2.51)

which in the dispersive limit g ≪ δ, where δ = fq − fr is called the "detuning",
approximates to

λ+ ≈ fr +
g2

δ
− g4

δ3 +O(g6)

λ− ≈ fq −
g2

δ
+

g4

δ3 +O(g6)

(2.52)

so the resonance frequency of both the qubit and the resonator are repulsed by a

shift of ≈ g2

δ , which is a common approximation in the literature.

2.4 Numerical Treatment of Hamiltonians

Important system properties, such as the energy eigenvalues, eigenstates, and their
time development, can be extracted from the Hamiltonian operator. To this end
it is often useful to diagonalize the Hamiltonian numerically, which we illustrate
here at the example of a transmon qubit before generalizing to more complicated
cases. According to Eq. (2.31), the Hamiltonian reads

Ĥ = 4ECn̂2 − EJ cos φ̂, (2.53)

where n̂ is the Cooper-pair number operator, φ̂ is the superconducting phase
difference, EC is the charging energy and EJ the Josephson energy. We note the
canonical relation [φ̂, n̂] = ih̄.
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To use numerical diagonalization methods, the Hamiltonian must be brought into
a finite matrix representation. Here, we illustrate both the charge basis and phase
basis representation.

Charge-basis Representation

Charge states |n⟩ are the eigenstates of the Cooper-pair number operator, n̂|n⟩ =
n|n⟩, trivially diagonalizing the 4ECn̂2 term. We treat the potential term by using
the identity

cos φ̂ =
1
2
(
eiφ̂ + e−iφ̂),

and e±iφ̂|n⟩ = |n ± 1⟩, which follows from the canonical relation between φ̂ and n̂,
analogous to how the translation operator is related to the momentum operator. It
follows that the Hamiltonian matrix elements in the charge basis are

⟨n|Ĥ|m⟩ = 4ECn2δn,m −
EJ

2
(
δn,m+1 + δn,m−1

)
, (2.54)

with n, m ∈ Z and the Kronecker delta δn,m. To limit this matrix to finite dimensions,
one has to truncate the allowed space for n and m. For example, limiting n, m ∈
{−1, 0, 1} leads to the matrix representation

Ĥ =


4EC − EJ

2 0

− EJ
2 0 − EJ

2

0 − EJ
2 4EC

 .

The eigenvalues of this matrix will then be the energy eigenvalues of the system,
with the corresponding eigenvectors in charge space representation, and can be
found with numerical solving algorithms. In this work, we used MatLab. The larger
the chosen truncated space is, the more accurate this representation becomes, at the
cost of higher computational complexity. Best practice is to increase the space until
the results stop changing significantly. In this work, n, m ∈ {−15, 15} has usually
fulfilled this condition.

Phase-basis Representation

In the phase basis, wave functions are expressed as ψ(φ) = ⟨φ|ψ⟩, where φ ∈ [0, 2π)

reflects the 2π-periodicity of the superconducting phase. Since φ is a continuous
variable, a common approach is to discretize it on a finite periodic grid {φj}, with
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j = 0, ..., N − 1, φj = j∆φ, and ∆φ = 2π/N. In this basis, the potential term of the
Hamiltonian diagonalizes trivially to

⟨φj| − EJ cos φ̂ |φk⟩ = −EJ cos(φj)δj,k. (2.55)

To treat the 4ECn̂2 term, we use the canonical relation n̂ = −i∂/∂φ̂, and approximate
the differential with a finite differential quotient

∂2ψ(φj)

∂φ2 ≈
ψ(φj+1)− 2ψ(φj) + ψ(φj−1)

(∆φ)2 , (2.56)

leading to the matrix element

⟨φj| 4ECn̂2 |φk⟩ =
4EC
(∆φ)2 (2δj,k − δj,k+1 − δj,k−1). (2.57)

A finer discretization, i.e. a higher N, leads to more accurate results. For an optimal
value, N should be increased until results stop changing significantly.

2.5 Energy Relaxation

A central property of any quantum system is the time scale on which its state
dissipates. The relaxation time T1is a measurement of the time over which a system
decays to its ground state due to energy relaxation processes. It is defined as the
time constant governing the exponential decay of the excited state population

Pe(t) = Pe(0) e−t/T1 ,

where Pe(t) is the probability of finding the system in the excited state at time
t. The relaxation rate Γ1 = 1/T1 is defined as the inverse of T1, with both de-
pending on the dissipative channels to which a system is coupled. In the case
of superconducting qubits, the most important relaxation channels include loss
into the readout resonator in form of the Purcell effect, dielectric losses caused by
microscopic defects, relaxation due to quasiparticle tunneling and bias line noise.
The total relaxation rate is then the sum over the relaxation rates of each channel:

1/T1 = Γ1 = ΓPurcell + ΓTLS + Γqp + Γnoise (2.58)

2.5.1 Loss Via General Noise Channels

Charge and flux noise limiting a qubit’s T1time can reach the qubit via flux bias
lines, charge gates and intrinsic microscopic degrees of freedom in the sample
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material. A general approach to calculate the T1limitations from these sources can
be derived using Fermi’s Golden Rule, which is used for calculating the transition
rate between quantum states due to a weak perturbation. For a system with
Hamiltonian Ĥ and a general noise parameter λ, the relaxation caused by the noise
is given by [45]

Γλ =
1
h̄2

∣∣∣∣〈1
∣∣∣∣∂Ĥ

∂λ

∣∣∣∣0〉∣∣∣∣2 Sλ(ωq), (2.59)

where Sλ(ωq) is the spectral density of the noise evaluated at the qubit frequency.
This equation often has to be re-expressed in terms of the noise spectral density at
the noise source mediated by the mechanism by which it couples into the qubit.
For example, a flux-sensitive qubit can be affected by a noisy current source, when
the current induces flux Φ via a mutual inductance M. The current-noise induced
relaxation is then

ΓI =
1
h̄2

∣∣∣∣〈1
∣∣∣∣∂Ĥ

∂Φ

∣∣∣∣0〉∣∣∣∣2 M2SI(ωq), (2.60)

where SI is the spectral density of the current noise.

2.5.2 Purcell Loss

The Purcell effect describes the change of the spontaneous emission of a system,
when placed inside a cavity [46], and represents an important loss channel for
qubits when they are coupled to a readout resonator. Even if the resonator is
detuned from the qubit frequency, the qubit can still emit energy into the resonator
mode and decay to its ground state. This spontaneous emission channel, first
described by E. M. Purcell, limits the qubit relaxation time T1. The presence of
the resonator modifies the electromagnetic density of states available to the qubit,
enhancing spontaneous emission at the qubit transition frequency. Using Fermi’s
golden rule, this limit can be estimated to be [44]

1
TPurcell

1
= κ

g2

∆2 , (2.61)

where g is the coupling strength between the qubit and the resonator, κ = ωr/Qr
is the resonator loss rate, with ωr the resonator frequency and Qr its quality factor,
and ∆ = ωq − ωr is the detuning between the qubit frequency ωq and the resonator
frequency ωr.
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2.5 Energy Relaxation

2.5.3 Vacuum Radiation Loss

The qubit can also spontaneously emit energy into the vacuum. An intuitive picture
for this effect can be attained by viewing the qubit as an electric dipole, which
emits the average power

P =
1

4πε0

d2ω4

3c3 (2.62)

into the vacuum, where d is the dipole moment, ω the oscillation frequency, ε0 is the
vacuum permittivity and c is the speed of light in vacuum. For a qubit transition
with frequency ωq and an effective electric dipole moment d, the spontaneous
emission rate into the vacuum can be described as[44]

1
Tvac

1
=

P
h̄ωq

=
ω3

q d2

12πε0 h̄c3 . (2.63)

We note that the emission rate grows rapidly with frequency (∝ ω3
ge) and with

the square of the dipole moment. In superconducting qubits, radiative loss to the
vacuum is typically negligible compared to Purcell loss or dielectric loss, due to
the strong electromagnetic confinement of on-chip structures. However, in devices
with high operating frequencies or significant dipole coupling to free space, such
as qubits with large antennas or weak electromagnetic shielding, this mechanism
can become dominant.

2.5.4 Quasiparticle-induced Loss

Quasiparticles, which are non-equilibrium excitations of the superconducting con-
densate, are another cause of energy relaxation in superconducting qubits. In
general, the decay rate caused by quasiparticles is given by [47]

Γqp = | ⟨0| sin
ϕ̂

2
|1⟩ |2Sqp(ωq), (2.64)

where Sqp(ωq) is the quasiparticle spectral density evaluated at the qubit frequency.

The matrix element | ⟨0| sin ϕ̂
2 |1⟩ |2 depends on the qubit type and parameters via

the wave functions |0⟩ and |1⟩ and can be evaluated numerically with the methods
introduced in section 2.4.

29



2 Theory

2.5.5 TLS-induced loss

Last, but not least, the energy relaxation of a qubit is limited by the presence
of TLS residing in the circuit dielectrics, i.e. the substrate, the tunnel barriers in
the junctions and the surface oxide layers. Strongly coupled TLS can coherently
exchange energy with the qubit, causing a loss in T1 and dispersively shift the
qubit’s resonance frequency, analogous to the shift caused by the readout resonator,
see sec. 2.3.6. The relaxation rate induced by a strongly coupled TLS is given by
[48]

ΓTLS =
2g2Γ

Γ2 + ∆2 , (2.65)

where ∆ is the detuning between qubit and TLS, g is the TLS-qubit coupling
strength and Γ = ΓTLS

1 /2 + ΓTLS
ϕ + ΓQ

1 /2 + ΓQ
ϕ . The rates ΓTLS

1 and ΓQ
1 are the

relaxation rates of the TLS and the qubit respectively, when the systems are far de-
tuned, and ΓTLS

ϕ and ΓQ
ϕ are their respective pure dephasing rates. This expression

is valid when ΓTLS
1 > g > ΓQ

1 , and is closely linked to the TLS detection sensitivity
of the qubit, which will be detailed in sec. 3.5.

Additionally to the effects of strongly coupled TLS, the presence of a bath of
weakly coupled TLS also affects the energy relaxation of a qubit, an effect which is
also called dielectric loss. Each interface contributes a relaxation rate proportional
to its participation ratio, which is the fraction of the qubit’s total energy that is
contained in the respective component. The dielectric relaxation rate can therefore
be expressed by[49]

Γdiel = ωq ∑
i

pi
Qi

, (2.66)

where i sums over all components, with pi being the component’s respective
participation ratio and Qi being its internal quality factor. The denser the TLS
bath is and the stronger the TLS couple to the environmental electric fields and
phonons, the lower the internal quality factor of a material becomes. According
to the STM, the internal quality factors driven by electrically and phononically
interacting TLS in component i are given by [50]

1
Qi,el

=
π|p|2D0

3ϵi
, and

1
Qi,ph

=
π|γ|2D0

2ρν2 (2.67)

respectively, where D0 is the TLS’ DoS, ϵi the component’s permittivity, ρ its density,
ν the sound velocity and p and γ the electric and elastic dipole moments of the
TLS, respectively.
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3 Experimental Methods

3.1 Sample Fabrication

Here, we describe the fabrication process of the fluxmon qubits and C-shunted flux-
qubits, while the fabrication of the mergemon qubits used in chapter 5 is detailed in
[51]. While different sample designs are used in this work, the fabrication processes
are identical, with exception of the geometry of the patterned structures, of course.

