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1 Introduction

Discovering and unveiling the unknown has ever since been an important, maybe
the most important driving force behind human endeavor. In the world of physics,
understanding the fundamental principles that govern the dynamics of the world
surrounding us, on the small as well as on the large scale, is certainly one of the
greatest unknowns. The tools used by generations of scientists to disclose nature’s
secrets have evolved during the centuries alongside with the sophistication of the
faced questions, from simple mechanical machinery like slide rules, to complex and
powerful electrical machinery like supercomputers. Science and technology have
stimulated each other ever since, and by that, have changed and improved human
lives on a global scale. During the last century, a new phenotype was added to the
collection of tools available for humankind, summarized under the term quantum
technologies.

In quantum technologies, our developed understanding of nature within the
framework of quantum mechanics [63] is translated into new applications, directed
towards the substitution of classical technology with better performing quantum
devices, for instance in medical surgery [84], or the development of fundamentally
new concepts utilizing unique quantum phenomena like quantum entanglement
[14,]100} 102, 200], quantum superposition [199], and quantum tunneling [35,146].
New technology branches arising from these phenomena are quantum sensing [1,
72], quantum computing [17,73}|137]], and quantum communication [18} |65} 69, 82,
112]].

The technological prerequisit for the implementation and operation of quantum
technologies is the preparation, control and readout of a quantum state |'¥) stored
in a specifically engineered hardware. Although designed for the same conceptual
purpose, the physical systems used for the implementation of such quantum
platforms are manifold, and range from microscopic systems like individual electron
spins in silicon [109} 139, (159, |223] and quantum dots [70} 96, (104, [175], magnetic
molecules [5, 28, 83| 132} 205| 213]], ultracold atoms [88]], trapped ions [16, 25| 26|
44/ |130]], nitrogen-vacancies in diamonds [66, 95|, and polarized photons [115,176],
as well as macroscopic systems like superconducting quantum circuits [42, 116,
148|149, 166|]. Similar to natural atoms, the quantum hardware is associated with
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a discrete energy spectrum, but require different conditions for their operation,
for instance in terms of the ambient temperature. Despite a myriad of promising
theoretical ideas, exploiting the full potential of quantum hardware constitutes an
immense technological challenge. A major task remains the preservation of quantum
coherence, meaning that the time evolution of the prepared quantum state is known
and predictable, while allowing for a fast manipulation and detection of the quantum
state at the same time.

Superconducting quantum circuits [45] 58, 59, 121] (SQCs) are among the most
versatile quantum hardware platforms as they offer a unique degree of freedom
and control in shaping the energy spectrum of the system. Successfully realized
applications range from particle detection [50}/182] to low-loss amplification 38,212}
233, 235] to the storage and processing of quantum information. Especially the latter
two constitute fundamental building blocks on the road map of quantum sensing and
quantum computing with superconducting circuits. In 2019, the first programmable
superconducting quantum processor has achieved quantum supremacy — the
demonstration of a calculation performed on a quantum device which wouldn’t
have been feasible on a classical computer [6]. At the core of SQCs are low-loss
and nonlinear microwave circuits built from superconducting materials, which,
determined by their shape, host collective oscillations of the superconducting
condensate in the low gigahertz regime. Despite the macroscopic scale of SQCs
not uncommonly spanning over hundreds of micrometers or even millimeters, in
combination with the large number of particles participating in the collective motion,
the dynamics of such circuits can still be described by effective circuit models with
only a small number of quantum degrees of freedom (DOF). The elementary building
blocks of these models are capacitors, resistors, as well as linear and nonlinear
inductors. The properties of a circuit are controlled by connecting different circuit
elements to an electrical network, similar to classical integrated circuits, with the
DOF being related to the oscillating currents and voltages.

Similar to the position and momentum coordinate of a quantum particle, the quantum
nature of a circuit with a single DOF manifests in the relation between current and
voltage, which become conjugate variables in the quantum mechanical sense, and
cannot be measured with infinite precision at the same time. As a consequence, the
energy spectra of SQCs are discrete, with the spacing between neighboring energy
levels typically on the order of a few gigahertz, with some remarkable exceptions
[237]. Transitions between the different eigenstates are induced by the application of
propagating microwave photons of similar energy. Since current and voltage are
ultimately linked to the electromagnetic fields, the oscillations of the condensate can
be thought of as stationary microwave photons. Therefore, nonlinear circuits for
which transitions can be addressed individually are referred to as artificial atoms.
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A common property of natural and artificial atoms is the anharmonicity of the
energy spectrum, implying that consecutive transitions are not of the same energy.
In the context of quantum computing, separating two states from the infinite Hilbert
space to form a quantum two-level system — a quantum bit or qubit — is one of the
main challenges. The key element to engineer the energy spectrum is the Josephson
junction (J]) [108]. A typical JJ is implemented by a tunneling contact between two
superconducting electrodes, which are separated by a thin insulating barrier. Since
charges tunnel only in discrete numbers across the barrier, the action of a JJ placed
inside a circuit is that of a nonlinear inductor. The corresponding inductance is
referred to as kinetic inductance, as the presence of the tunneling barrier enhances
the inertia of the superconducting condensate. A similar effect can be obtained in
disordered superconductors with high normal-state resisitivity, enabling to build
compact circuits with high impedance [91)|148| 210].

Owing to the macroscopic size, SQCs couple to uncontrolled mesoscopic systems
that degrade the coherence of the circuit [114,131},[135}[195, 203]]. Although many
mesoscopic systems have beenidentified during the last decades, ranging from defects
in interfaces [135,|163]], adsorbates and organic residuals from the fabrication process
[51], non-equilibrium, collective excitations of the superconducting ground state
[56,180, (188, 1227|], denoted quasiparticles, and magnetic vortices [211], successfully
mitigating them is considerably more difficult. A substantial effort is invested into
material science and new qubit concepts less susceptible to such disturbances [180],
and the development of quantum error correction schemes [12,36,(110, 170, 187].

Another very interesting approach is to combine different quantum degrees of
freedom in a hybrid architecture [232]. As most quantum degrees of freedom have
rather distinct advantages and disadvantages, in the ideal case, combinations of
these systems acquire the advantages, while discarding the disadvantages of the
underlying subsystems. Recent examples for such fruitful marriages are hybrid
systems of SQCs and magnetic molecules [22,23,|83]], and SQCs and semi-conducting
spin qubits [154} 194]. The benefits of SQCs are their fast and precise control, as well
as their ability to couple to other quantum system via the electrical and the magnetic
field.

In many hybrid architectures, the counterparts of SQCs require the application of
strong external magnetic fields on the order of several tens to hundreds of millitesla
[23,1194]. Although superconducting materials which are able to sustain these fields
are known and frequently used for the implementation of SQCs, in the vast majority
of circuits, the nonlinear elements are still Josephson tunnel junctions made from
thin film aluminum. The main disadvantage of such conventional JJs are interference
effects occurring inside the tunnel junction in external magnetic fields, similar
to the interference pattern of an optical single slit experiment, which cause the
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suppression of the JJ’s critical current with field [196]. For that reason, a new type
of nonlinear element is required in the context of hybrid systems, an element that
offers enough nonlinearity to realize a sufficiently anharmonic energy spectrum for
the implementation of qubits, but which can sustain external magnetic fields at the
same time.

In the scope of my thesis, I investigated the applicability of granular aluminum (grAl)
[54] for the implementation of superconducting qubits designed for hybrid architec-
tures. Granular aluminum is a member of the class of granular superconductors
and exhibits a supercondutor-to-insulator transition as the resistivity of the material
is increased [133, |181]], and is particularly interesting for the application in hybrid
system due to its large critical field [29,/43}47,/53]. The microstructure of grAl films is
composed of similarly sized crystalline aluminum grains [55]], with diameters on the
order of a few nanometers, which are embedded into an insulating, non-stoichiometric
aluminum-oxide matrix. Therefore, the circuit quantum electrodynamcs of grAl
resonators can be described as an effective array of Josephson junctions [144}|172],
and in analogy to conventional Josephson junction arrays, the grAl film gives rise to
a nonlinear kinetic inductance, which is controlled by the resistivity of the material
and the film dimensions. For the purpose of my study, I substituted the conventional
Josephson tunnel junction in a superconducting transmon qubit [116] with a small
volume of grAl [230]. By measuring the resonance fluorescence response of the
granular aluminum transmon in spectroscopy and time-domain, the properties of the
film and the circuit were characterized, in particular in terms of the microwave losses
in external magnetic fields, the quantum coherence, and the obtained nonlinearity.

For the purpose of improving the signal-to-noise ratio (SNR) of the measurement
setup and to reduce the required measurement time, a low-loss Josephson parametric
amplifier (JPA) was developed additionally. In a typical SQCs setup, several amplifier
stages are required to elevate the signal strength to a level detectable at room
temperature. Although each amplifier inherently degrades the SNR by adding noise
to the signal, the total SNR of the measurement setup is dominated by the first stage,
if signal and noise incident to the first amplifier are sufficiently amplified. JPAs have
repeatedly proven to reach the quantum limit of added noise, the fundamental lower
bound on the added noise as determined by the principles of quantum mechanics
[40].

The presented JPA concept is based on long Josephson junction arrays, which
are engineered to allow for non-degenerate parametric amplification with pairs
of eigenmodes, denoted dimers. Therefore, the device is referred to as the dimer
Josephson junction array amplifier (DJJAA) [231]. The key features of the DJJAA concept
are the potentially large operational bandwidth due to the use of different dimers of
the same device in adjacent frequency domains, and the saturation power offered by
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the use of long JJ arrays. The implementation of the DJJAA concept is demonstrated
on several devices, all fabricated based on a simple and cheap optical-lithography
process, which were characterized in spectroscopy and time-domain. For one device,
the measurement efficiency of the experimental setup — the measure on how close
our setup approaches the quantum limit — was calibrated with the aid of a transmon
qubit.