Wafer Preparation

In this step, the sample substrate is processed from a 3 inch diameter sapphire
wafer of 500 µm thickness, which is cleaned with a piranha acid. After heating for
2 hours at 200°C, a 100 nm thick Al ground plane is deposited with a PLASYS MEB
550 S and passivated via static oxidation for ten minutes in a 30 mbar pure oxygen
environment. From this wafer, nine 2x2 cm² dies are cut for further processing.
From each of these dies, six 6x6 mm samples will be cut after the circuit structures

Figure 3.1: Schematic of the dry-etching process used to define structures with a resolution >2µm.
Symbolically depicted as two rectangular holes, the structures are transferred from a hard-mask to
a positive resist, via UV-light exposure and subsequent development (not shown). Then, they are
etched into the sample aluminium via Ar/Cl plasma etching. Finally, the optical resist is removed
thoroughly.
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Figure 3.2: Patterns of the hard masks used for the optical lithography step. Six 6x6cm2 samples
are patterned on one die. Top: pattern for C-shunted flux qubits with a zoom-in on a single sample
and a subsequent zoom-in on a single qubit. Bottom: Pattern for Fluxmon qubits with a zoom-in on
a single sample and subsequent zoom-ins on the flux bias lines.

are fully processed as described in the following two sections.

Optical Lithography and Dry Etching

Fig. 3.1 shows how larger structures (resolution >2µm), such as transmission
lines, resonators and capacitors are patterned. The desired patterns are defined
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3.1 Sample Fabrication

using S1805 photoresist and a hard mask in a Carl Suess MA6 maskaligner, and
subsequently dry-etched into the ground plane using an argon-chlorine plasma,
in an inductively coupled plasma etcher of the type Oxford Plasmalab 100 ICP180.
The hard-mask patterns for the C-shunted flux qubits and the fluxmon qubits are
shown in Fig. 3.2.

E-Beam Lithography and Lift-off

Figure 3.3 illustrates the Al-AlOx-Al tri-layer deposition, using an in − situ ban-
daged Niemeyer-Dolan technique, which is used to create structures with a resolu-
tion of a few nm. To create an undercut for a clean lift-off, the sample is covered
with a bilayer resist stack of 250 nm A4 (PMMA) on top of 900 nm El-13 (MMA),
which is subsequently exposed with a JEOL JBX-5500ZD electron beam writing
system, and developed using a mixture of 2-propanol and bi-distilled water.
This creates trenches and bridges for the Niemeyer-Dolan deposition. To create
junctions of the desired critical current, the exact geometry and e-beam dosage has
to be carefully fine-tuned (see e.g. [16] for details).
Figure 3.3 b) details the subsequent deposition process, which is executed in a vac-
uum inside the plasma deposition system. First, the bottom electrode is deposited
at angle 1. Then the tunnel barrier is formed via controlled oxidation. Then the top
electrode is deposited at angle 2. This forms the Josephson junction.
After removing unwanted oxide layers, a third Al layer is deposited at an angle
perpendicular to the ground plane. This bandage layer serves to avoid stray junc-
tions, and in case of the fully tunable flux qubits, to connect the junction loops to
the plate capacitors. This method was developed for transmon qubits by Bilmes et
al. [52].
We note that here this method was adapted to create the large junctions necessary
for flux qubits. Consequently, the first layer is deposited at a very steep angle
(> 60), which overshoots the dolan bridge. This makes it necessary to make the
trench a bit wider on the side of the second electrode, to prevent shorting the
junction at the sides of the trench, which is further explored in section 6.1. It is
furthermore vital that the second electrode ends under the dolan bridge, otherwise
the junction will be shorted in the bandaging step.
In the case of the C-shunted flux qubits, four Junctions, as well as two local flux
bias lines are defined in this step and connected to the rest of the circuit in the
bandaging step, which is illustrated in Fig. 3.4.
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Figure 3.3: Fabrication of Josephson junctions. a) Different electron-beam dosages define trenches
and bridges in an MMA-PMMA resist stack. A clean undercut allows for later lift-off of unwanted
deposited metal. b) Schematic of the 3-angle shadow-evaporation process used to form the junction
in the previously defined trench.
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3.2 Cryogenic Setup

Figure 3.4: a),b): SEM-images of samples A and B respectively, showing the bias line and circuit
layout. Inlays illustrate how an in-situ deposited bandage layer is used to avoid stray-junctions and
contact the junction-circuit to the coplanar shunt-capacitor.

3.2 Cryogenic Setup

Figure 3.5 shows a schematic of the attenuation and filtering setup used to minimize
thermal noise and environmental radiation reaching the sample, which is located
at the base stage of a dilution refrigerator (T≈25 mK). This cooling way below
the critical temperature of aluminium ( 1.2 K) is necessary to suppress thermal
excitation of the qubit. The probability of finding a qubit in the excited state at
temperature T is given by

pe(T) =
1

1 + eh fq/kBT , (3.1)

which for a qubit of fq = 3 GHz is negligible at T=25 mK (pe ≈ 0.3%), but becomes
significant (pe ≈ 20%) at T=100 mK.
On the input line, we apply a total of 60 dB of attenuation, divided across the
4-K, still, and mixing chamber (M/C) stages. This staged attenuation thermalizes
incoming signals and suppresses room-temperature Johnson-Nyquist noise. For
a cascaded attenuation chain thermalized at N temperature stages i, with power
attenuation factors ai > 1 and corresponding stage temperatures Ti, the effective
noise temperature at the device input is given by

Teff
n = T1 +

N−1

∑
i=1

Ti+1

∏i
j=1 aj

. (3.2)

This expression shows that each attenuator itself contributes thermal noise weighted
by all subsequent attenuation. We note that the amount of attenuation that can be
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thermalized at a stage is limited by the stages cooling power, which prevents us
from trivially installing all attenuation at the coldest stage. For our input-line we
expect Teff

n ≈ 26 mK.
Additional low-pass and band-pass filters (LPF and BPF, respectively) are placed
at the base stage to reject out-of-band noise and suppress higher harmonics.
On the output side, the signal passes through a pair of circulators and a HEMT
amplifier at the 4-K stage, followed by further amplification at room temperature.
The circulators prevent amplifier noise from reaching the qubit.
The local qubit flux lines are controlled via pulses generated by an arbitrary waveg-
uide generator (AWG). On these lines, lower attenuation and 1 GHz bandwidth
filtering enable the fast and wide qubit flux-pulses necessary for qubit swap-
spectroscopy, while preventing noise at the qubit frequency from reaching the
sample.
We note that high attenuation limits the amount of current that can be supported
by a given line without heating the cryostat, which in turn limits the accessible
bias-flux range. Here, we have chosen to err on the side of maximum reach, at
the detriment of higher bias line noise. This makes filtering of noise at the qubit
frequency crucial in these lines to prevent excessive thermal excitation.

3.3 Sample Housing and Bond Wires

A well-designed sampleholder is at the heart of microwave experiments with su-
perconducting qubits. It serves as a lead for currents, microwave pulses and fields
we want to apply to our sample, while providing good thermalization and mini-
mal coherence mismatch. Figure 3.6 shows a sampleholder designed specifically
for TLS spectroscopy. The sample is held with four screws which serve both as
thermalization pillars and provide counter-force to a piezo-element which is used
to exert pressure to the sample from the bottom. An acrylic ball prevents harmful
shearing forces in the Piezo-element and decouples it thermally and electrically
from the sample.
Figure 3.6 a) shows the sample sitting in the center of a 1 mm thick silicone-copper
PCB (printed circuit board) with six coplanar waveguide leads. The leads’ 50 Ω

impedance is important to carry microwaves and fast pulses to the sample without
unwanted reflections.
25 µm diameter aluminium bond wires are placed to connect the leads to the cor-
responding launchers on the sample. To keep impedance mismatch to a minimum,
wires are also placed to the sides of each launcher, closely following the narrowing
of the wider PCB leads to the narrower on-sample launchers.
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3.3 Sample Housing and Bond Wires

Figure 3.5: Wiring setup for fully tunable flux qubits. a) Setup inside the cryostat. b) Room tem-
perature setup for frequency domain measurements. c) Room temperature setup for time do-
main measurements. Legend: BPF=band-pass filter, LPF=low-pass filter, IR-Filter=infrared filter,
MW=microwave source, AWG=arbitrary waveguide generator, HEMT=high mobility electron tran-
sistor, ADC= analogue to digital converter, VNA=vector network analyzer.

Additional wirebonds connect the on-sample ground-plane to the PCB ground-
plane, which in turn is connected to the copper main body of the sample-box.
This ensures a balanced global electrical ground and provides additional sample
thermalization. Further balancing of the on-sample ground plane is achieved by
placing "air bridge" style wirebonds to bridge structures that would otherwise
subdivide the ground-plane. The right inset of Fig. 3.6 b) shows schematic examples
of placed bonds.
One finding of this work is that these wirebonds can sometimes form unwanted
RF-SQUIDs, which is detailed in chapter 5. This underlines the importance of
careful experimental setup design, as the boundary between sample and housing
is especially transparent in quantum physics.
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Figure 3.6: Sampleholder for TLS spectroscopy. a) Top: Photograph of a sampleholder consisting of
a silver-plated copper body and a silicone-copper PCB. A sample is fixed to its center by screws.
Bottom: Schematic of the PCB with zooms showcasing the CPW leads, examples of wirebonds and
tin vias connecting its ground plane to the sampleholder body. b) Top: sideview of the sampleholder
with attached lid. Bottom: cross-section schematic of how the Piezo actuator connects to the sample
via an acrylic ball.

3.4 Microwave Measurements of Qubits

Microwave techniques provide the primary interface for both controlling and
measuring superconducting qubits. In the frequency domain, continuous-wave
spectroscopy reveals the qubit transition frequencies and dispersive shifts through
resonator response. In the time domain, shaped microwave pulses prepare and
manipulate qubit states, while dedicated readout tones probe the state-dependent
response of the coupled resonator. Here, we review how these techniques can be
used to characterize a qubit sample, and understand its electromagnetic environ-
ment.

3.4.1 Frequency Domain

In frequency domain measurements, we sweep the qubit bias fluxes, while measur-
ing the frequency-dependent transmission coefficients through the transmission
line using a VNA (vector network analyzer), whose port 1 and 2 are connected to
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Figure 3.7: Frequency-domain characterization of a qubit-resonator system. a) Transmission magni-
tude |S21| and phase of the readout resonator measured with a vector network analyzer (VNA),
showing the characteristic resonance dip and phase jump (illustration). b) Two-dimensional scan
of |S21| as a function of probe frequency and bias current applied to the qubit. The black line is
the resonator’s resonance dip and shows a Φ0-periodicity with Φex. c) Schematic illustration of
the avoided crossing between the qubit and resonator modes. The splitting 2g corresponds to the
qubit-resonator coupling strength.

the input and output line of the setup, respectively. The readout resonator appears
as a dip in the amplitude of the transmitted signal and a jump in the transmitted
phase (see Fig. 3.7). Since the frequency at which these signals appear depends
on the bias-fluxes in the qubit, these traces allow us to map the qubit bias-fluxes
to the applied biasing currents. As VNA frequency scans are much faster than
time domain measurements, these scans are practical for qubit bring-up and allow
for bias line calibration and characterization of the readout resonator and the
qubit-resonator coupling strength.
For a transmon qubit, we sweep the external flux by applying a magnetic field
with a lid-coil or a local bias line. This tunes the qubit frequency fq, which in turn
tunes the readout-resonator frequency fr, according to Eq. (5.1). An example of
such a scan is shown in Fig. 3.7, which allows identification of the bias current of
the highest and lowest qubit frequency, and thereby calibration of the bias line or
lid-coil.
If the qubit frequency crosses the resonator’s undressed resonance frequency, an
avoided level crossing can be observed as shown in Fig. 3.7. As a result of Eq. (5.1),
the width of the crossing is 2g, where g is the qubit-resonator coupling strength.

In the case of a fully tunable flux qubit, two bias lines are involved, making a scan
of the full resonator response to the bias-fluxes cumbersome. A more convenient
measurement can be found in e.g. [53], where it was nicknamed "fireball"-scan. In
these scans we only observe the transmission at a single probe-frequency while
sweeping both bias lines, and infer the resonator’s resonance frequency from the
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Figure 3.8: "Fireball" scan characterization of a fully tunable flux qubit. a) principle of a ΦT-ΦB-
sweep calibration measurement. A signal (red circles) is detected, when fres is shifted into resonance
with fprobe by a qubit transition. b) Calibration measurements used to identify symmetry points
in the ΦT-ΦB-landscape and the bias line cross-talk (corrected in the bottom measurement). c)
Numerical calculation of the qubit resonance frequency fq, revealing the characteristic tear-shaped
areas where fq is lowest.

results.
Figure 3.8 a) illustrates the principle. The transmitted signal (S21) is minimal when
the readout resonator resonance fres equals the probe frequency (red circles). Since
fres depends on the qubit resonance frequency, this minimum indicates that the
qubit was tuned to a certain frequency which depends on the chosen fprobe.
An example measurement is shown in Fig. 3.8 b), where the inside of the tear-
shaped region thus corresponds to flux bias combinations where the qubit has
lowest resonance frequencies. Comparing these characteristic shapes to a numerical
calculation map of the qubit frequency as shown in Fig. 3.8 c), allows one to map
the applied bias currents IB and IT to the induced bias fluxes ΦB and ΦT .
Due to crosstalk of the flux bias lines, the uncalibrated measurement (top panel
in Fig. 3.8 b) is skewed. The lower panel shows the same measurement when the
crosstalk is compensated by balancing the flux bias currents. Along the green line
in the panels, the qubit potential has zero tilt ΦT = 0. Points of lowest and highest
qubit frequency along this line are indicated by a star and triangle as in Fig. 3.8 c).

3.4.2 Time Domain

In time domain measurements, sequences of EM-pulses are used to probe time-
dependent qubit properties, such as energy relaxation and phase coherence. Mi-
crowave pulses sent via the transmission line are used to excite the qubit population
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Figure 3.9: Example time-domain measurement of a superconducting qubit. a) Illustration of
readout of the qubit state by observing the qubit-state dependent dispersive shift of the readout
resonator via the signal shift it induces in |S21|. b) Pulse sequence (top) and example measurement
(bottom) for a qubit spectroscopy. A long microwave drive pulse excites the qubit to equilibrium
(P(e) ≈ 0.5), followed by a readout pulse probing the resonator response. c) Pulse sequence (top)
and example decay (bottom) of the measured signal after a π-pulse as a function of the delay time
τ. The qubit energy relaxation time T1 can be extracted via an exponential fit.

and probe the state of the readout resonator, while DC-pulses in the qubit control
lines are used to quickly manipulate the qubit potential energy. In the protocols
presented here, these measurements are then averaged over ca. a thousand rep-
etitions which allows us to ascertain the statistical probability of each possible
outcome.

Qubit Spectroscopy

Figure 3.9 a) shows a pulse sequence used to identify the qubit resonance frequency.
The first microwave pulse excites the qubit and the second pulse probes the
resonance frequency of the readout resonator. The length of the excitation pulse
should be chosen about twice the expected qubit T1 time, to prevent coherent
oscillations of the qubit excitation from interfering with the spectroscopy (see next
section). If the excitation pulse is on resonance with the qubit, the resonator will
be shifted out of resonance, and a higher transmission amplitude will be detected.
Thus, repeating this sequence while sweeping the excitation pulse frequency reveals
the qubit resonance frequency as a peak, as shown in Fig. 3.9 b). Figure 3.9 c)
shows how repeating this sequence at different qubit bias points results in a qubit
spectroscopy. Qubit parameters, such as EC and EJ , can be extracted from the
spectroscopy, by fitting of the appropriate Hamiltonian (see section 2).
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Rabi Oscillations

Driving Rabi oscillations serves as a basic demonstration of coherent quantum
control, and allows for pulse calibration for subsequent experiments. In this proto-
col, a continuous-wave microwave pulse of fixed frequency ωd = ωq is applied to
the qubit with variable pulse duration τ, see Fig. 3.10. After the pulse, the qubit
state is immediately measured. Repeating the sequence for different τ-durations
allows one to map out the qubit excitation probability Pe(τ), revealing coherent
oscillations between the |0⟩ and |1⟩ states, described by the expression

Pe(τ) =
1
2
− cos(ΩRτ)e−τ/TR . (3.3)

. These oscillations arise from the resonant drive inducing rotations on the Bloch
sphere with a Rabi frequency ΩR, which depends on the amplitude of the drive
pulse. Experimentally, the drive amplitude is controlled by adjusting the microwave
source power delivered to the qubit input line. As the drive power increases, ΩR
increases accordingly, resulting in faster oscillations. These oscillations are damped
and decay exponentially over the Rabi damping time TR, which is caused by phase
decoherence of the qubit.
From the observed oscillation, we extract the amplitude-dependent π-pulse length
τπ = π/ΩR, which is the pulse length required to invert the qubit population, i.e.
to excite the qubit from the ground state. In practice, chosing a microwave power
so that τπ is in the 100 - 250 ns range has been proven practical.

T1 Measurement

The energy relaxation time T1 is an important benchmark for the performance
of a quantum circuit, as explored in section 2.5. Figure 3.9 c) shows an example
measurement and the pulse sequence. After letting the qubit decay to the ground
state, it is excited with a π-pulse (see previous section) after which it is left to
decay for a time τ. Then, the qubit state is measured. Repeating this measurement
for different τ values, allows one to observe the exponential decay of the qubit
excitation probability

Pe(τ) = Pe(0)e−τ/T1 . (3.4)

From this the T1 time can be extracted via an exponential fit. Sometimes, the decay
will have a beating which indicates that the qubit is coherently exchanging energy
with another system. If it is a TLS-defect it can be tuned out of resonance with the
qubit by an electric field or mechanical strain.
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Ramsey Fringes

While the energy relaxation time T1 characterizes the decay of population from the
excited state to the ground state due to energy dissipation into the environment,
the Ramsey experiment probes the loss of phase coherence between the qubit
eigenstates, yielding the dephasing time T∗

2 . In this protocol, a π/2-pulse (half
a π-pulse) rotates the qubit state from the ground state |0⟩ onto the equator of
the Bloch sphere, preparing a coherent superposition state (|0⟩+ |1⟩) /

√
2. The

qubit is then left to freely evolve for a variable delay time τ without any applied
drive, during which the state precedes around the z-axis. After the free evolution
period, a second π/2-pulse is applied, converting the accumulated phase into a
measurable population difference. By recording the excited state probability Pe(τ)

as a function of the delay time τ, which are modulated by a decay envelope due
to dephasing processes. By varying the frequency of the drive pulse ωd, Ramsey
fringes can be observed in

Pe(τ) =
1
2
[1 + cos(∆ω · τ)] e−τ/T∗

2 , (3.5)

where the detuning ∆ω = ωq − ωd determines the frequency of the fringes. The
decay time T∗

2 extracted from this fit includes contributions from both energy
relaxation and pure dephasing according to

1
T∗

2
=

1
2T1

+
1

Tϕ
, (3.6)

where Tϕ denotes the pure dephasing time arising from fluctuations in the qubit
transition frequency. The observed oscillation frequency ∆ω can be used to deter-
mine the qubit frequency with high precision, as ωq = ∆ω + ωd.

3.5 TLS Swap Spectroscopy

As motivated in section 2.5.5, the qubit energy relaxation time is shortened when
a parasitic mode, like a TLS defect, comes into resonance with the qubit. Taking
advantage of this, we can make individual resonances visible using the swap
spectroscopy protocol, which is illustrated in Fig. 3.11 a). The qubit is excited with
a π-pulse, then immediately tuned to a probe frequency, where it stays for a fixed
duration τ. Afterwards the qubit is tuned back to the original frequency, where the
qubit population is measured. Resonances will show up as dips in the remaining
population as shown in Fig. 3.11 b). This sequence is repeated for different applied
fields, like strain, electric or magnetic fields. The fields change the environment
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Figure 3.10: Illustration of typical time-domain qubit experiments. For both experiments, the pulse
sequence is shown at the top, an example single trace on the left, and the dependence on the
experimental control parameter on the right. a) Rabi experiment: a resonant microwave drive of
variable duration τ induces coherent oscillations of the excited-state probability Pe(τ) between the
qubit states. The right panel illustrates the dependence of the oscillation frequency on the drive
power, corresponding to the Rabi frequency ΩR . b) Ramsey experiment: two π/2 pulses separated
by a delay time τ allow the qubit state to freely evolve, converting the accumulated phase into
a measurable population difference. The right panel illustrates the dependence of the oscillation
frequency on the detuning between the drive frequency and the qubit transition frequency, resulting
in Ramsey fringes that decay with the characteristic time T∗

2 .

of the defects in the amorphous lattice and thereby tune the ε parameter, as was
introduced in section 2.1.3, resulting in hyperbolic TLS traces. TLS on the electrode
surfaces react to both strain and electric fields, while TLS in the tunnel junctions
only react to strain.
The sensitivity of the TLS detection is limited by the minimum qubit-TLS coupling
strength that still produces a measurable change in the qubit decay. According to
Eq. (2.65), the relaxation rate increases compared to the intrinsic qubit relaxation
rate Γ1,Q when the qubit is brought close to resonance with a TLS. For a TLS to be
detectable, the difference between the unperturbed decay P0 exp(−τΓ1,Q) and the
enhanced decay P0 exp(−τΓ1) must exceed the noise level of the measurement.

From this condition, an estimate for the minimum detectable coupling strength can
be derived as

gmin =

√
−Γ

2

(
1
τ

ln
(

exp(−τΓ1,Q)−
2σ

P0

)
+ Γ1,Q

)
, (3.7)

where τ denotes the interaction time during the swap sequence, σ is the standard
deviation of the measured excited-state population, and Γ contains the decoherence
rates of the qubit and the TLS. This expression provides an estimate of the smallest
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3.5 TLS Swap Spectroscopy

Figure 3.11: Swap spectroscopy used to detect individual TLS defects. a) Pulse sequence of the swap
spectroscopy protocol. A π-pulse excites the qubit, which is then tuned to a probe frequency for a
time τ. The remaining qubit population is then measured. b) Example swap spectroscopy maps
(from [6]) showing the remaining qubit excitation as a function of probe frequency and applied
tuning parameter, which are illustrated in the bottom-left inset as mechanical strain and applied
electric field for the left and right scan, respectively. Dark lines indicate reduced qubit population
caused by resonant coupling to individual TLS defects, which appear as characteristic hyperbolic
traces.

coupling strength that can be resolved for a given qubit lifetime and measurement
noise level. In practice, the optimal interaction time is typically chosen on the order
of the qubit relaxation time, τ ≈ 0.8 T1, which maximizes the contrast between
intrinsic qubit decay and TLS-induced relaxation. For further discussion of this,
see e.g. [16].