The thesis is organized as follows: First, an introduction into the main concepts
of superconducting quantum circuits and their mathematical description is given,
followed by a section summarizing the demands on SQCs for hybrid systems, and
the amenities offered by superconducting granular aluminum. The introductory part
is concluded with a discussion about the requirements and the working principle
of superconducting parametric amplifiers. In chapter 2| and 3| the main results
obtained on the granular aluminum transmon and the dimer Josephson junction
array amplifiers are reported. The main part of the thesis is completed with a
conclusion and an outlook. For all main chapters, additional information is provided
in corresponding appendices.

1.1 Superconducting quantum circuits

Superconducting quantum circuits are electrical networks composed of linear
and nonlinear circuit elements, deliberately connected to form artificial media for
microwave quantum electrodynamics. Because three different fields find application
in the same context, there are three different perspectives on the same physical
system: the solid-state perspective, the (quantum) electrical engineer perspective,
and the quantum optics perspective. While the first perspective is helpful for a
better understanding on a microscopic level, the second perspective is useful for
the designing process of devices and the development of new concepts on a higher
level, and the third perspective is particularly convenient to describe the interaction
between propagating and stationary electromagnetic fields used for manipulation,
storage, and readout.

The solid-state perspective

On a microscopic scale, the properties of a superconducting quantum circuit reflect
the properties of the charge carriers in the superconductor, particularly the properties
of their collective motion. In a conventional (metallic) superconductor, and according
to the Bardeen-Cooper-Schrieffer (BCS) theory [10], the electrons condensate into
Cooper pairs, which occupy a common ground state. The collection of Cooper pairs
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is referred to as the superconducting condensate, and its ground state is described
by a macroscopic complex wavefunction, whose amplitude is related to the number
of Cooper pairs, while its phase reflects the phase coherence between the electronic
states on a macroscopic scale. In a superconductor, the corresponding Cooper pair
number operator N and the phase operator ¢ are conjugate variables with a non-zero
commutation relation

N, ¢] = —i. (1.1)

Consequently, they underlie the uncertainty principle similar to the position and
momentum coordinates of the electrons in the potential of a natural atom. However,
the fluctuations of these two quantities are not predetermined by natural constants,
but are controlled by the shape and the material properties of the superconductor,
which is one of the main reasons for the immense versatility of superconducting
quantum circuits.

The electrical engineering perspective

In quantum circuit theory, the shape and the material properties of the superconductor
are mapped onto an effective circuit model, and the collective motion of the Cooper
pairsis described by the currents and voltages through and across the circuit elements.
Although many particles participate in the collective motion, the properties of the
system are described by a small set of degrees of freedom (DOF). For linear circuits,
there is a one-to-one correspondence between the quantum circuit and its classical
equivalent. Finding the (independent) DOF of a circuit based on the circuit topology
is the subject of the circuit quantization. Since the currents and voltages are ultimately
related to the Cooper pair number and the macroscopic phase, they are conjugate
variables in the same quantum mechanical sense, and the resulting energy spectrum
of the circuits is discrete.

The quantum optics perspective

Driving transitions between the energy levels of the circuit corresponds to the
manipulation of the quantum state stored in the circuit, and is performed by the
application of propagating microwave photons. In contrast to quantum optics, the
propagating microwave photons are guided to the system through coaxial cables
and eventually interact with the collective oscillation inside the superconductor via
their electrical or magnetic field. For that reason, a useful analogy is to consider the
collective plasma oscillation hosted by the circuit as a stationary microwave photon,
similar to the electromagnetic field confined between the two concave mirrors of
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an optical cavity. Hence, the exchange of information between the system and its
environment is described by the exchange of microwave photons.

In the following, I will further illustrate the relation between the different perspectives
with the aid of the quantum harmonic oscillator.

1.1.1 The quantum harmonic oscillator

A simple but very relevant implementation of a superconducting quantum circuit
is the LC-oscillator, which is formed by a parallel circuit of an inductor L and a
capacitor C. In Fig.[I.1} the left-hand panel depicts an optical microscopy image of a
physical realization of the LC oscillator, fabricated from a single thin film aluminum
layer (white) on a sapphire substrate (grey).

From a wire to a quantum circuit

Despite the quite peculiar shape noticed at a first glance, the whole circuit is formed
by a single, continuous superconducting wire, which means that every segment is
galvanically connected to all other segments. However, due to the arrangement of
the wire, the circuit contains a region of enhanced capacitance on the right-hand
side, where the two ends of the wire are parallel and close in distance. The galvanic
connection between the capacitor electrodes is considerably narrower in width, and
forms the inductor of the circuit. Hence, if the capacitor is charged, an electric field
will occur between the capacitor plates, and analogously, if the capacitor discharges
via the inductor, the induced current will give rise to a magnetic field surrounding
the inductor. On resonance, the energy stored in the magnetic field equals the energy
stored in the electric field, and both field components are oscillating at the natural
resonance frequency of the circuit. Finding the corresponding eigenfrequencies of a
circuit is subject to (quantum) circuit theory.

The circuit model

The lumped-element electronic schematic of the physical circuit is shown on the
right-hand side of Fig.[I.1} In the lumped-element representation of a circuit, the
physical properties associated to a segment of the superconducting thin film, and
the corresponding electromagnetic fields, are condensed into a single or multiple
two-port circuit elements. In the given example, the contribution of the long wire
forming the inductor is compressed into a single inductive element. During this
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Figure 1.1: Quantum harmonic oscillator. Optical microscopy image of a superconducting LC oscillator.
The circuit is formed by a single superconducting wire made from thin film aluminum (white)
evaporated on a sapphire substrate (grey), which is arrangend in such a way to form a meander shaped
inductor on the left-hand side and a capacitor on the right-hand side. The right-hand panel shows the
corresponding lumped-element circuit diagram composed of a parallel circuit of an effective capacitance
C and an effective inductance L. The red and the blue arrows indicate the electric and magnetic
field, respectively, associated with the charges on the capacitor plates and the current threading the
inductance. The condition for resonance is reached when the energy stored in the electrical field equals
the energy stored in the magnetic field, which occurs at the natural resonance frequency wy = 1/+v/LC
of the circuit.

process, the distribution of the current along the wire is lost, and the effective circuit
model does not account for higher harmonics present in the physical system.

The circuit model of the quantum harmonic oscillator has a single degree of freedom.
In the node representation of electrical networks, the node flux &, which is defined
as the time integral of the voltage drop V() across the capacitor

b(t) = [m V(thdt, (1.2)

becomes the position coordinate of the system. The spectrum of the node flux
operator is continuous, and by comparing its relation to the voltage operator with
the classical definition of Faraday’s law of induction reveals, that the classical node
flux is indeed equal to the magnetic flux @p through the inductor

V(t) = dp = b. (1.3)
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In general, following the canonical quantization [222], the quantum Hamiltonian of
a circuit is deduced from the classical Hamiltonian of its equivalent circuit. For the
quantum LC-oscillator, the Hamiltonian is

== 4+ 1.4
2C + 2L (14)
where Q is denoted the node charge operator. The node charge constitutes the
conjugate variable of the node flux, and becomes the momentum coordinate of the
system. Therefore, the two operators obey the canonical commutation relation

[®,Q] = in, (1.5)

in analogy to the position and momentum coordinate of a quantum particle. While
for the given example, the node charge determines the charge on the capacitor plates,
in more complex systems with more than one DOF, the node charge corresponds
to the combined charges residing on all capacitors connected to the respective
node. Nevertheless, in the node representation the kinetic energy of the system is
associated with the capacitive elements, and the potential energy to the inductive
elements. Although arbitrary for the LC oscillator, this choice becomes convenient
in the treatment of nonlinear inductors, i.e. the Josephson junction [222].

According to the definition of the node flux operator, the voltage and current
operators are

0 :% and 1) =2, (1.6)
revealing that both operators satisfy the constitutive relations of a linear capacitor
and a linear inductor, respectively.

Stationary microwave photons

Since the node flux and charge operators do not commute with the Hamiltonian,
they do not share a common eigenbasis. In order to find the energy eigenstates of
the circuit, the canonical coordinates & and Q are expressed in terms of creation and
annihilation operators atand 4, respectively,

& = dpp (a 4 a*) O = —iQupp (a - a*) . 1.7)

Here, @zpr and Qzpr are the zero-point fluctuations of the node flux and the node
charge, respectively. By definition, they determine the magnitude of the ground-state
fluctuations in both variables in the absence of excitations, and are the manifestation
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of the uncertainty principle between both variables. In a superconducting circuit,
the size of these fluctuations is controlled by the relative size of the circuit elements.
For the quantum harmonic oscillator, the zero-point fluctuations are

 nz Iy
Pzpp = - Qzpr = 370 (1.8)

where Zg = /L/C is the circuit’s characteristic impedance. According to the
definitions of the zero-point fluctuations, the suppression of the fluctuation in
one variable by changing the characteristic impedance of the circuit, enhances the
fluctuation in the other variable.