This type of spectroscopy provides a powerful tool to study the electromagnetic
environment of a qubit. A major goal of this thesis is to expand the scope of
this method by developing fully tunable flux qubits designed to increase the TLS
detection range, which is detailed in the next chapter.
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4 Enhanced TLS Detection with Fully
Tunable Flux Qubits

Based on the motivation outlined in chapter 1, namely the need for coherent
and widely tunable superconducting circuits to systematically investigate micro-
scopic decoherence mechanisms, we present here two experimental realizations
of fully tunable flux qubits: fully tunable C-shunted flux qubits and fluxmon qubits.

4.1 Fully Tunable C-Shunted Flux Qubits

All measurements in this section were performed using capacitively shunted flux
qubits as introduced in section 2.3.5. A micrograph of a device, showcasing its
half-gradiometric design, is shown in Fig. 4.1 a).

4.1.1 Experimental Parameters

With the general functioning principles of fully tunable flux qubits derived in
section 2, and the available experimental methods explored in section 3, we can
now bring these together to find suitable experimental parameters. The goal of
these considerations can be broken down into achieving two desirable properties:

Qubit Tunability - A broad range in which the qubit frequency can be tuned
is desirable. The maximal range is determined by the qubit parameters EJ and EC,
which are fixed during sample fabrication. During experiment, the available range
might be further constrained by the amount of current a bias line can support
without heating the cryostat. This depends on the mutual inductances between the
line and the qubit, the line’s attenuation setup and the cryostat cooling power.

TLS Detectability - The qubit’s capability of resolving individual TLS defects.
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4 Enhanced TLS Detection with Fully Tunable Flux Qubits

Figure 4.1: a) Micrograph of a fully tunable C-shunted flux qubit, with an inset zooming in on the
junction layout under a 45° angle. b) Circuit diagram of the half-gradiometric junction layout. The
currents (IT , IB) in the local bias lines induce the fluxes ΦT and ΦB .

As introduced in section 3.5, this depends on the qubit’s T1 time and the signal-
to-noise ratio of the qubit population measurement. This in turn depends on the
dispersive shift between qubit and resonator, the resonator’s linewidth and the
signal-to-noise ratio of transmission measurements in the setup.

The interdependencies of these aspects can make finding acceptable parame-
ters a delicate process of balancing several trade-offs. In the following, we want to
give a component-for-component overview on how the parameter choice can be
approached. Another useful treatment of this topic can be found in [53].

Resonator Parameters - The resonator’s relevant properties are its resonance
frequency fr, its linewidth κ and its coupling strength to the qubit g. The choice of
fr will influence the scannable frequency range, as the dispersive shift χ = g2/∆

reduces with the detuning ∆ = fq − fr. Here, we choose fr in the 7-8 GHz range,
which is both well addressable with the available electronics, and close to the
center of the frequency range of interest. While a higher g leads to a larger χ, it
also increases the Purcell-loss, and thereby creates a low-T1 band around fr. Our
choice of g ≈ 75 MHz leads to a χ of at least 700 kHz in the 0-15 GHz range. The
resulting readout contrast is further determined by κ, which depends primarily
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4.1 Fully Tunable C-Shunted Flux Qubits

Figure 4.2: Simulated qubit properties as a function of the design parameters EJ and EC . From
left to right: the achievable qubit tuning range, the sensitivity to flux noise in the barrier loop,
the sensitivity to flux noise in the tilt loop and the sensitivity to charge noise, which are here
defined as 1/h̄2 |⟨1|∂H/∂ΦB|0⟩|2, 1/h̄2 |⟨1|∂H/∂ΦT |0⟩|2, and 1/h̄2 |⟨1|∂H/∂Q|0⟩|2, respectively. The
sensitivities are evaluated at the symmetry point ΦT = 0 for α = 0.5.

on the coupling of the resonator to the transmission line. A stronger coupling
leads to a larger κ, which leads to a larger Purcell-loss and a lower signal strength.
On the other hand, a lower κ leads to a slower resonator ring-up and can prevent
excitation microwaves from reaching the qubit, with the resonator acting like a
Purcell-filter. We found a κ in the range of 0.5-1.5 MHz, which corresponds to a
resonator quality factor Q = 2π fr/κ between 3,000 and 10,000, to be compatible
with our requirements.

Qubit Parameters - As given by Eq. (2.49), the qubit is defined by the energy
scales EJ and EC, and the junction scaling factor α. Since 1 > α > 0.5 leads to a
double-well qubit potential and 0.5 > α to a single-well, a good approach is to
first determine a suitable α-factor, based on the desired regime. In fully tunable
flux qubits, α can effectively be reduced by the control flux ΦB during experiment,
but not increased, so a design value slightly above the desired range is a prudent
choice. In other architectures, it has been shown that an asymmetric α-SQUID
can be used to further adjust the available effective α-range [38], yet here this
would compromise the half-gradiometric nature of the design. To explore both the
double-well and single-well regimes, we chose α in the 0.55 to 0.85 range.
To find suitable EJ and EC parameters, we simulate the expected tuning range and
noise sensitivites as shown in Fig. 4.2. At the ΦT = 0-sweet spot, tuning range
increases with both EJ and EC, charge noise sensitivity decreases with EJ/EC, while
flux noise sensitivity increases with EJ/EC. To prioritize protection from charge
noise, which has been shown to be the dominant relaxation mechanism in similar
devices [32], we chose a relatively high EJ/EC between 100 and 350. Combined
with a desired tuning range of ≈ 20 GHz, this fixes the desired EJ and EC values
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4 Enhanced TLS Detection with Fully Tunable Flux Qubits

as shown in table 4.1.

Bias Lines - Currents in the bias lines, i.e. IB and IT, induce flux in the qubit
loops, defining the desired inductances MB = ΦB/IB and MT = ΦT/IT and the
parasitic inductances M′

B = ΦT/IB and M′
T = ΦB/IT . The energy relaxation

caused by bias line noise is proportional to the square of these inductances, setting
an upper limit for the desired values. A properly filtered bias line will radiate
Johnsson-Nyquist noise at the coldest cryostate stage temperature into the qubit.
For our circuits, assuming a 25 mK temperature and a 50 Ω bias line impedance, a
value of MT = 2 pH gives a T1-limit of ≈ 50 µs (see section 4.1.3), which should not
be exceeded. Figure 4.2 shows that the qubit is less sensitive to energy relaxation
caused by noise in the barrier-loop, causing the expected T1-limit at a value of
MB = 2 pH to be in the milliseconds.

4.1.2 Qubit Bring-up

After the qubits were fabricated as detailed in section 3.1, the following mea-
surements were performed in the setup shown in section 3.2, beginning with
time-domain characterizations introduced in section 3.4.1.
First, a VNA frequency scan at sufficiently high probe power decouples the res-
onator from the qubit, allowing the bare resonator frequency fr to be identified.
Then, the qubit–resonator coupling strength g is extracted from the avoided cross-
ing that appears when the qubit is tuned through the resonator frequency.
Due to fabrication variance, the mutual inductances MB and MT , as well as the bias
line crosstalk can deviate from the desired design parameters. Furthermore, during
cooldown, offset-flux is trapped on the sample leading to a priori unknown offsets
in the bias fluxes ΦB and ΦT . Therefore, these parameters need to be characterized
experimentally. While this could be achieved with a full spectroscopy of the qubit at
any ΦB − ΦT-combination, these measurements would be needlessly cumbersome
and time consuming. A more streamlined method for these preliminary calibrations
is to only measure the transmission S21 at a fixed probe frequency fprobe, while

Table 4.1: Extracted parameters for qubits A and B, defined with respect to the Hamiltonian
Eq. (2.49). Design values are displayed in brackets.

α EJ (GHz) EC (GHz) g (MHz) fres(GHz) tuning-range
A 0.83 (0.85) 160 (164) 0.6 (0.5) 75 7.662 60 kHz-21 GHz
B 0.6 (0.55) 89 (61) 0.4 (0.57) 62 7.615 70 MHz-13 GHz
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Figure 4.3: a) "Fireball" calibration measurements used to identify symmetry points in the ΦT-ΦB-
landscape and calibrate the bias line cross-talk. b) The same measurement with corrected cross-talk,
with the bias now expressed in terms of the fluxes ΦB and ΦT . Measurements were performed on
sample A.

sweeping the bias-currents IB and IT , which results in the so-called "fireball"-scans,
as described in section 3.4.1.
An example of such a scan is shown in Fig. 4.3 a). We use the tear-shaped regions
of low qubit frequency to orient ourselves and map the applied bias-currents to the
induced bias fluxes. First, we identify the line connecting the tips of tear-shapes as
the ΦT = 0-line. The point of lowest qubit frequency, where ΦB = Φ0, is found on
this line at the mid-point between tear-shapes which point towards each other and
is indicated by a star. The point of highest qubit frequency, where ΦB = 2Φ0, is
indicated by a triangle and is found at the mid-point between tear shapes pointing
away from each other. We correct the bias line crosstalk by balancing the bias line
currents so that the ΦT = 0-line is leveled and the scan is mirror-symmetric with
respect to it. The same scan with corrected cross-talk is shown in Fig. 4.3 b). A
discussion of the observed crosstalk and further notes on the bias line design can
be found in section 6.2.

After these basic calibrations, we characterize the qubit parameters by performing
spectroscopy (see section 3.4.2) along the zero-tilt line (ΦT = 0), while varying the
barrier height by sweeping ΦB. Figure 4.4 a) shows the measured spectroscopy
together with the expected behavior from the design parameters and a fit of the
qubit transition frequency fq, obtained by numerical diagonalization of the qubit
Hamiltonian. The design parameters are in good agreement with the data and
imply the desired large tuning range of ≈20 GHz according to the Hamiltonian
model. We note however that due to the chosen filtering setup, only a 3-8 GHz

51
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Figure 4.4: a) Qubit A spectroscopy data compared to the expectation from design values (yellow
line) and a fit of Eq. (2.49) to the data (red line). b) Violin- and scatter-plots of quality factor
measurements at the potential symmetry point ΦT = 0 for different qubit frequencies, which
correspond to different α-values, compared to the theoretical limit (orange line). The mean quality-
factors (from left to right) correspond to T1 of 26.8 µs, 10.2 µs, 7.6 µs and 3.9 µs.

range is directly observed.
All extracted parameters are detailed in table 4.1.

4.1.3 Energy Relaxation Measurement

We measure the qubit energy relaxation time T1 for a symmetric potential at
different qubit frequencies by tuning the size of the potential barrier via the flux
ΦBand following the pulse sequence outlined in section 3.4.2. Since the T1 time of
a device fluctuates over time (see e.g [54]), measurements are repeated multiple
times at the same point.
Figure 4.4 b) shows that the qubit reaches an average quality factor Q = 2π fq T1 up
to 530k at an operation frequency of 3.32 GHz, which corresponds to T1 ≈ 26 µs.
The quality factor is comparable to that of transmon qubits (Q ∼ 600k) [9] and
quarton qubits (Q ∼ 500k ) [55] fabricated in the same facility.
To our knowledge, this is the longest reported energy relaxation time for a fully
tunable flux qubit, exceeding the previously reported value of approximately 8 µs
[38].

4.1.4 Energy Relaxation Analysis

We observe an increase in qubit coherence at lower qubit frequencies. Similar
behavior has been reported in capacitively shunted flux qubits by other groups,
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where the energy relaxation in this frequency range was found to be limited by a
combination of readout-resonator induced Purcell loss and ohmic charge noise [32].
To compare our results with these findings and to understand how the addition
of the α-loop and the local control bias lines affects the relaxation in our device,
we estimate the contributions of common loss channels following the methods
outlined in section 2.5.

Charge Noise
The relaxation rate induced by charge noise is calculated using Fermi’s golden rule

Γcharge =
1
h̄2 |⟨1|∂H/∂Q|0⟩|2 SQ(ωqubit), (4.1)

where ⟨1|∂Ĥ/∂Q|0⟩ is the matrix element of the charge operator between the
ground and first excited state, and SQ( fqubit) is the spectral density of induced
charge noise evaluated at the qubit transition frequency. Using n̂ = Q̂/2e and
Eq. (2.49), we derive ∂Ĥ/∂Q = EC/2e n̂ and calculate n01 = ⟨1| n̂ |0⟩ numerically
from the Hamiltonian, as detailed in section 2.4.
Ohmic charge noise is described by the spectral density SQ(ω) = A2

Qω/(GHz). A
value of A2

Q = (10.4 × 10−9e)2/Hz matches the data, which is in good agreement
with the range of A2

Q = (5.2 × 10−9e)2/Hz to (11 × 10−9e)2/Hz found in compa-
rable C-shunted flux qubits[32].

Purcell loss
The Purcell-induced energy relaxation is given by

ΓPurcell =
g2κ

(2π)2( fres − fqubit)2 , (4.2)

where fqubit is the qubit frequency, fres is the resonator frequency, g is the coupling
strength between qubit and resonator, and κ is the resonator linewidth (i.e., its
energy decay rate). The coupling strength is proportional to the charge matrix
element, n01 = ⟨1| n̂ |0⟩, and therefore frequency dependent. Here, n01 is calculated
numerically from Eq. (2.49) and the proportionality matched to measurement.

Flux Noise
Analogous to charge noise, the energy relaxation rate caused by flux noise in the
B- and T-loops is given by ΓΦi = 1/h̄2 |⟨1|∂H/∂Φi|0⟩|2 SΦi ( fq), i ∈ [B, T]. Here, we
calculate these matrix elements numerically via phase space discretization from
the qubit Hamiltonian (Eq. (2.49)). As possible noise sources, we consider intrinsic
1/ f -noise, and external noise coupled into the qubit via the bias lines.
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The spectral density for 1/ f -noise is given by S1/ f
Φ = A2

Φ/ f γ. Here, we assume

S1/ f
Φ to be equal for both loops and choose γ = 0.9 and A2

Φ = (1.4e−6ϕ0)
2/Hz (as

measured in [32]).
The bias line noise spectral density is given by Sex

Φi
( f ) = M2

i SIi ( f ), with Mi being
the mutual inductance between line i and the qubit loop, and SIi the current
spectral density in line i. Since low-pass filters reject noise at the qubit frequency
from higher temperature stages, we assume that Johnsson-Nyquist noise at the
lowest temperature stage dominates the bias line current noise, whose spectral
density is given by SIi ( f ) = 2h f /R coth(h f /2kBT). We assume a line impedance
of R = 50 Ω, T = 0.025 K temperature, and use Sonnet to simulate the mutual
inductances as MT = 1.46 pH and MB = 2.93 pH.

Quasiparticle Loss
The decay rate caused by non-equilibrium quasiparticles is given by [47]

Γqp = | ⟨0| sin
ϕ̂

2
|1⟩|2Sqp(ωq), (4.3)

where Sqp(ωq) is the quasiparticle spectral density evaluated at the qubit fre-
quency. In thermal equilibrium at low temperatures kBT ≪ ∆, where ∆ is the
superconducting gap of the material, it is given by

Sqp(ω) = χqp
8EJk

π

√
2∆

ω
, (4.4)

with the normalized quasiparticle density χqp and EJk the Josephson energy of
junction k. A lower bound of χqp = 10e−8 matches our data.

The total relaxation time is then given by Ttotal
1 = (∑i 1/Ti)

−1, with i index-
ing the considered relaxation channels. Figure 4.5 a) shows that a combination of
charge noise and Purcell loss explains most of the energy relaxation, while the
order of magnitude of all considered channels can be seen in Fig. 4.5 b).
In the observed frequency range, the qubit is not significantly limited by flux
noise, despite addition of the α-loop and local flux lines. We conclude that en-
ergy relaxation of future qubits could possibly be extended into the hundreds of
microseconds by optimized qubit design using Purcell filters, and higher quality
fabrication procedures and materials.

4.1.5 Strain-Tuned TLS Spectroscopy

The qubit’s good energy relaxation and wide tunability makes it especially at-
tractive to investigate TLS defects in a wide frequency range. As introduced in

54



4.1 Fully Tunable C-Shunted Flux Qubits

Figure 4.5: Qubit A T1 measurements (black) compared to the dominant energy relaxation limits (see
text). a) Zoomed in to the two most dominant channels. A dashed red line serves as a guide for the
eyes, which is accompanied by a gaussian colorscale with constant relative spread (σ/T1 = const.).
b) Orders of magnitude of all considered channels.

section 3.5, a powerful method to study origins of decoherence is qubit swap spec-
troscopy [6, 48], which reveals parasitic circuit modes and resonances of individual
strongly-coupled TLS defects by minima in the frequency-dependent qubit T1 time.
Figure 4.6 shows examples of TLS spectra that were acquired with the qubit op-
erating in the single- or double-well regime. Both spectra span a similar strain
and frequency range, while a larger number of TLS are visible at higher qubit
frequencies. Such measurements allow one to probe the frequency-dependence of
the TLS density of states, which can give clues about underlying microscopic defect
mechanisms. This first strain-tuned TLS spectroscopy in a flux qubit demonstrates
TLS-detection in a frequency range spanning almost one octave. It furthermore
showcases the unique combination of fast, wide, and coherent frequency tuning
our design provides. We note that the experimentally demonstrated tuning range
is still a fraction of what is theoretically possible. In future experiments, using an
optimized experimental setup, qubit operation spanning close to four decades, e.g.
3 MHz - 21 GHz, could be achieved.

4.1.6 Discussion

In this section, we have presented a novel design for a fully tunable, capacitively
shunted flux qubit featuring local flux biasing and a half-gradiometric geometry.
We observed coherence times up to T1 = 25µs (Q=500k) and demonstrate qubit
frequency tunability spanning nearly an octave, with a close to four decade range
theoretically possible. This design combines the advantages of high coherence
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Figure 4.6: TLS-spectra in dependence of applied mechanical strain applied via a piezo-electric
element. Dark lines indicate a drop in T1 caused by resonant TLS defects. Spectra were taken on
qubit B with similar strain ranges for different frequency intervals.

with fast and wide frequency control, making it a promising platform for quantum
material research and quantum information experiments.
As a model application, we have demonstrated strain-tuned TLS spectroscopy,
showcasing the capability to probe TLS defects across a wide frequency range and
in both the single- and double-well qubit regimes. These features are particularly
valuable for future investigations into TLS density of states and defect classification
schemes.
Beyond TLS spectroscopy, the combination of good coherence and broad tunability
renders this design attractive for a wide range of applications. With advances in
hybrid architectures [56–58], gap-tunable flux qubits could see use as interme-
diaries between high-frequency qubits and low-frequency quantum memories,

56



4.1 Fully Tunable C-Shunted Flux Qubits

where their wide tuning range could mitigate frequency crowding. The capability
to quickly transition between single-well and double-well potential shapes, enables
alternative qubit operation schemes [40], and provides a unique testbed for study-
ing decoherence mechanisms in distinct potential landscapes. The ability to couple
via flux [59], and to implement strong ZZ-type interactions through barrier biasing
[37], further underlines their versatility as building blocks for multi-qubit systems.
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Figure 4.7: Fluxmon qubit device and circuit model. a) Micrograph of the fluxmon sample. A
λ/2 coplanar waveguide is terminated by a DC-SQUID and controlled by two local bias lines. b)
Equivalent circuit diagram. The CPW provides a linear inductance L and capacitance C, while the
DC-SQUID acts as a tunable Josephson junction.

4.2 Fluxmon Qubits

Here, we present measurements performed on a fluxmon qubit. Detailed additional
information on this unusual design can be found in [53].

4.2.1 Fluxmon Design

As shown in Fig. 4.7, a fluxmon consists of a λ/2 coplanar waveguide resonator
terminated by a DC-SQUID. The waveguide provides a linear inductance L and dis-
tributed capacitance C, while the DC-SQUID acts as a tunable Josephson junction.
The resulting Hamiltonian reads

Ĥ = 4ECn̂2 − EJ cos
(

π
ΦB
Φ0

)
cos(φ̂) +

1
2

EL

(
φ̂ − 2π

ΦT

Φ0

)2
(4.5)

where EC = e2/2C is the charging energy, EJ the Josephson energy, EL = (Φ0/2π)2/L
the inductive energy, φ̂ the superconducting phase difference, n̂ the number opera-
tor, and the tilt and barrier control fluxes ΦT and ΦB, respectively. The potential
energy is identical to that of an RF-SQUID with a tunable Josephson term (compare
Eq. (2.35)).
At the closed end of the waveguide, a current-divider style "tilt" bias line controls
the flux ΦT , which is equivalent to the Φext in a conventional RF-SQUID (see
Eq. (2.35)). At the DC-SQUID end, a symmetric "barrier" coil tunes the effective
Josephson energy of the qubit via the control flux ΦB.
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Figure 4.8: Calibration of the Fluxmon bias landscape using a fireball scan. a) Measured transmis-
sion |S21| as a function of the bias currents IB and IT . The characteristic tear-shaped region indicates
combinations of bias currents where the qubit frequency fq is lowest. The green line marks the
symmetry line ΦT = 0. The distance between neighboring shapes (blue line) reveals the induced
bias-flux. b) A finer scan of a low fq region expressed in flux coordinates after calibration of the
bias lines, showing the dependence on ΦB and ΦT .

The investigated sample was designed with a charging energy of EC/h ∼ 0.19
GHz, an inductive energy of EL/h ∼ 270 GHz, and a ratio of β = EJ/EL ≈ 2.5,
which allows for exploration of the single-well and the multi-well potential energy
regime. With these values, diagonalization of the Hamiltonian predicts a tuning
range of 3 kHZ - 35 GHz.

4.2.2 Fluxmon Bring-up

The initial calibration of the fluxmon qubit follows the same procedure described
in section 4.1.2. A high-power VNA scan reveals the bare resonator frequency
fr = 7.35 GHz. A scan of an avoided level crossing at lower power determines the
qubit-resonator coupling g = 65 MHz.
Offset flux trapped during cooldown and deviations in the bias line mutual in-
ductances are determined using two-dimensional “fireball” scans of the readout
transmission while sweeping the bias currents IB and IT .

Figure 4.8 shows such a scan for the fluxmon device. As discussed in section. 4.1.2,
regions of low qubit frequency appear as characteristic tear-shaped features, which
provide convenient landmarks for identifying the symmetry line ΦT = 0 and
calibrating the flux offsets.
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Figure 4.9: Pulse sequence (top) and measurement (bottom) of the qubit resonance being made
visible despite fast energy relaxation by overlapping the drive pulse with the readout pulse.

Once the ΦT = 0 line is identified and the bias line crosstalk is compensated, the
applied currents (IB, IT) are mapped to the flux biases (ΦB, ΦT). This calibration
allows the device to be operated in well-defined regions of the potential landscape,
ranging from the single-well regime to the double-well regime where the qubit gap
becomes exponentially suppressed.