Since the node flux and the charge of the harmonic oscillator are ultimately related
to electromagnetic fields created by the current flowing through the inductor and
the charges residing on the capacitor plates, the creation and annihilation operators
correspond to single-mode field amplitude operators, which obey the bosonic
commutation relation

[a,a%] = 1. (1.9)

The quantization of the electromagnetic fields is subject of the second quantization,
and inserting Eq.[35/and Eq[36/into Eq.[34} yields the quantum optics Hamiltonian of
the quantum harmonic oscillator

A = hwy (a*ﬁ + ;) , (1.10)

where wy = 1/VLC is the resonance frequency. The operator 71 = a'd is the
occupation number operator, which has a discrete eigenbasis, denoted the Fock
basis, spanned by the discrete set of elementary excitations of the electromagnetic
field, the photons:

~

fln) =nln). (1.11)

Here, n € 220 is a positive integer number representing the number of photons
inside a Fock state. The eigenenergies of the quantum harmonic oscillator are

E, = hw (n + ;) , (1.12)

where 7 is thus the number of photons inside the oscillator. The energy spacing
between consecutive energy levels is detemined by the resonance frequency of the
circuit and does not depend on the number of photons inside the oscillator. The
constant term reflects the zero-point fluctuations of the system, which are present
even without any excitation, and are of the same type as the quantum fluctuations of
the vacuum. Although the quantum harmonic oscillator is a relevant system, as every

10
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linear system can be decomposed into a set of independent harmonic modes, for
quantum computing and many other applications, nonlinear elements are required.
Even in bosonic approaches on quantum computing, for instance the cat codes [219]
or the Gottesmann-Kitaev-Preskill (GKP) code [86], in which the quantum state is
actually stored inside a linear oscillator, non-linear drives are required to prepare
the states.

1.1.2 The Josephson junction

The key element and the reason for the high amount of flexibility of superconducting
quantum circuits is the Josephson junction (J]). A JJ is formed when two supercon-
ducting electrodes are connected by a weak link, for instance if the electrodes are
separated by a thin insulating tunneling barrier, or even by a narrow bridge. In
both cases, the superconducting condensate is locally weakened and the properties
of the JJ are fundamentaly related to the relationship of charge and phase in a
superconductor. While the wavefunctions of the superconducting electrodes are
well defined in the case of a tunnel junction, which simplifies the mathematical
treatment significantly, for a bridge or constriction, the wavefunction can become
a complicated function of space [134]. In general, the physical laws governing

’wl‘eiwl |\U2‘ef§02

S1 I S,

Figure 1.2: Josephson tunnel junction Scanning electron microscopy image of a Josephson junction
formed by the overlap area of two superconducting electrodes (aluminum on silicon), which are
separated by a thin insulating barrier. For clarity, the electrodes are false color-coded in red and
in blue, and an artistic illustration of the cross section is shown in the right-hand panel. Since the
superconductors are separated, the condensate in each electrode is described by a complex wavefunction
¥i = [¥ile'r.

11
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a constriction depend on the geometric dimension of the wire, and the material
properties of the superconductor. For that and other reasons, the predominant
sources of nonlinearity in superconducting quantum circuits are JJ formed by a
tunnel contact. Yet, every superconducting wire is to some extent nonlinear as the
nonlinearity arises from the superconducting condensate.

The Josephson equations

In a JJ, a dissipationless current of Cooper pairs, denoted the supercurrent, can be
induced by a difference in the macroscopic phases of the superconducting electrodes
¢ = ¢1 — 2, and is sustained by the element up to a critical current I.. Figure[1.2]
depicts an example for a tunnel contact formed between two superconducting
electrodes, false color-coded in red and blue, with an artistic illustration of the
corresponding cross section of the contact.

The transfer of Cooper pairs from one electrode to the other is discrete, and since the
number of Cooper pairs and the phase of the macroscopic wavefunction are conjugate
variables, which are by definition Fourier transform duals, the discreteness of the
charge transport engenders the phase response to be periodic. The corresponding
relation between the supercurrent and the phase difference is referred to as the
current-phase relation, and for the ideal contact it takes the form of the first Josephson
equation [108]]

I(¢) = I.sin(¢). (1.13)

For weak links not formed by a tunnel contact, the current-phase relation can
deviate from the sinusoidal form significantly [134]. The time evolution of the phase
difference is determined by the voltage drop across the element, and expressed by
the second Josephson equation

. I d¢
(t) = e dr’ (1.14)
revealing a close similarity to the definition of the node flux operator. However, the
phase operator is defined on the unit circle only, which is why the two operators are
not necessarily identical. As U. Vool argues in his PhD thesis [221], a way of relating
the node flux and the phase difference is to introduce an infinitely large inductance
in parallel to the junction, which does not affect the solutions on the small scale,
but breaks the periodicity of the phase operator and assures the vanishment of the
wavefunctions at infinity.

12
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(a) L = const. (b)
N L # const. E .
= J
2L n
0.0 0.5 1.0 05 0.0 0.5
@/, ¢/ d

Figure 1.3: Josephson tunnel junction: Current-flux relation and energy potential. a) Current-flux
relation of an ideal JJ (solid blue line) and an ideal linear inductor (red dashed line), plotted against the
generalized flux across the elements ¢. The modulation amplitude is determined by the critical current
I of the JJ. b) Energy potential of an ideal JJ E « cos(®/¢g) (blue), together with the Taylor expansion
around the origin up to the quadratic @2 (red) and the quartic term ®* (purple). The linear inductance
corresponding to the quadratic curve is denoted the Josephson inductance Lj = @y /(271).

The Josephson potential

Under the assumption that the JJ is shunted by an infinitely large inductor, the
phase operator becomes the normalized flux operator ¢ = &/ @, with ¢ = 71/ (2¢)
being the reduced magnetic flux quantum. The potential energy associated to the
Josephson element is

E ., E
Epot = —Ejcos(§) ~ —E + o ¢* = 719* + 0(¢°), (1.15)

where Ej = 11l /(2e) is the Josephson energy.

The expansion of the Josephson potential for small phase differences (¢ < 1) shows,
that the JJ contributes to the circuit as a nonlinear inductance. Neglecting the energy
offset, the first term of the expansion corresponds to the harmonic potential of a
linear inductor, with the associated coefficient denoted the Josephson inductance
Ly =®y/ (27t1). The quartic term constitutes the first nonlinear term of the JJ, and is
usually sufficient to explain the dynamics governing a nonlinear circuit if the phase
fluctuations across the JJ are small.

In general, the phase fluctuations across the JJ determine the dynamics of the JJ,
and are controlled by the shunting element(s). This circumstance is utilized to build
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different flavors of quantum bits, where either the charge or the phase are considered
a good quantum number.

The Josephson Hamiltonian

For a tunnel junction, the two superconducting electrodes give rise to an additional
shunt capacitance, referred to as the junction capacitance Cj. Figure[1.4] depicts
the corresponding circuit diagram of a JJ, composed of a tunneling element with
sinusoidal current-phase relation (cross) and a capacitor (left-hand panel), as well as
the compact representation (right-hand panel).

Figure 1.4: Josephson tunnel junction: Circuit diagram. The circuit representation of a single Josephson
junction, formed between two superconducting electrodes separated by a thin insulating barrier
(see Fig., is a parallel circuit of a capacitor with charging energy E. = ¢?/(2Cj), where Cj is the
junction capacitance arising between the electrodes, and a tunnel contact (cross) with Josephson energy
E; = ®y/(2ml.), where I is the critical current of the junction. The critical current determines the
maximal supercurrent the JJ can sustain without dissipation, i.e. without a voltage drop across the
element. Therefore, the circuit representation is only valid for bias currents smaller than the critical
current. The self-resonant frequency of the equivalent circuit is referred to as the plasma frequency
wpl = /8EjE.. A more compact and commonly used representation of a J is shown on the right-hand
side.

The Hamiltonian of the JJ including the kinetic term due to the junction capacitance

is ) o )
H="=——-E o) 1.1
2G, jcos(P/ gp), (1.16)
which can be rewritten in the form
H = 4E.N? — Ejcos(d/ ), (1.17)
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1.1 Superconducting quantum circuits

by introducing the normalized charge operator N = Q/(2¢), and the charging energy
E. = ¢/ (2Cy). Despite its simplicity, the J] Hamiltonian is sufficient to describe
the vast majority of systems studied within the scope of my thesis, ranging from
parametric amplification to the implementation of qubits, as it describes different
dynamics depending on the relative size between the charging energy and the
Josephson energy.

1.1.3 The superconducting charge qubit

The superconducting charge qubit is not only the first superconducting qubit
implemented [30,166], but also one of its manifestations, the transmon qubit [116],
has become the most widely used qubit flavor until now. Conceptually, the idea of the
charge qubit is to encode the logical states in the charge states of a superconducting
island, connected to a charge reservoir via a JJ, therefore allowing only discrete
numbers of Cooper pairs on the island. If the island is small in size, the charging
energy, which is a measure of the Coulomb expulsion of two charged particles on
the island, dominates the dynamics of the circuit. In this regime, the charge qubit
is referred to as the Cooper pair box [206]. For large islands, the dynamics are
dominated by the superconducting phase.

The circuit diagram of the superconducting charge qubit is similar to the circuit
diagram of the J] introduced in the previous section, with the main difference being
an additional capacitance Cg connecting the superconducting island to a voltage
source. The application of a gate voltage changes the chemical potential of the island
continuously, and determines the equilibrium point of the charge. The charge qubit
Hamiltonian is

H = 4E.(N — Ng)? — Ejcos(®/ ¢p), (1.18)

where Ny = VyCq/(2¢) is the normalized offset charge due to the gate voltage
Vg, and is equivalent to a number of Cooper pairs. Notably, the contribution of
the gate capacitor changes the charging energy E. = ¢?/(2[Cj + C;)) of the island.
Since charge transfer is conducted via a tunneling contact, only discrete numbers of
Cooper pairs can tunnel onto the island. Figure[l.5/depicts the corresponding circuit
diagram, in which the superconducting island is highlighted in red.

In general, there are two complementary bases for the Hilbert space representation
of the charge qubit Hamiltonian: the eigenbasis of the normalized charge operator,
and the eigenbasis of the phase operator. Although both bases reproduce the same
results, the natural choice is to use the charge eigenbasis in the limit E. > Ej, and
the phase eigenbasis in the limit E. < Ej.