4.2.3 Fluxmon Coherence

The investigated qubit exhibited very short energy relaxation times. As a conse-
quence, standard time-domain spectroscopy, π-pulse calibration and a measure-
ment of T1 by the standard methods as described in section 3.4.1 proved infeasible.
Nonetheless, Fig. 4.9 shows that the qubit resonance could still be observed when
adding a substantial overlap of the qubit drive-pulse with the readout-pulse. This
hints towards a T1 much lower than the resonator ring-up time.
Since this prevented systematic study of the device’s energy relaxation, its exact
origin remains unknown. However, the extensive dimensions of the qubit suggest
a large presence of surface TLS, whose detrimental effect is made worse by the
large electric fields in the long and tight gaps of the qubit’s CPW-component,
which enhance the coupling strength of TLS to the qubit mode. Furthermore, the
qubit’s large inductive loop is likely to couple to unwanted modes on the sample
or its housing. Fluxmon qubits in the literature don’t exceed a T1 time of one
microsecond [53, 60], which suggests inherent limitations of this design.
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Figure 4.10: Microwave-free manipulation of the fluxmon qubit following the protocol introduced
by Poletto et al. [40]. a) Schematic illustration of the pulse sequence. The qubit is first initialized
in a localized persistent current state of a double-well potential. A fast flux pulse temporarily
transforms the potential into a single-well, allowing coherent evolution between the two lowest
energy eigenstates. After a variable pulse duration, the double-well potential is restored and the
accumulated phase is projected back onto the flux basis for readout. b) Measured oscillations of the
excited-state probability p(e) as a function of duration and amplitude of the barrier-pulse, which
projects into the single-well configuration. c) Fourier transform of the oscillation data revealing
qubit oscillation frequencies in the range of approximately 10–20 GHz, determined by the level
spacing of the transient single-well potential.

4.2.4 Microwave Free Operation

Since conventional microwave control of the qubit was not feasible under the
experimental conditions, an alternative manipulation protocol based on fast flux
pulses was employed. In this approach, the qubit state is controlled by dynamically
modifying its potential shape. This protocol was first demonstrated for flux qubits
by Poletto et al. [40] and relies on rapid transitions between double-well and
single-well potential regimes.

The manipulation sequence is illustrated in Fig. 4.10a. The qubit is first initialized
in one of the persistent current states |L⟩ or |R⟩ by strongly tilting the double-well
potential. After initialization, the potential is returned to a symmetric double-well
configuration with a high barrier, preventing tunneling between the wells.

A fast flux pulse applied to the barrier control line then lowers the central barrier
and temporarily transforms the potential into a single-well configuration. In this
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regime, the system is described by the two lowest energy eigenstates |0⟩ and
|1⟩ of the single-well potential. The initial localized state can be written as a
superposition |L⟩ = (|0⟩ + |1⟩)/

√
2, such that the flux pulse itself prepares a

coherent superposition of the two eigenstates without the use of external microwave
driving.

The relative phase between these eigenstates evolves at the Larmor frequency
ωq = E1−E0

h̄ . After a variable pulse duration ∆t, the potential is restored to the
double-well configuration. This maps the accumulated phase back onto the flux
basis {|L⟩ , |R⟩}. A sufficiently high barrier suppresses tunneling between the wells,
and effectively freezes the qubit state in its configuration. Then, a final tilt is applied
to the potential, which allows the state occupation to be read out dispersively by
observing the state-dependent dispersive shift of the readout resonator.

By varying the duration of the barrier pulse, coherent oscillations between the
two flux states are observed. The oscillation frequency is determined by the level
spacing of the transient single-well potential and can therefore be tuned by the
amplitude of the flux pulse. Using this protocol we observed coherent oscillations
in the range f01 ≈ 10–20 GHz, as shown in Fig. 4.10 b) and c).

4.2.5 Discussion

In this section we investigated a fluxmon qubit as an alternative platform for
defect spectroscopy. The device architecture provides exceptional control over the
circuit potential through the independent tuning of the barrier and tilt fluxes.
This flexibility enables operation across different potential regimes and allows
manipulation of the qubit state using purely flux-based control on a ns timescale.

Using the microwave-free manipulation protocol introduced by Poletto et al., co-
herent oscillations with frequencies in the range of 10–20 GHz were observed. This
demonstrates a wide qubit tuning range, desirable for the study of defects.

However, the investigated device exhibited very poor coherence properties. The
short lifetime prevented the implementation of standard time-domain characteriza-
tion protocols and made systematic measurements of T1 and TLS swap spectroscopy
infeasible. Since the sensitivity of TLS detection relies directly on the qubit co-
herence time, this severely limits the usefulness of the fluxmon as a detector of
individual defects.

We therefore conclude that, despite its remarkable tunability and the ability to
perform microwave-free qubit control, the fluxmon architecture in its present
implementation is not well suited for TLS spectroscopy. Significant improvements
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in coherence would be required before the device could serve as an effective probe
of microscopic defects in superconducting circuits.
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5 Parasitic RF-SQUIDs in
Superconducting Qubits due to
Wirebonds

5.1 Discovery and Motivation

During an experiment that was originally devised to study the response of mi-
croscopic defects to magnetic fields, we unexpectedly discovered a new type of
macroscopic defect instead. We found a parasitic RF-SQUID (p-SQUID) that is
formed by the linear inductances of on-sample wirebonds together with a parasitic
Josephson junction (p-JJ). The formation of the p-JJ at a flawed contact between
aluminium bonding wires and the natively oxidized aluminium of the sample
ground-plane constitutes a previously unknown mechanism.
We believe this discovery to have relevant implications for the design of future
quantum technology, as the quantized magnetic flux in the p-SQUID loop [61] may
couple to neighboring qubits if they are based on SQUIDs, such as flux qubits [62]
and fluxonium qubits[63], and if they employ DC-SQUIDs for tunability such
as transmon qubits [44] and their couplers [64]. Moreover, AC-coupling of the
p-SQUID’s oscillatory eigenstates may induce dispersive shifts and avoided level
crossings in neighboring qubits and resonators.

In our experiments, the existence of a p-SQUID was revealed from the characteristic
signature it induces in the resonance frequency of a transmon qubit and its readout
resonator during sweeps of the applied magnetic field. The data can well be fitted to
a model that includes strong inductive and dispersive interactions of the p-SQUID
with both the qubit and the readout resonator.
The conclusion that a bond wire is involved in the creation of the p-SQUID is
supported by measurements with applied in-plane and off-plane magnetic fields
which reveal the three-dimensional form of the p-SQUID loop. This is strongly
supported by the fact that removing the wirebonds from the sample also removed
the p-SQUID signature. Our finding reveals that parasitic Josephson junctions in
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Figure 5.1: False-colored sample micrograph showing the coplanar λ/2 readout resonator (green)
that is coupled at both ends to a mergemon qubit consisting of a DC-SQUID with two Josephson
junctions (blue, see inset). Four wirebonds (black) connect the resonator’s inner and outer ground
planes to avoid slot-line modes. A parasitic Josephson junction within a wirebond (red cross)
is enclosed in a superconducting loop (red dashed line) and so gives rise to an RF-SQUID that
interferes with qubit and resonator.

the wiring circuitry of superconducting qubits add further decoherence channels
for superconducting qubits, and can even completely spoil their operability.

5.2 Device and Measurement

As introduced in section 2.3.2, Transmon qubits conventionally consist of one or
two submicron-sized Josephson junctions that are shunted by a planar capacitor. In
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this experiment, we studied transmon qubits that employ larger-area Josephson
junctions which possess sufficient self-capacitance so that no additional shunt
capacitor is required. This so-called mergemon design [65, 66] significantly reduces
the qubit footprint and promises less interference from charged two-level-system
defects (TLS) known to reside at and near the interfaces of qubit electrodes [6, 49,
67, 68].
To enable in-situ tuning of the qubit’s operation frequency, the junction is replaced
by a DC-SQUID that can be flux-biased by a current in a nearby flux bias line. A
photograph of the mergemon qubit sample is shown in the inset of Fig. 5.1.
Here, the qubit’s resonance frequency fq and state population are read out with a
resonator that consists of a coplanar waveguide segment of electrical length λ/2,
whose two open ends are each capacitively coupled to the opposing Mergemon
electrodes as shown in Fig. 5.1. Since this design choice electrically isolates the
inner ground plane of the coplanar resonator, we connected it by four air bridge
wirebonds to the surrounding ground plane in order to suppress unwanted slot-
line modes. More details on this type of qubit can be found in [51].

In section 2.3.6 it was derived that for small qubit-resonator coupling energies hgqr

and sufficiently large detuning |δ| = |( fq − fr)| ≫ gqr, the resonator’s resonance
frequency fr obtains a dispersive shift [44]

f ′r = fr −
g2

qr

δ
. (5.1)

In section 2.3.2 we’ve seen that the qubit transition frequency fq depends on the
flux ΦQ threading its DC-SQUID and can be approximated by [44]

h fq(ΦQ) =
√

8ECEJ(ΦQ)− EC, (5.2)

where EC = e2/2Cq is the charging energy of the qubit’s capacitance Cq, e is the

electron charge, EJ = h̄Ic/2e(
√

cos(πΦQ/Φ0)2 + d2 sin(πΦQ/Φ0)2) is the Joseph-
son energy assuming two slightly different junctions with a total critical current Ic,
Φ0 = h/2e is the flux quantum, h is Planck’s constant, and the junction’s asymme-
try factor d =

EJ1−EJ2
EJ1+EJ2

.
Using a network analyzer connected to the on-chip transmission line, the disper-
sive shift of the readout resonator is determined to estimate the qubit frequency
as a function of the applied magnetic fields, as was introduced in section 3.4.1.
In addition to the on-chip flux-bias line, the sample is enclosed in a solenoid
to control the magnetic field B∥ in-plane of the qubit circuit, while another coil
above the qubit chip applies a magnetic field B⊥ perpendicular to the chip’s surface.
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Figure 5.2: Resonance frequency shift of the readout resonator vs. the applied in-plane magnetic
field B|| . a) Sample without chip-to-chip wirebonds, showing the expected modulation as the qubit
is tuned according to Eq. (5.2) via the induced flux ΦQ in its DC-SQUID. A shift of 0 corresponds
to fr = 4.5662 GHz. b) With the wirebonds still in place, a saw-tooth pattern and sharp dips in
the resonator frequency were additionally observed at regular intervals. Sweeping the applied
magnetic field in different directions (blue and red curves) inverts the asymmetry of this signature,
and reveals a large hysteresis in the qubit frequency. A shift of 0 corresponds to fr = 4.1902 GHz.

5.3 Evidence for Spurious Resonances

Figure 5.2 a) shows the expected periodic oscillations in the resonator’s dispersive
frequency shift when the qubit is tuned between its lowest and highest (at 4.5662
GHz ± 200 kHz) resonance frequencies according to Eqs. (5.1) and (5.2) by sweeping
the magnetic field B∥. We note that B∥ should nominally be oriented perpendicular
to the plane of the qubit’s SQUID loop and therefore not couple to ΦQ. Accordingly,
we use these data to characterize the misalignment of the solenoid (see App. A for
further details).
However, the data shown in Fig. 5.2 a) were acquired on the sample after the
air bridge wirebonds had been removed. With the wirebonds still in place, the
same experiment resulted in the data shown in Fig. 5.2 b). Most prominently, the
resonator frequency displayed a sawtooth-pattern and pronounced asymmetric
dips at regular flux intervals in addition to the expected modulation. Moreover,
there is a large hysteresis when the direction of the applied field is reversed, which
also inverts the asymmetry of the signature.
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5.4 SQUID-Qubit-Resonator Model

For a closer test of our model, we numerically simulate the data shown in Fig. 5.2 b),
based on the expected RF-SQUID behaviour introduced in section 2.3.3.
Assuming weak coupling and only a single relevant mode in each component, the
Hamiltonian describing the coupled Qubit-Resonator-pSQUID system is given by

Ĥ(ϕx)

h
=

 fr,0 gr,q gpSQ,r
gq,r fq,0 gpSQ,q

gpSQ,r gpSQ,q fpSQ,0

 , (5.3)

which contains the transversal coupling strengths between resonator, qubit, and p-
SQUID as off-diagonal elements. The p-SQUID’s small oscillation frequency fpSQ,0
in an initial well is found from the p-SQUID’s potential energy (see Eq. (2.35)) and
the qubit resonance frequency fq,0 is calculated from Eq. (5.2), taking into account
that the flux in the qubit loop ΦQ is a function of the applied field and the flux in
the p-SQUID loop ΦpSQ. Here, the 0-subscript indicates a bare resonance frequency
that would be observed if there was no coupling between the subsytems.
For each value of bias flux Φext, the escape from the p-SQUID’s current potential
well is implemented by initializing the p-SQUID’s ground state in the next deeper
well once the tunnel rate [69] exceeds a value of (20s)−1 which corresponds to the
time required for one measurement of fr.

To compare the data shown in Figs. 5.3 to the system of interacting qubit, resonator,
and p-SQUID , we simulate magnetic field sweeps and obtain the eigenfrequency of
the resonator by numerical diagonalization of the Hamiltonian Eq. (5.3). Best-fitting
model parameters are then obtained by a least-square fit routine. These are listed
in Table 5.1 and were used to plot the red lines in Fig. 5.3.
The parameters of the qubit and its coupling to the resonator (see Table 5.2) were
obtained from a fit to spectroscopy data on the sample after the wirebonds had
been removed. We note that the readout resonator’s frequency was 4.5662 GHz
when the wirebonds were removed, and 4.1902 GHz with installed air bridge
wirebonds as shown in Fig. 5.1.
Figure 5.3 a) shows a striking agreement between the model and the data. To
test the hypothesis that a wirebond is involved in the loop of the p-SQUID, the
experiment is repeated by sweeping the out-of-plane component of the applied
magnetic field B⊥ as shown in Fig. 5.3 b). A comparison of the flux periodicity of
the p-SQUID (given by the distance between dips in fr) with that of the qubit (the
distance between the broader maxima in fr) shows that the relative coupling of
qubit and p-SQUID to the B-field depends on its direction. This is consistent with
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Figure 5.3: Dispersive shift of the readout resonator (a) vs. applied in-plane magnetic field B∥ , and
(b) vs. the applied perpendicular field B⊥ . The red lines show good agreement with the model’s
prediction, using the same fitting parameters for both measurements.

the three-dimensional geometry of the wirebond’s loops.
We note that the data obtained near maxima of the qubit frequency is distorted
due to the small detuning of qubit and resonator, and has therefore been omitted
from the fits.

5.5 Fit Parameters

Due to the large number and not fully independent model parameters, the confi-
dence interval of most fitting parameters greatly exceeds their values so that we
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cannot obtain precise information on the p-SQUID’s parameters and geometry in a
completely free fit.

parameter value description
fres,0 4.19 GHz uncoupled resonator frequency
gpSQ,r 9.9 MHz coupling strength p-SQUID-resonator
gpSQ,q 70.3 MHz coupling strength p-SQUID-qubit
ϕQ

slope 0.177 Φ0 ΦQ induced between well jumps

ϕQ
qjump 0.116 Φ0 ΦQ jump at well jump

LpSQ 474 pH p-SQUID inductance
CpSQ 10.3 pF p-SQUID capacitance
Ic,pSQ 7.85 µA p-SQUID critical current

Table 5.1: Model parameters and their values that best fit the data as shown in Fig. 5.3. We note
that due to large uncertainties in the fitting values, the fit only serves for a qualitative comparison
with the model.

parameter value description
EJ 12.3 GHz qubit Josephson energy
fq,max 4.125 GHz maximum qubit frequency at zero flux
EC 0.19 GHz qubit charge energy
d 0.12 qubit JJ asymmetry factor
gq,r 0.014 GHz coupling strength qubit-resonator

Table 5.2: Qubit parameters, obtained in spectroscopy after removal of wirebonds.

To further pin down the range of p-SQUID parameters which result in reasonable
agreement with the data, we fixed the parameter βL = 2πLpSQ IC,pSQ/Φ0 to the
value of 11.3 to ensure that the p-SQUID hysteresis matches the data shown in
Fig. 5.2. A value of the p-SQUID inductance LpSQ was then chosen, and the pJJ’s
critical current IC,pSQ was calculated accordingly. The other parameters listed in
Table 5.1 were kept as free fitting parameters.
Figure 5.4b shows the deviation from the data in the form of the root mean square
error of the fit. The fit quality remains rather constant for a wide range of LpSQ
between 0.1-1.7 nH. For higher values, the fit quickly becomes worse as it becomes
impossible to fulfill the three boundary conditions imposed by the p-SQUID-
hysteresis, the fixed LpSQ, and the requirement that the p-SQUID’s resonance
frequency must always exceed that of the readout resonator.
The uncertainties in the p-SQUID capacitance CpSQ, and the parameters controlling
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the p-SQUID-qubit flux-coupling ϕQ
slope, ϕQ

qjump, range between 5-12%. This is a
much more narrow uncertainty range compared to a fit where all parameters are
left free. The uncertainty in the dispersive coupling strengths gpSQ,r and gpSQ,q
remains large (20 to 90%) because both contribute to the formation of the sharp
dips in the resonator frequency.

5.6 Estimating p-SQUID Parameters

To estimate the range of realistic values for the inductance of the p-SQUID, we
consider the geometry of the wirebonds shown in Fig. 5.1. Using optical microscopy,
the lengths of the four wirebonds are measured as 381 µm, 466 µm, 466 µm, and
546 µm, respectively (see also App. A). Using the textbook formula [70]

L =
µ0

2π
l
(

log
(

2l
r

)
− 1
)

, (5.4)

where r is the wire radius and l is its length, we estimate inductances of 237pH to
379pH for our aluminum bond wires which have a diameter of 25 µm. In Fig. 5.5 b),
the inductance per length is plotted also for other wire diameters, and compared
to a common rule of thumb which estimates that a 1 mm long bond wire has a
typical inductance of 1 nH.

To obtain a lower limit for the range of reasonable p-SQUIDinductance, we as-
sume that the parasitic junction is contained in the shortest bond wire, and that
the p-SQUID loop is closed by the parallel connection of the remaining three
wirebonds. The upper limit is estimated by assuming that only the two longest
bond wires are involved in the loop formation. This results in an estimated range
of 347 pH ≲ LpSQ ≲ 688 pH, which is well in accordance with the best fitting
parameter LpSQ of 474 pH. The limits are indicated by vertical dashed lines in Fig.
5.4.

For the p-SQUIDcapacitance, an upper limit can be estimated from the average area
of a wirebond foot that is measured to about Afoot ≈ (62 µm)2 = 3840 ¯m2. Taking
d = 2 nm as a minimal thickness of the capacitor dielectric (so that the whole bond
wire foot would form a tunnel junction) and a relative permittivity εr ≈ 10 for
AlOx, we obtain CpSQ = ϵ0ϵr Afoot/d =170 pF which is much larger than the fitted
CpSQ ≈ 10 pF. Realistically, the whole bond foot area must contribute to CpSQ. The
discrepancy between this large area and relatively small (fitting) capacitance can
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Figure 5.4: Top panel: Fitting values of CpSQ and Ic,pSQ as a function of LpSQ for fixed βL ≡
2πLIC/Φ0 = 11.3 (as determined by a measurement of the p-SQUID’s hysteresis). The bottom panel
shows the root mean squared error of the fit, which remains similarly small in a wide range of LpSQ.
The vertical dashed lines in the top panel indicate the realistic range of bond wire inductances as
described in the text.

be explained by a larger thickness and lower permittivity of the dielectric under
the faulty bonding wire foot. For example, assuming that the bond foot area is
contaminated by a 10 nm-thick layer of residual PMMA photoresist (εr ≈ 3) results
in a capacitance of 10 pF that corresponds to the best fitting value.

To reconcile the large bond foot area with the small capacitance (requiring a thick
dielectric) and formation of a tunnel junction (requiring a tunnel barrier thickness
of ≲ 3nm), one can assume that the thickness of the dielectric under the wirebond
foot is non-uniform, possibly due to photoresist residuals. Figure 5.5 illustrates this
situation in a cross-section through the wirebond foot. The actual contamination
of our sample surface is unknown. In ultrasonic wirebonding, the amount of
intermetallic formed at the bonded interface depends strongly on the bonding
parameters such as ultrasound frequency, amplitude, and duration [71], so that
inadequate settings could have played a role in the junction formation.

Since the Cooper-pair tunneling rate depends exponentially on the tunnel barrier
thickness, the critical current of the parasitic junction can ot be predicted without
exact knowledge of the junction geometry. The junction’s active tunneling area
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Figure 5.5: a) Sketch of the cross-section through the foot of a wirebond (not to scale), illustrating
thickness variations of the native AlOx on the ground plane and a layer of contamination such as
photoresist residual. The active junction area where Cooper pair tunneling occurs may be limited
to small regions of least dielectric thickness in addition to pinholes. b) Bond wire inductance per
length of wire calculated by the textbook formula for different wire diameters (blue, red and green
line). Values for the on-sample wirebonds are encircled.

might be given by a small region of least surface contamination and could be
largely affected by pinholes. In the restricted fit, compatible fit values for the
critical current range between 2 and 80 µA as shown in Fig. 5.4.

5.7 Wirebond Investigation

Aiming to identify the flawed bond after the sample was warmed up, the bond wire
bridges were touched and heavily bent using the micro-manipulator of a bonding
station. However, all bonds appeared stable and did not disconnect easily.
Subsequently, chip-to-chip wirebonds were removed from the investigated qubit
and the neighbouring qubit. With the wirebonds removed, the qubit returned to
normal operation in subsequent cooldowns, as shown in Figs. 5.2. Images of the
removal process and corresponding data can be found in App. A.

5.8 Discussion

The observed anomaly of resonator and qubit resonance frequencies in applied
magnetic fields is fully explained by their interactions with a parasitic RF-SQUID.
The notion that a faulty wirebond contains a parasitic tunnel junction is supported
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by in- and out-of-plane magnetic field sweeps which confirm the three-dimensional
form of the p-SQUID’s loop. A further confirmation is the fact that the anomaly
disappeared once the wirebonds were removed. Other possible origins of flux
irregularities, such as the motion of trapped vortices [72], would not result in the
observed strictly periodic signatures and observed dispersive resonance frequency
shifts.

While it has been known that stray Josephson junctions between thin-film qubit
electrodes are a source of qubit decoherence [6, 73], our finding sheds light on
related issues in the remaining circuitry and packaging. In our experiment, two
out of four qubits on the chip were inoperable due to their strong interference
with the parasitic RF-SQUID formed by a faulty chip-to-chip wirebond. It can be
seen as a coincidence that the parameters of the p-SQUID placed it into a regime
where its interactions with qubit and resonator could be clearly observed. In
more typical cases, the p-SQUID could be further detuned and induce only slight
frequency shifts in a circuit that may remain unnoticed. Similarly, p-SQUIDs may
be overlooked when only on-chip qubit flux bias lines are used that only slightly
tune the p-SQUID’s resonance frequency, while their parasitic modes would still
contribute to decoherence and flux noise.