15



1 Introduction

In the charge eigenbasis the Hamiltonian becomes

A = 4E. i (N — Ng)? |N) (N
N=—oc0
-5 Y (IN) (N 1]+ [N+ 1) (N,
N=—c0

(1.19)

which again does only hold if individual Cooper pairs are transferred across the
JJ at a time. While the first term determines the kinetic energy associated to the
Coulomb expulsion, the second term determines the finite coupling between the
superconducting island and the charge reservoir of the environment.

Energy spectrum

Figure[l.5|depicts the energy spectrum of the charge qubit up to the fourth energy
eigenstate, numerically calculated as a function of the offset charge Ny € [—1,1]
for two ratios of the Josephson energy and the charging energy Ej/E. = 1.0 and
50, representative for the two limits of the circuit. For clarity, the energies E; are
expressed in a frequency scale and are offset by the minimum of the ground state
energy Eo.

In the first case, the spectrum is composed of a family of parabolas, which are
horizontally offset by integer values and represent the energies of the charge
eigenstates. Due to the finite tunneling, the parabolas split at the intersection points,
with the splitting between the ground and the first excited state being the Josephson
energy Ej. The point of operation for the charge qubit in this regime, denoted the
charge sweet spot, is at Ny = 0.5, as the slope of the first two eigenenergies vanishes
simultaneously. Representing the ground state in the charge basis (bottom panel)
reveals that the eigenstate at the charge sweet spot is an equal superposition state
between zero and a single Cooper pair on the island, with only a small contribution
of other states, justifying the choice of basis.

The obtained spectrum is highly anharmonic, meaning that the transition energy
Eo1 between the ground and the first excited state differs significantly from the
transition energy Eq, between the first and the second excited state. In general, the
anharmonicity « of an energy spectrum is determined by

ha = E12 - EOl- (120)

However, as it turned out in various experiments, stabilizing the charge qubit at the
desired point of operation proved elusive due to fluctuations in the uncontrolled
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Figure 1.5: Superconducting charge qubit: Circuit diagram and energy spectrum. The circuit diagram
of the superconducting charge qubit consists of a superconducting island, indicated in red, for which
the charge transfer with the environment is conducted via a Josephson junction — a tunneling contact
(cross) associated with the Josephson energy Ej = @/ (27l;) in parallel with the concomitant junction
capacitance C; — and is therefore discrete. However, the equilibrium point of the charge is controlled
by an external voltage source V, that determines the offset charge Ny = V;Cg/(2¢) on the islands. The
total charging energy of the island is Ec = ¢2/(2[Cg + Cj]). The left-hand and the right-hand panels
depict the energy spectrum of the circuit, numerically calculated for the two ratios Ej/E. = 1 and
50, as a function of the offset charge. Additionally, the case Ej/E. = 0.1 is plotted in light gray, and
serves as a reference. The first four energy levels are indicated by different colors. The comparison
between both plots emphasizes the distinct dependence of the energy spectrum on the value of the
offset charge observed in the regime in which the charging energy dominates or both energy scales
are comparable. With increasing ratio Ej/E., the dependence on the offset charge, the offset charge
dispersion, is exponentially suppressed. The lower panels indicate the ground state wavefunction in
the charge number basis for Ny = 0.5. For small ratios Ej/E. the charge number is a good quantum
number and the eigenstates of the charge qubit are almost identical to the charge number eigenstates.
With increasing ratio, the spread of the wavefunction increases.
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electromagnetic environment of the circuit, significantly limiting the quantum
coherence of the charge qubit [105].

Mitigating the effect of the offset charge on the qubit spectrum is achieved by
increasing the ratio Ej/ E¢, shown in the right-hand panel of Fig. as the splitting
at the intersection points flattens the dependency of the eigenenergies on Ng. This
causality is the idea behind the transmon qubit [116].

The Transmon regime

The transmon qubit is a type of superconducting charge qubit operated in the regime
E;/E. > 50, which is most commonly achieved by shunting a single JJ with an
additional capacitor. As a consequence, the circuit’s susceptibility to offset charges
is exponentially suppressed with /E;/E,, significantly enhancing the time stability
of the operational frequency. However, at the same time the anharmonicity of the
energy spectrum decreases.

In the transmon regime, the potential well due to the JJ is much larger than the
kinetic energy. Therefore, the representation of the dynamics in the phase basis
becomes more intuitive, drawing the picture of an effective phase particle trapped in
a cosine potential. Since the phase fluctuations across the JJ are small, the potential
energy is well approximated by the terms of a Taylor expansion up to the fourth
order. Neglecting the constant term of the expansion and the offset charge in the
kinetic energy, the approximated transmon Hamiltonian is

A~ aE 2+ D2 g

59— 5y (121)

which is the Hamiltonian of a harmonic oscillator with quartic perturbation.
Therefore, a suitable description of the system are the bosonic single-mode field
amplitude operators introduced for the harmonic oscillator:

¢ = gzrr (a+2") (1.22)

N = —iNgpr (a gt ) . (1.23)

Here, qo%PF = /2E./Ejand N%PF =,/ Ej/(32E.) are the zero-point fluctuations of
the phase and the normalized charge. Applying the rotating-wave-approximation,
i.e. keeping only terms that conserve energy, and using the bosonic commutation
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1.1 Superconducting quantum circuits

relation to perform a normal mode ordering, yields the Hamiltonian of the transmon
qubit in second quantization

. E
Hz(ﬁ&ﬂi—&)fﬁ-fﬁ%%@ (1.24)

where wy, is the resonance frequency of the fundamental transition. In quantum
optics, the obtained type of Hamiltonian is known as the Kerr Hamiltonian, where
K is the Kerr coefficient and determines the anharmonicity of the energy spectrum.
Mapping the charge qubit Hamiltonian onto the Kerr Hamiltonian reveals, that the
anharmonicity in the transmon limit, i.e. performing an expansion of the Josephson
potential up to the fourth order, is set by the charging energy of the shunt capacitor.

E.
o o (1.25)

This result constitutes the compromise between the offset charge dispersion and the
anharmonicity encountered in the charge qubit.

Despite its small anharmonicity compared to the Cooper pair box and other qubit
flavors, the transmon qubit has been successfully used for the first demonstration of
the so-called quantum supremacy [6], and persuades by its conceptual simplicity.

1.1.4 Bloch-sphere representation

In the qubit limit, the infinite Hilbert space of a superconducting quantum circuit is
truncated and mapped onto a two-dimensional space spanned by the logical ground
state |g), or |0) alternatively, and the logical excited state |e) or |1). While in many
implementations the logical ground and excited state coincide with the two lowest
physical energy eigenstates of the system, in bosonic codes, the infinite Hilbert space
of the harmonic oscillator is used to encode quantum information, and the ground
and excited state can be more complex superposition states [36,219].

A sufficient condition for the qubit limit of a multi-level system is, that transitions
between the energy eigenstates forming the computational basis are induced
at a significantly slower rate than the anharmonicity of the energy spectrum.
However, even for weakly anharmonic systems like the transmon, there are pulse
sequences designed to avoid the population of higher energy eigenstates outside the
computational basis [161], or which even exploit the higher dimensionality of the
underlying Hilbert space for the preparation of a logical quantum state |¥) inside
the computational basis [61].
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The Bloch-sphere representation shown in Fig.[I.6is a common way of displaying
the logical state |¥) of a quantum bit in the three-dimensional space

|¥) = cos (g) |0) + sin (g) e'%a 1), (1.26)

where 6 is the mixing angle between the ground and the excited state, and Pq is
the phase of the state with respect to a yet undefined reference. The corresponding
Hamiltonian of an ideal qubit is

N hwq ,
where ¢ is a Pauli operator, and wq = (E; — Eg) /% is the transition frequency
between the ground state |0) with energy Ej and the first excited state |1) with
energy Ej.

z 0)
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x g \ 10)—[1)
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72 " TV
0)-+[1)
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Figure 1.6: Bloch-sphere. Graphical representation of the two-dimensional Hilbert space spanned by
the logical states |0) and |1) of a qubit. The six cardinal points and the corresponding states are indicated
along the three coordinate axes. Any quantum state |¥) (red dot) on the surface of the Bloch sphere is
determined by two angles 6 and ¢q. In the Schroedinger picture, the state of the qubit precesses around
the z-axis at the transition frequency wq of the qubit. In statistical quantum mechanics, the surface of
the Bloch sphere hosts pure states, while mixed states reside in the interior.

Rabi-oscillations

In the Schroedinger picture, the time evolution of a system is described by the a
unitary operation U(t, to) acting on the initial quantum state of the system. If the
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1.1 Superconducting quantum circuits

system Hamiltonian is time independent, the evolution of the quantum state over
time is X

¥ (1)) = M) ¥ (1)) (1.28)
For an ideal qubit, the state |'¥(to)) initialized at time t( precesses around the z-axis of
the Bloch sphere at the qubit frequency wq, as illustrated in Fig. In order to induce
transitions between the ground and the excited state, an additional drive term has to
be added to the unperturbed Hamiltonian Hy, resulting in the Rabi-Hamiltonian

N hwg ~

HRapi = —5 0z + Q0 cos (wt) . (1.29)
Here, (2 is the drive amplitude, w is the drive frequency, and &y is a Pauli operator.
The presented form of coupling is referred to as a transversal coupling, as it does
not preserve the eigenbasis of the initial Hamiltonian. In a frame rotating at the
drive frequency, obtained by the unitary transformation U = exp (iwd,t/2), the
Hamiltonian becomes

) hAq. Q.
Hgabi = Tq(fz + 50 (1.30)

with the frequency detuning Aq = wq — w between the drive and the qubit. The new
eigenenergies of the so-called dressed Hamiltonian Hg,,; are E+ = j:%, 12+ A%l' and

since the corresponding eigenstates |£) of the Rabi-Hamiltonian are superposition
states of the bare eigenstates |0) and |1), the action of the additional term is to drive
transitions between |0) and |1) at a rate given by the generalized Rabi frequency

Op = /2 + A2, (1.31)
1
v
o
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Figure 1.7: Rabi cycle. Time evolution of the probability P; of finding a qubit in the excited state |1), if
a continuous microwave drive of amplitude (2 and frequency detuning Aq = wq — w is applied at time
to = 0.
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Figure[1.7) depicts the probability P; of finding the qubit in the excited state as a
function of the normalized time t and the frequency detuning A4 after preparing
the qubit in the ground state at t = 0. While the Rabi frequency increases with
increasing detuning, the contrast of the oscillation reduces at the same time. The
obtained pattern is known as the Chevron pattern.

1.1.5 Open quantum systems

So far, the discussion about superconducting quantum circuits has been carried out
on the basis of closed quantum systems — systems that are completely decoupled
from their environment. The quantum state of such an isolated quantum system
evolves indefinitely with time under the action of the corresponding Hamiltonian of
the system. Moreover, if the system is prepared in a superposition state, for instance
a state on the equator of the Bloch sphere (|0) + |1))/+/2, the phase relation between
the states remains well defined, which is referred to as quantum coherence.

Inreality, every quantum system exchanges information with its environment, sharing
its quantum state with a set of observers. For the study of a quantum system we, the
scientists, become observers, too, by delibaretly opening a communication channel to
the system. In the field of superconducting quantum circuits, the communication is
carried out by propagating microwave photons with energies Epy, /h ~ 0.1 — 20 GHz.
If the state of all other observers and their time evolution would be known to us,
the total system including the observers would remain coherent in the quantum
mechanical sense [164]. However, all quantum systems interact with uncontrolled
degrees of freedom, which are usually not accessible, therefore causing quantum
decoherence — the loss of information about the quantum state over time.

The extent of the interaction of a system with its environment is captured by two
characteristic time scales, the energy relaxation time T; and the dephasing time
T;. In both cases, introducing the corresponding relaxation rates as the inverse,
L =T Yand T, S =T ~1, becomes convenient when dealing with multiple decay
mechanisms.

Energy relaxation
In most cases the total energy relaxation into the equilibrium state of the system

is due to a combination of different physical effects, but can be categorized into a
decay rate x caused by the interaction of the system with the input port used to
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1.1 Superconducting quantum circuits

collect information, and the decay rate 7y caused by the interaction with uncontrolled
and unobserved degrees of freedom:

n=x+n. (1.32)

The corresponding relaxation times are Ty, = ! and Ty, = 7~ 1. In a direct
measurement of the system, x is the rate at which information about the quantum
state is obtained.

For a qubit, the energy relaxation time determines how fast the qubit reaches its
equilibrium state on average after it has been excited. Notably, depending on the
temperature of the environment, the equilibrium state is not necessarily the ground
state of the system, which is why two additional rates are distinguished: The rate I+
at which the environment excites the qubit from the ground state into the excited
state (|0) — [1)), and the rate I'| at which the excited state spontaneously decays
into the ground state (|]1) — |0)):

The equilibrium state depends on the relative size of both rates.

In general, the relaxation rates reflect the property of a time ensemble — a statistical
ensemble of identical copies of the system. If the state of the qubit is continuously
traced over time, usually fast transitions between the two states can be observed,
as shown in Fig.[L.§| (right-hand panel). Although such transitions are denoted
quantum jumps, implying a discontinuous quantum trajectory, recent experiments

100 200
t (ps)

Figure 1.8: Energy relaxation. Bloch sphere representation of energy relaxation processes, illustrated in
the rotating frame of the qubit transition frequency. On average, the qubit state transits from the ground
(blue) to the excited state (red) at a rate I, and in the opposite direction at a rate I'|. The rates are
defined as the inverse of the duration the qubit spends in the respective state. The continuous tracking
of the qubit state (grey lines) over time reveals fast transitions between the two states, referred to as
quantum jumps [155, 218]]. The black line indicates the qubit state inferred from the system response Q,
which is explained in more detail in Sec.
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have confirmed that the transitions are coherent Rabi transitions induced by the
environment, usually taking place much faster than the time resolution of the
measurement [155]].

Dephasing

The dephasing rate is a measure of how fast the phase coherence of a prepared
superposition state decays with time, i.e. how fast a pure quantum state becomes a
statistical mixture, and is usually caused by a combination of energy relaxation and
the fluctuation of the system’s transition frequency expressed in the pure dephasing
rate Ip. For a qubit prepared in a superposition state between the logical ground
and first excited state, the dephasing rate is

I

I =5 +1p (1.34)

In the ideal case, the dephasing of a qubit is dominated by energy relaxation (I}, — 0),
and the dephasing time becomes

T} = 2T;. (1.35)

According to conventional terminology, the asterisk indicates the dephasing time
extracted from a Ramsey fringes experiment [186], as exemplarily shown in Fig.[1.9]
In comparison, the time T; refers to the dephasing time obtained in a Hahn-echo
experiment, an experiment designed to filter the low-frequency components of pure
dephasing processes [94].

T NG #0
0 10 20
t (us)

Figure 1.9: Dephasing. Bloch sphere representation of pure dephasing in the rotating frame of the
(fixed) qubit transition frequency. For every component of the time ensemble representing the statistical
average, the qubit frequency is slightly different, causing a rotation in the rotating frame, as indicated
by the faint arrows. The projection onto the computational basis shows an exponentially decaying
oscillation between the logical ground and excited state, where the oscillation frequency depends on
the detuning A4 between the rotating frame and the qubit transition frequency, and the characteristic
time scale of the envelope is T

qubit inversion
o
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Reflection coefficient

For superconducting quantum circuitry, a common way of characterizing a system is
to measure the reflection coefficient I'(w) — the ratio between the outgoing and the
incident field — through a dedicated input port in close vicinity to the resonance
frequency of the system X

IN'w) =S (w) = <Bj’“t>. (1.36)

<Bin>

Here, Bi,, and Boy; are the bosonic single-mode field amplitude annihilation operators
of the fields propagating inside the input port. Referring to electrical engineering,
the reflection coefficient is often denoted Syj, the first entry in the scattering matrix
of a multi-port network.

In general, the reflection coefficient is a complex function of the probe frequency w
and power P, = fiw <Bi+nBin>/ and allows not only to distinguish between internal
and external energy decay, but also to measure the frequency fluctuations of a
system causing dephasing. While the reflection coefficient remains independent of
the applied probe power for harmonic systems, the response of anharmonic systems
can be highly nonlinear.

1.1.6 Circuit quantum electrodynamics

In analogy to cavity quantum electrodynamics (CQED) [142,185]], the experimental
framework in which natural atoms interact with the quantized light confined in
a three-dimensional superconducting cavity, in circuit qunatum electrodynamics
(cQED), artifical atoms built from superconducting thin films are coupled to dedicated
readout resonators [24, [224]. Figure shows an illustration of the conceptual
resemblance between both fields. Notably, for cQED experiments, the harmonic
mode can be an on-chip 2D resonator [11} 33, [224] or a 3D cavity [171, 180]. In
both cases, the corresponding Hamiltonian describing the interaction between the
quantized electromagnetic light and the (artificial) atom is known as the quantum
Rabi Hamiltonian [[183)[184]
N hwq ~ At . "

Hg = TO'Z + hewed] dr + g0 (ar + ar> , (1.37)
where 4] and 4, are the creation and annihilation operators of the cavity mode,
respectively, with a bare transition frequency wy, and g is the coupling rate between
the resonator and the qubit. In the presented from, the coupling is transversal, for
instance induced by a finite coupling via the electrical fields of both modes, and
does not preserve the eigenstates of the uncoupled systems. Although not further
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Figure 1.10: Circuit quantum electrodynamics (cQED). Similar to the field of cavity quantum
electrodynamics (CQED), where natural atoms are coupled to the quantized light confined in a cavity
[185], as illustrated by the artistic sketch, in cQED, an artificial atom is coupled to the electrical
or magnetic field of a microwave cavity. The circuit visible on the left-hand side of the optical microscopy
image constitutes the harmonic cavity, while the artificial atoms is a transmon qubit visible on the
right-hand side. The inset shows an SEM image of the JJ, where the two superconducting electrodes on
both sides are false color-coded in red and blue similar to Fig.

discussed, the coupling scheme preserving the bare eigenstates is referred to as a
longitudinal coupling [62].

Provided the coupling rate is significantly slower than the transition frequency of
qubit and cavity (g < wq, wr) the application of the rotating wave approximation is
justified, yielding the Jaynes-Cummings Hamiltonian [106, 226]

N hw
Hyjc = —1

&, + heoedlae + g (mar + a:a_) . (1.38)

The interaction term reveals that individual excitations are exchanged between the
cavity and the qubit ata rate g. In the dispersive limit of cQED, the frequency detuning
Agqr = wq — wy between both systems is significantly larger than the coupling rate
Agr > g,and the Jaynes-Cummings Hamiltonian can be approximately diagonalized

24]

A n
H]sz(

The information about the qubit state is encoded in the frequency of the readout
resonator, where xqr = g2 /Agr is the qubit state induced dispersive shift. Moreover,
the dispersive measurement technique of the qubit state is quantum non-demolition
(OND), meaning that the projected state of the qubit remains preserved after

wq + Xqr) 0z + 1 (wr + xqr0z) a1y (1.39)
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Figure 1.11: cQED:dispersive readout. Phase arg(S11) of the reflection coefficient measured around
the resonance frequency w; of a readout resonator with internal and external decay rates v and «,
respectively. The solid lines indicate the expected response if the qubit is in the ground state |0) (red),
and the excited state |1) (black), assuming a dispersive shift 2xqr = —27 X 480 kHz. In the limit x > -,
the resonator response in the complex plane covers all four quadrants (inset), and, for a fixed frequency
readout tone (vertical black dashed line), the information about the qubit state is encoded in the
reflected phase. The right-hand panel shows an example of a measured histogram of the reflection
coefficient, when the qubit has been prepared in a superposition state on the equator. The two circular
regions correspond to the coherent states prepared in the readout resonator if the qubit is in the ground
and the first excited state.

the readout. However, above a critical photon number inside the resonator, the
dispersive approximation breaks down [24]. Moreover, in many cQED experiments,
the breakdown of the QND property of the readout is found to occur for even
significantly smaller photon numbers inside the resonator [155]].