Related issues may arise for instance from detrimental modes in flux bias lines
that were terminated by a junction in a flawed wirebond. Problems with para-
sitic junctions due to flawed air bridges, bond wires, or bump-pads in flip-chip
architectures[74], may rise in importance as quantum processors increase in size
and complexity. The observed strong DC-magnetic and AC-electric interactions
of parasitic RF-SQUIDs can furthermore spoil the functionality of various other
superconducting devices [75] such as for instance parametric amplifiers[76, 77],
RSFQ-logic [78], MKID photon detectors[79], and passive resonator-based mi-
crowave filters [80].
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6.1 Shorts in Large Junctions

Josephson junctions in this work are fabricated using a three-angle Dolan de-
position process detailed in section 3.1. This technique is suited to produce the

Figure 6.1: a) SEM image and cross-section schematic of a shorted junction (orange square). As
both top and bottom electrodes extend beyond the Dolan bridge shadow (blue square), the junction
is bypassed by a short (red square) which connects the top electrode and the bandage layer. b) SEM
image and cross-section schematic of a junction where this short has been avoided, by having only
the bottom electrode extend beyond the Dolan bridge shadow. c) SEM images of two junctions. The
left one is shorted by the bandage layer connecting the bottom electrode at the sides of the junction
(red arrows). In the right one this is avoided by depositing a wider top electrode, which protects
the sides of the bottom electrode from the bandage layer.
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wide-trench width (µm) junction yield
1 - 1.05 0%

1.1 83%
1.25 100%

Table 6.1: Dependence of junction yield (percentage of short-free junctions) on the width of the
wide trench.

comparatively large junctions of ≈ 1 µm2 area, in order to realize the large Joseph-
son inductances required in fluxmon qubits as well as the large capacitances
required in mergemon qubits.
To achieve the desired junction size, a steep-angle Josephson deposition is used,
where the evaporation angle is chosen such that the metal partially overshoots the
Dolan bridge. While this technique enables larger overlap areas, it introduces an
increased risk of unintentionally shorting the junction through the bandage layer
deposited in subsequent processing steps.
Figure 6.1 illustrates two ways in which this short can occur and how it can be
avoided.
First, the evaporation angles should be chosen such that the top electrode does
not extend beyond the Dolan bridge. As shown in Fig. 6.1 a), an overextended top
electrode can short the junction. This issue is avoided when the electrode remains
within the bridge region, as shown in Fig. 6.1 b).
Second, the trench where the bottom electrode extends beyond the Dolan bridge
should be widened, so that the top electrode covers the sides of the bottom elec-
trode and thereby protects it from being contacted by the bandage layer. Examples
of shorted and functioning junctions are shown in Fig. 6.1 c).
At a junction width of ≈ 1 µm, widths of 1, 1.01, 1.025, 1.05, 1.1 and 1.2 µm for the
wider trench were tested. Table 6.1 shows that a width of 1.2 µm reliably avoided
this problem.

6.2 Notes on Bias Line Design

To ensure precise alignment with the qubit loops, bias lines for the fully tunable
C-shunted flux qubits are defined in the same lift-off process as the junctions, as
described in section 3.1.
The precision of the electron-beam allows for definition of structures down to the
10th of nanometers. It is important however to make the bias line wide enough, so
that the required bias-currents don’t exceed the critical current at which the bias
line loses superconductivity and substantially heats the sample. With a Mutual
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Figure 6.2: a) Sonnet simulation setup to simulate bias line inductances between the ports 1 (barrier-
line), 2 (tilt-line), 3 (tilt loop) and 4 (barrier loop). The simulated values are M14 = MB = 2.93 pH,
M23 = MT = 1.46 pH, M24 = 0.15 pH, and M13 = 0.0001 pH. b) SEM image of a tilt bias line with
a zoom on the area where bandages (red lines) are used to connect the line to its launcher and the
sample ground-plane.

inductance of M ≈ 1.5 pH, a bias-current of ≈ 1.4 mA is needed to induce one
quantum of flux. With a film thickness of 100 nm, a width of 2 µm was sufficient
to perform the described experiments.
Fig. 6.2 a) shows the simulation setup used to estimate the mutual inductances
between the bias lines and the qubit. We define the desired inductances MB =

ΦB/IB and MT = ΦT/IT (see also Fig. 4.1) and the parasitic inductances M′
B =

ΦT/IB and M′
T = ΦB/IT . For the barrier-line, a Sonnet simulation predicts relative

parasitic inductances of M′
B/MB = 3.4e−5 and for the tilt-line M′

T/MT = 0.102.
From the calibration procedure detailed in section 4.1.2, we measure M′

B/MB =

0.018 M′
T/MT = 1.127.

The very large M′
T/MT points towards an imbalance in the current-division of

the tilt-line. This might be caused by either a fault in the bandages which connect
the line to the ground-plane (see Fig. 6.2 b), or from an unequal current return
through the two ground plane parts separated by the line’s launcher. These issues
could be fixed by revision of the bandage fabrication recipe (e.g. more thorough
development, aggravated oxide removal, more bandages, etc), or by balancing the
separated grounds via an air bridge close to the qubit.
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Superconducting qubits are a leading platform for quantum computing. How-
ever, their performance remains limited by energy relaxation and decoherence
mechanisms that are not yet fully understood. In particular, parasitic two-level
systems (TLS) originating from atomic-scale defects are widely considered a dom-
inant source of loss in superconducting circuits. Understanding and identifying
such decoherence channels is therefore a crucial step toward scalable quantum
processors.

In this work, we investigated fluxmon qubits and newly developed fully tunable
C-shunted flux qubits as tools for studying microscopic decoherence mechanisms
using TLS swap spectroscopy. During these experiments we also discovered a
previously unknown type of parasitic resonance in the form of an RF-SQUID
created by on-sample wirebonds.

Fluxmon Qubits consist of a λ/2 coplanar waveguide terminated by a DC-SQUID
and effectively behave as an RF-SQUID with an in-situ tunable Josephson energy.
Based on the design by C. Quintana, our fluxmon devices allowed independent con-
trol of both the potential asymmetry and the barrier height using nanosecond-scale
flux pulses. Inspired by the work of S. Poletto, we implemented a microwave-free
manipulation scheme and observed coherent Larmor oscillations over a frequency
window of approximately 10-20 GHz.

However, the device coherence was severely limited, preventing TLS swap spec-
troscopy measurements. The observed performance is consistent with the few
reports available for this qubit architecture. While fluxmon qubits offer exceptional
tunability, our results indicate that the current implementation is not suitable for
defect spectroscopy without significant improvements in coherence.

Possible improvements include reducing the device size to minimize surface par-
ticipation, redesigning the coplanar waveguide to distribute surface currents over
a wider area, and employing materials with lower surface loss.
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Fully tunable C-shunted flux qubits are a new type of qubit we developed in this
work based on the C-shunted flux qubit by Fey Yan. Replacing the α-junction by a
DC-SQUID in a gradiometric arrangement together with the addition of e-beam pat-
terned local bias lines allowed us to demonstrate full tunability with fast DC-pulses.

At the ΦT = 0 sweet spot, we observed a qubit tuning range of 3-7 GHz with a
theoretic range of 60 kHz - 21 GHz possible. Our devices exhibited T1times of
up to 25 µs, making them at the time of writing the longest lived fully tunable
flux qubits on record. Operation in both the single-well and double-well regime
was demonstrated and TLS swap-spectroscopy was performed as a proof of concept.

We believe that this unique combination of fast and wide tunability, long en-
ergy relaxation and potential shape control makes this design well suited for future
experiments. In an optimized setup, TLS swap-spectroscopy spanning up to 20
GHz could be performed, which would allow one to observe the density of states
of TLS directly. This could provide long-needed insight in the TLS density of states
and thereby help clarify their microscopic origins. Furthermore, the identification
of low-TLS density frequency bands could lead to an overall improvement of qubit
performance. This capability could be expanded to the study of different materials
by interfacing the qubit with material probes through a coupling capacitance or a
probe junction.

Parasitic RF-SQUIDs (p-SQUIDs) caused by wirebonds were discovered on a
mergemon qubit sample during our experiments, by the characteristic, flux-
dependent signature observed in the qubit’s readout resonator. Fitting a qubit-
resonator-SQUID model to the data further verified this conclusion, and revealed
that the p-SQUID is both coupled to the qubit and the readout resonator directly.
P-SQUIDS represent a previously undescribed type of parasitic system, and sug-
gest the existence of Josephson tunnel contacts at the interfaces between some
wirebonds and the sample ground-plane.

This sheds light on a possible pitfall in qubit prototyping, where on-chip wirebonds
are often used as a convenient substitute for more labor-intensive air bridges.
Further related issues may arise for instance from detrimental modes in flux bias
lines that were terminated by a junction in a flawed wirebond. Problems with
parasitic junctions due to flawed air bridges, bond wires, or bump-pads in flip-chip
architectures, may rise in importance as quantum processors increase in size and
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complexity.

We believe that this type of p-SQUID might be an overall underreported phe-
nomenon. Since the p-SQUID parameters are randomly distributed, only some
of them land in the frequency range where circuits typically operate. Moreover,
the p-SQUID might be geometrically insensitive to the magnetic field component
used during experiment. In our findings for example, the p-SQUID signature
revealed itself more clearly in the in-plane magnetic field scan, which is usually not
performed in qubit operation. Finally, faulty samples are often discarded outright
without finding the exact origin of their malfunction. To make sure a device is not
detrimentally affected by a p-SQUID, we suggest performing wide magnetic field
scans on qubits and resonators, looking for the characteristic periodic frequency
dips. If available, varying the magnetic field direction would be ideal.
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Appendix

A Supplementary Notes on P-SQUID Wirebonds

Figure A.1 a) shows a micrograph of the sample studied in chapter 5. Micrographs
from different angles as shown in Fig. A.1 b) were used to estimate the individual
wirebond lengths.
To estimate the misalignment of the in-plane magnetic field with respect to the
chip’s ground plane, we measure the periodicity of the qubit resonance frequency
as a function of B∥. Using the area of the qubit’s DC-SQUID loop A = 276 µm2, we
calculate the misalignment angle α from the relation

α = sin−1

(
Φ0

AB||

)
= 0.0725◦, (A.1)

Figure A.1: a) Sample micrograph showcasing wirebond placement. b) Microscopy from different
angles used to determine a wirebond’s length. c) Illustration how parallel wirebonds can form a
partly gradiometric conduction path, reducing the effective loop area.
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Figure A.2: Normal operation was restored by removal of wirebonds. a) Micrographs of the sample
before (top) and after (bottom) removal of chip-to-chip wirebonds. b) Raw VNA data corresponding
to the resonator frequency shift shown in Figs. 5.2. Disturbances in the modulation vanished after
removal of wirebonds.

where the field B∥ generated by the solenoid is estimated from COMSOL simula-
tions.
The p-SQUID’s effective loop area ApSQ,∥ can accordingly be estimated from the
periodicity of the dips in the resonator frequency (Fig. 5.3) as a function of the
estimated B∥-field strength. This results in

ApSQ,∥ =
Φ0

B0
||
= 2068 µm2. (A.2)

The effective p-SQUID area is rather small due to gradiometer effects in the wire-
bond connections, as illustrated in Fig. A.1 c).

After removing chip-to-chip wirebonds, normal qubit operation was restored
as shown in Fig. A.2.
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