The main advantage of the dispersive readout is the independent control of the
energy decay of the qubit into the input port, and the rate at which information
about the qubit state is collected, which is now determined by the coupling rate of
the resonator. An example of the dispersive readout of a transmon qubit is shown in

Fig.[L11]

ac Stark shift and measurement-induced dephasing
Another aspect of the Jaynes-Cummings Hamiltonian becomes visible if the indi-

vidual terms are arranged in a different order. In the same way the quantum state
of the qubit is encoded in the resonance frequency of the resonator, the number of
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photons inside the resonator is reflected by the qubit transition frequency, an effect
known as the ac Stark effect. The resonator induced frequency shift is

wq(r‘zr) = Wq,0 + Mr2Xqr, (1.40)

where 7i; is the average photon number in the resonator. If the dispersive shift is
calibrated from histograms similar to Fig. measuring the qubit frequency allows
for a precise calibration of 7i;.

In most cQED experiments, instead of the application of Fock states, which are more
complicated to prepare [99]], the state of the readout resonator is measured with a
coherent state, a Poisson distributed superposition of Fock-states (see App.[B). Since
the Poisson distribution broadens with increasing readout power, the linewidth of
the qubit transition increases in addition to the frequency shift, as shown in Fig.[1.12]
This effect is known as measurement induced dephasing.

Provided the dispersive shift per photon 24 is significantly larger than the linewidth
of the qubit, individual qubit transitions can be observed for each Fock state occupied
in the readout resonator. As an example, in the case of a coherent state stored in the
resonator, its Poisson distribution in the Fock basis can be recovered from the qubit
spectrum [79, 201].
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Figure 1.12: Measurement induced detuning in ¢QED. Dispersive shift of the readout resonator
measured on resonance with an increasing on-chip readout power P.. An additional drive tone is
applied at frequency f4 in order to excite the qubit. With increasing readout power, the transition
frequency of the qubit decreases (AC-Stark effect), while the transition broadens at the same time due
to measurement induced dephasing, as indicated by the Gaussian (red) and Lorentzian (black) fits.
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Beyond the qubit approximation

For qubits with small relative anharmonicity (#/wq < 1), the two-level approxima-
tion does not describe the observed behavior of the system accurately. The transmon
qubit is such an example, where the dispersive shift of the readout resonator is
lower compared to the two-level approximation due to the presence of higher energy
levels. Including the third level, the dispersive shift is [116]

Xqr = Xo1 — % (1.41)

with xj i1 = g]%jﬂ /((Ejy1 — Ej)/h — wy). The coupling rates between the transmon
transitions and the readout resonator are determined by the off-diagonal matrix
elements of the charge number operator g; 11 o« (j|N|j+ 1). In the limit Ej >> E,,
the matrix elements of the two lowest transitions are g3, ~ 2¢3, = 2¢%, and the
dispersive shift can be approximated by

2
N 1.42
Xar ™ A A+ a (1.42)
The corresponding Jaynes-Cummings Hamiltonian becomes [116]
~ h . N
A =5 (@ + x01) 0=+ 1t | wr — % + [xon - %} o | ata,.  (1.43)
— —_— ——

=Wq =wr =Xaqr

Here, the dressed transmon and resonator frequencies @wq and @, respectively, are
offset owing to the finite coupling rate and quantum fluctuations in both systems
[74,81]. Therefore, the induced shifts are referred to as Lamb-shifts [21} 124], which
are generally not identical for both systems.

In the spirit of the quantum optics description of the transmon qubit (see Eq. ,
the cQED system can also be described solely based on bosonic field amplitude
operators for both systems [168]:

N o 2
o~ ata q (At\< A2 At A ata
H/h = Wqlglq + - (11 ) ag+ quraqaqar ar

q
2 (1.44)
= ats A ()T 2
+ @eliple + o (A ) 0
Here, ﬁ:& and dq are the bosonic field amplitude operators of the qubit mode with

fundamental transition frequency @q, and aq is again the qubit anharmonicity. Due to
the nonlinearity of the qubit circuit and the linear, transversal coupling, the resonator
mode inherits a nonlinearity itself, captured by the resonator anharmonicty a,. In most
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cases, this nonlinearity is small compared to the linewidth of the resonator, yielding a
completely different response as discussed in Sec. Conclusively, in this quantum
optics picture, the dispersive interaction is a cross-Kerr interaction, an important
concept revisited in the context of low-loss amplification with superconducting
circuits.

1.2 Superconducting quantum circuits for hybrid
architectures

Theideabehind hybrid architectures is to combine different types of quantum degrees
of freedom, for instance superconducting quantum circuits, spin and molecular
qubits, and magnons, to achieve an operational performance of the combined system
that couldn’t be reached by the individual systems [232].

Preserving quantum coherence

In every quantum system discussed in the context of quantum computing, an optimal
compromise between deliberate exchange of information and the preservation of
the logical quantum state stored in the system has to be found [197]]. At the end,
what matters is the number of possible operations. The nuclear spin of atoms is an
example for a quantum system which can be well isolated from its environment,
and preserves the initialized quantum state for seconds [162]] and even hours [239],
outperforming most other qubit candidates. However, the high degree of isolation
exacerbates the fast manipulation of the quantum state and the implementation of
fast two qubit gates, which are technological prerequisites for quantum information
processing. Therefore, systems allowing for the possibility to switch interactions on
and off with high contrast deliberately, are of great value.

Boosting interactions with superconductors

Superconducting quantum circuits are particularly interesting for hybrid systems as
they offer a high degree of control over the circuit parameters. Since the circulating
currents and voltages give rise to electric and magnetic fields, their capabilities
of combining them with other quantum systems are manifold. Moreover, the
dissipationless energy transport provided by superconductors reduces local heating
significantly.
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Another practically unique property of superconductors is the kinetic inductance, an
inductive contribution arising from the motion of the Cooper pairs, which can exceed
the geometric inductance by orders of magnitude. Due to the kinetic inductance, the
impedance of a superconducting circuit is not limited by the vacuum impedance, and
the interaction between light and matter is not limited by the fine-structure constant
[197]. Recently, high impedance superconducting resonators have been used to
implement quantum buses between spin qubits in semi-conductor heterostructures
[125}154].

Demands on superconductors

In many hybrid systems, the application of strong, external magnetic fields is
required for the control of at least one of the quantum systems [232]. Although
the superconducting state is weakened by the presence of magnetic fields in most
cases, as I will briefly discuss in the following sections, there are superconducting
materials sufficiently resilient against magentic fields. Conventionally, the magnetic
field resilience of a superconductor is expressed in a critical magnetic field B., which
usually depends on the orientation of the field direction with respect to the plane of
the superconducting thin film [214].

Another aspect is the operational temperature of the systems. In conventional (metal-
lic) superconductors, the formation of Cooper pairs is linked to a characteristic energy
scale. As a consequence, the superconducting state prevails only at temperatures
below a critical temperature T.. Additionally, even at electronic temperatures below
the critical temperature normal-conducting excitations out of the superconducting
ground state, the quasiparticles, are present, and although superconductors carry
direct currents dissipationless, at finite frequencies, the excitation of quasiparticles
adds dissipation to the circuit [93, 169, 220, 227].

In the following sections, I will briefly discuss the main requirements on supercon-
ductors in more detail: the effect of external magnetic fields on superconductors and
the resulting consequences for quantum circuits, as well as the kinetic inductance
naturally arising from the superconducting condensate. Finally, I will discuss the
properties of a promising material: superconducting granular aluminum.

1.2.1 Superconductors in finite magnetic fields
For the operation of a superconducting quantum circuit in external magnetic fields,

several effects have to be considered that can influence the performance of the
circuit: the suppression of the superconducting gap and the critical temperature, the
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penetration of the thin film by Abrikosov vortices [4], and interference effects inside
a Josephson tunnel junction [214].

Suppression of the gap parameter

In all superconductors, the application of an external magnetic field destroys the
superconducting state eventually. The presence of a magnetic field breaks the
time-reversal symmetry and lifts the energy degeneracy between electrons with
opposite spin and momentum, which are predominantly involved in the formation
of Cooper pairs. While the Zeeman splitting of the electron spin is independent of
the field orientiation with respect to the film plane, the effect on the orbital motion of
the electrons is usually different for fields applied parallel and perpendicular [214].

In the Abrikosov Gor’kov theory, the strength of an external perturbation on the
superconducting condensate is specified by the energy difference it causes between
time-reversed electrons [214], and is referred to as the pair breaking strength 2apg.
If the pair breaking strength equals the BCS gap Agg in zero magnetic field and
temperature, the superconducting state finally vanishes.

The characteristic parameters of a superconductor are the critical temperature T,
the gap parameter A, which is a measure of the pair correlation of two electrons, and
the energy gap (2 in the quasiparticle excitation spectrum. In zero magnetic field
the gap parameter and the energy gap are not only identical and commonly referred
to as the superconducting gap, but also related to the critical temperature according
to the BCS theory [10]

Apcs(T =0,B =0) = Agy = 1.76kpTe. (1.45)

Although this relation does not strictly hold in the presence of external magnetic
fields [208], it is used to approximate the dependence of the superconducting gap on
the pair breaking strength from the behavior of the critical temperature. By applying
a two-fluid model similar to the calculation of the kinetic inductance discussed in
more detail in Sec.[1.2.2} the dependence

Alapg) _ |1 —2app/Aoo (1.46)
Ago 1+ 2app/Aogo ’

is found [214]. The pair breaking strength entering the equation depends on the
physical origin of the external perturbation. For instance, the action of an external
magnetic field applied in-plane with respect to a superconducting thin film is
described by a quadratic relation between the pair breaking strength and the applied
magnetic field app o B?, while it is a linear dependence apg « B for out-of-plane
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fields [214]]. Assuming that the superconductivity is destroyed above a critical
magnetic field B, the dependence of the superconducting gap on the in-plane
magnetic field is

(1.47)

Magnetic field penetration

The response of superconductors towards external magnetic fields is generally
divided into two different categories or types [214]: Superconductors of type-I expel
the magnetic field from the inner volume of the superconductor, and remain in the
so-called Meissner phase up to the point the superconducting state vanishes at the
critical magnetic field Bc. To the contrary, type-II superconductors expel the magnetic
field only up to a first critical field B.;, above which the superconductor enters
an intermediate phase and is partially penetrated by the magnetic field in form
of Abrikosov vortices, until the superconductivity is destroyed above the second
critical field B .

In the Meissner phase, external magnetic fields are expelled by the induction of
screening currents in a narrow region below the surface [151]]. The thickness of
this region is determined by the penetration depth A. Provided the magnetic fields
are homogeneous on the length scale of the BCS coherence length o, which is the
characteristic length scale on which the pair correlation between two electrons with
opposite spin and momentum decays, the penetration depth derived from BCS
theory approaches the value found in the classical London theory [138].

The London theory is phenomenological and local, and assumes that the magnetic
field exponentially decreases on the length scale of the London penetration depth
AL. At zero-temperature, the London penetration depth is [214]

1/2
AL(T =0) = (WZ”(;)Z) : (1.48)

Here, m. is the electron mass, e is the elementary charge, y1( is the vacuum permeability,
and n; is the Cooper pair density.

Disordered superconductors

In superconducting materials with a short mean free path [ of the electrons, the
coherence length of the superconducting condensate is reduced and the ability of
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the condensate in screening external magnetic fields is weakened. This circumstance
is captured by an effective penetration depth A [214]

Zo 1/2

Aett ~ AL(T) (1 + l) , (1.49)
which is always larger than the London penetration depth. As a side note, for
completeness, the coherence length {y entering the expression for the effective

penetration depth can deviate from the BCS coherence length [214].

Vortex state

According to the phenomenological Ginzburg-Landau theory, the two types of
superconductors are distinguished by their surface energy arising at interfaces
between superconducting and normal-conducting regions. The sign of the surface
energy depends on the ratio of the penetration depth and the coherence length. For
a type-II superconductor, the penetration depth is much larger than the coherence
length and the surface energy is negative, favoring the formation of normal-
conducting regions separated from the superconducting regions by a circulating
screening current, referred to as Abrikosov vortices. Each vortex carries a single
magnetic flux quantum &y = h/(2e).

In thin films of superconductors, for which the penetration depth is comparable
to the film thickness, the screening potential of the condensate is usually reduced
additionally, as the mean free path is smaller due to scattering at the film boundaries.
As a consequence, superconductors that are of type-I in bulk can become type-
II superconductors in thin films. Although magnetic vortices constitute regions
of reduced superconducting gap, acting as sinks or traps for quasiparticles, the
uncontrolled motion of vortices can induce noise to a quantum circuit [211].

Interference effects in Josephson junctions

Similar to the flux quantization in superconducting loops and Abrikosov vortices,
the magnetic flux @ enclosed in a JJ perpendicular to the tunnel contact is quantized
in multiples of the magnetic flux quantum @y. The area A considered in the case of a
JJ, the equivalent to the loop area in a SQUID, is determined by the width b of the JJ,
the thickness of the insulating barrier d, and the penetration depth A, as illustrated
in Fig.[1.13a. As long as the inductance of the superconducting electrodes is small,
screening effects are negligible, and the enclosed flux is equal to the external flux
(Dext-
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If the applied external flux deviates from integer multiples of the magnetic flux
quantum, the supercurrent density J(x) across the JJ oscillates sinusoidally as a
function of the position coordinate x. As a consequence, the net supercurrent I across
the J] becomes a function of the external magnetic flux. For JJs with a rectangular
shape, and assuming a homogeneous external magnetic field Bex; and critical current
density j., the dependence of the maximal supercurrent on the external magnetic

flux is [214]
sin(7mPext/ Po)

TT@ext / Po

As shown in Fig.[1.13b, the obtained supercurrent beyond the central maximum
is significantly smaller than in zero-field even if the condition for constructive
interference is met. In case the JJ is embedded in a tank circuit, the suppression of the
critical current caused by a destructive interference lowers the transition frequency
of the circuit significantly [196].

[(®ext) = I (1.50)
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Figure 1.13: Josephson tunnel junction: Interference effects. a) Cross section of a conventional JJ
sandwich structure composed of two superconducting electrodes of thickness t, denoted S; (red) and
Sy (blue), separated by a thin insulating layer (grey) of thickness d. Similar to a superconducting loop,
the magnetic flux @y enclosed in the area around the tunnel contact determined by the penetration
depth A and indicated by the black dashed line, is quantized and an integer multiple of the magnetic
flux quantum @y. In the presence of an external magnetic field Eext (green) oriented in parallel to the
plane of the JJ, the supercurrent density J(x) oscillates sinusoidally along the JJ. As a consequence, the
maximal net supercurrent I(Peyt) across the JJ becomes a function of the external magnetic field. b)
Characteristic oscillation of the maximal supercurrent, normalized by the critical current in zero-field I..
At integer multiples of the magnetic flux quantum, except at zero-field, the supercurrent is completely
suppressed.
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In practical terms, for a magnetic field applied in-plane, the relation between the
enclosed magnetic flux @ex; and the external magnetic field Bext is

Pext = Bextb (d +210) . (1.51)

Hence, the modulation period of the critical current depends on the physical
dimension of the JJ: assuming a vertical expanse of d + 2A = 40nm, a b = 50 nm wide
JJ] would be suppressed at 1 T, and already significantly limited in its applicability at
much smaller fields. As a side note, the obtained result is only valid if the width of
the JJ is significantly smaller than the Josephson penetration depth [216].

1.2.2 Kinetic inductance in superconductors

Any wire made from a conductive material gives rise to a linear geometric inductance
which creates a magnetic field surrounding the wire according to Maxwell’s equations
if a current flows through it. Although the magnitude of the geometric inductance
generally depends on the dimension and shape of the wire, it is usually on the order
of a few tens of pH/pm. In a superconductor, another inductive contribution arises
from the kinetic motion of the Cooper pairs. Due to scattering effects of the electrons,
the Cooper pairs inside a superconductor experience a finite inertia against the
acceleration caused by an alternating electric field. The effect of the inertia on the
response of the system, i.e. the current, is similar to the delay observed in an inductor,
and is referred to as the kinetic inductance. In contrast to the geometric inductance,
it depends on the microscopic properties of the superconducting material, and is not
associated with an external magnetic field surrounding the wire, but rather a magnetic
flux inside the wire. In pure superconductors, for instance aluminum, the magnitude
of the kinetic inductance is usually only a fraction of the geometric inductance,
but can be orders of magnitude larger in disordered or granular superconductors,
reaching values up to ~ nH/pm.

Complex conductivity

The response of a superconductor to an alternating electric field is described by the
electrical conductivity o, which is generally frequency dependent and relates the
current density J with the electric field E. For a one-dimensional wire, the relation is
[214]

] = (01 (w) +icm(w)) E. (1.52)

While the real part 0 (w) accounts for energy loss in the material, the imaginary
part 02(w) is a measure of the charge carriers inertia, and will be related to
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the kinetic inductance. Although the energy dissipation in a superconductor is
zero for constant fields, it is generally non-zero at finite frequencies due to the
presence of normal-conducting excitations of the superconducting ground state, the
quasiparticles.

Even for excitation frequencies well below the superconducting gap (w < 24/h)
and temperatures well below the critical temperature (T < T.), non-equilibrium
quasiparticles can be present in a superconductor [57, (107, 229]. Hence, in the
two-fluid model[214], the response of a superconductor is described by a combination
of a non-interacting superconducting, and a normal-conducting fluid.

At finite excitation frequencies w > 0, the real part of the total conductivity is
dominated by the quasiparticles (index #), and the imaginary part is dominated by
the condensate (index s)

0(w) = o n(w) —iops(w). (1.53)

The physical implications of the complex conductivity for superconducting quantum
circuitry can be better understood by translating Eq.[1.53] into the language of
electrical engineering. In electrical circuits, the complex conductance plays the role of
an admittance, which is the inverse of the impedance Z. In the spirit of the two-fluid
model, the impedance of the superconductor is modeled with a parallel circuit
consisting of a resistor R and an inductor Ly

1 1 1 As
7 R ik ZU((/J). (1.54)

Here, I and A are the length and the cross section of the considered superconducting
wire, respectively. The comparison between the terms on both sides of Eq. yields
an expression for the resistance R

ls 1

== __ = NgRpg, 1.55
Ao oRo (1.55)

and an expression for the kinetic inductance Ly

1
Ly = N ,
k - twoy s

(1.56)

where N is the number of squares of the wire, t is the film thickness, and
Ro = 1/(oyut) is the sheet resistance. The interpretation of the obtained result
is, that at finite excitation frequencies w, the intrinsic inertia of the condensate
gives rise to an reactive impedance, and, therefore is not a perfect shunt for the
dissipative quasiparticle branch. Hence, the impedance of the circuit is enhanced
due to the kinetic inductance of the condensate, but the presence of quasiparticles
will introduce finite losses.
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Figure 1.14: Kinetic inductance in superconductors. The grey cuboid illustrates a superconducting
wire of width b and length I, patterned from a superconducting thin film of thickness ¢. The geometry
of the wire, as seen from a top view, can be sectioned into squares. In many cases, the properties of the
wire can be derived from the total number of squares or sheets N arising from the geometry, and
the system parameters specified per sheet, for instance the sheet resistance R = pn/t, where py, is
the normal-state resistivity of the material, or the sheet inductance Lg. In a superconductor, the sheet
inductance is generally a combination of a geometric contribution related to the wire geometry, and
a kinetic contribution arising from the kinetic motion of the Cooper pairs. Since normal-conducting
quasiparticles are usually present, the response of a superconductor towards an alternating electrical
field E(w) is commonly described by a two-fluid model, as illustrated in the bottom left panel. While the
quasiparticles (blue) are prone to inelastic scattering, for instance at the wire boundaries or impurities
in the crystal lattice (red circles), adding dissipation to the system, the Cooper pairs (grey) propagate
dissipationless but inherit a finite inertia, causing a time delay. Therefore, neglecting the geometric
inductance, the electrical response of a superconducting wire can be mapped onto a parallel circuit
composed of a resistive branch representing the quasiparticle, and an inductive branch representing the
condensate. At finite excitation frequencies, the condensate is not a perfect shunt for the quasiparticle
branch, and the presence of quasiparticles is dissipative. In disordered superconductors, the kinetic
inductance can exceed the geometric inductance by orders of magnitude.
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Mattis-Bardeen theory

An expression for the imaginary part of the conductivity in the superconducting
state is found in the Mattis-Bardeen-theory (MBT) on the anomalous skin effect
in normal and superconducting metals [150]]. In the local (I < A1) and dirty limit
(I < &p), where [ is the mean-free path of the electrons, the imaginary part of the
superfluid conductivity oy is related to the resistivity in the normal-conducting
state p,;, and the kinetic inductance associated with the condensate is

Roh 1

2m2A tanh (A

Ly = Ng
2kBT>

(1.57)

Lo

Here, T is the electronic temperature, A is the gap parameter, Rg = pn/t is the
normal-state sheet resistance or resistance per square, and L is the sheet inductance.
At temperatures well below the critical temperature (T < T¢), the expression for the
sheet inductance reduces to R
O

Lo = P2A" (1.58)
Based on these simple relations, provided the energy gap A or the critical temperature
T are known, an estimate of the kinetic inductance emerging in the superconducting
state is possible for a given geometry, by measuring the normal-state sheet resistance
of the material at room temperature and extracting the total number of sheets from
the circuit design. However in general, for distributed devices with a non-uniform
current distribution along the superconductor, the energy participation of each part

has to be taken into account in addition.

1.2.3 Superconducting granular aluminum

Superconducting granular aluminum (grAl) is a promising candidate for the
application in hybrid architectures owing to its tunable and intrinsically nonlinear
kinetic inductance [144, 198, 230], the large critical magnetic in-plane field [29, 43,
47], and low losses in the microwave regime [90, 91,217, 230].

As its name indicates, the grAl microstructure is composed of crystalline aluminum
(Al) grains embedded in an insulating, non-stoichiometric AIO, matrix, which grows
when Alis evaporated in an oxygen atmosphere. Even for a small amount of oxygen,
separated Al grains form. The typical diameters are (3 & 1) nm [54], but the grain
size generally depends on the substrate temperature during the film deposition [3].
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Figure 1.15: Granular aluminum microstructure. Scanning tunneling microscopy image (left-hand
panel) of a granular aluminum (grAl) thin film, adapted from Ref. [234]]. The microstructure of grAl
consists of crystalline Al grains with diameters on the order of a few nanometer, which are embedded
in an insulating, non-stoichiometric aluminum-oxide (AlO,) matrix. Since the tunneling of Cooper
pairs between neighboring grains gives rise to a nonlinear kinetic inductance similar to conventional
JJs, the electrodynamics of grAl thin films are modeled as networks of JJs.

Similar to conventional J]J, the transparency of the insulating barrier separating
neighboring grains allows for an inter-grain coupling via the Josephson effect,
constituting the source of kinetic inductance and nonlinearity of superconducting
grAl. Taking the results of the MBT for disordered superconductors summarized
in Eq.[1.58|as a basis, the magnitude of the kinetic inductance is controlled by the
normal-state resistivity p, and the sheet resistance R = pn /¢ of the film. For grAl,
the resistivity is controlled by the partial oxygen pressure in the evaporation chamber
po, and the Al evaporation rate 74}, as shown in Fig.[1.16p.

The obtained sheet inductance in grAl thin films can be varied over three orders
of magnitude reaching values up to nH/O for films of t = 10 — 20nm thickness
[90] 238]. So far, the kinetic inductance of grAl has been successfully used for the
implementation of linear superinductors [91], promising circuit elements for new
qubit concepts, and particle detectors [217]]. However, the nonlinearity stemming
from the grAl microstructure has not yet drawn much attention in the context of
superconducting quantum circuits.

Another consequence of the grAl microstructure is a dome-shaped phase-diagram
of the critical temperature T and the superconducting gap Ag,aj Observed in grAl
thin films as a function of the normal-state resistivity pn, with a maximum occuring
between p,, = 100 — 1000 uQ2 cm [133},[181] (see Fig.[1.16p). While films evaporated
on cold substrates T < 100K reach values up to T, > 3K [181], films evaporated
on room-temperature substrates are limited to T, ~ 2.2 K [133]]. Despite numerous
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Figure 1.16: grAl: phase-diagram. a) Critical temperature T. of grAl thin films as a function of the
normal-state resistivity p, constituting the grAl phase diagram. Adapted from Ref. [133]. The behavior
observed for the superconducting gap A4 is similar. With increasing resistivity, the critical temperature
increases until it reaches a maximum value, which depends on the substrate temperature during
evaporation. Above a certain resistivity, the films do not become superconducting on a macroscopic
scale and enter an insulating regime. b) Normal-state resistivity of grAl thin films measured at room
temperature, plotted as a function of the ratio between the partial oxygen pressure in the evaporation
chamber pp, and the Al evaporation rate r4;. Notably, the evaporation rates are mean values, calculated
from the film thickness and the duration of the evaporation. The black solid line indicates an exponential
fit passing through the coordinate origin, excluding the outlier.

experimental investigations [9,47,54,/133}(181], an unambiguous physical explanation
for the enhanced critical temperature is still missing.

Among the discussed explanations for the dome-shape is the competition between
finite size effects in the Al grains enhancing the critical temperature [173], and an
increase in the phase fluctuations of the superconducting order parameter with
increasing normal-state resistivity, which eventually suppresses superconductivity
on a macroscopic scale eventually [52]. Evidence obtained by optical spectroscopy
measurements suggests a Mott-type superconductor-to-insulator transition driven
by the increasing decoupling between the grains and an increasing electrostatic
charging energy [160], supporting the notion of well separated grains rather than
disorder on the atomic scale. A comprehensive overview on superconducting grAl
in the literature is given in Ref. [89].

Quantum electrodynamics
Motivated by the grAl microstructure, the quantum electrodynamics of grAl thin

films can be modeled with the aid of effective arrays of JJs. For geometries favoring
a unidirectional current along the film, for instance rectangular-shaped stripline
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Figure 1.17: grAl: effective circuit model. Graphical illustration of a rectangular-shaped grAl strip with
volume Vgrar = I x w x t. For the prediction of the cQED properties, the film is divided into equally
sized segments of length a, which are thought of being separated by insulating barriers, forming a
one-dimensional array of effective JJs. The critical current I. associated to each effective JJ is determined
by the critical current density j., an intrinsic property of the film, and the cross section of the segment
A = w x t, a property of the geometry: I. = j./(w x t). The effective junction capacitance Cj is expected
to be large, but determining a value experimentally is generally difficult.

resonators or more generally geometries with a large aspect ratio, the dimensions of
the effective array can be reduced to one [144].

In the one-dimensional limit, the total grAl volume Vi, is divided into segments of
volume a X w x t, where a is the length of an effective junction, and w and t are the
width and the thickness of the film, respectively, as shown in Fig.[1.17, Therefore,
the total number of effective junctions of a rectangular strip is N = [/a, which is
also the total number of degrees of freedom considered in the model.

Provided the zero-point fluctuations of the phase difference between neighboring
grains are small, the nonlinearity emerging from the inter-grain coupling can be
treated perturbatively, similar to the transmon qubit [116] (see also Sec.[T.1.3). The
corresponding quantum optics Hamiltonian of such a weakly nonlinear multi-mode

system is
. N-1 h N-1 h
H= Y hwnudlim+ EKmrmwmﬁLﬁmﬁLﬁm + EKm,kwma;ama;ﬁk, (1.59)
m=0 m,k=0

self—Kerr
cross—Kerr
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where wy, are the N eigenmodes of the model, and Kj;, ,, and K,,  are the self-Kerr
and cross-Kerr coefficients, respectively. The model prediction for the self-Kerr
coefficient of the fundamental mode Ky; is

2

w
Ky = —Crrea———, (1.60)
JeVgral

where C is a numerical factor close to unity, generally depending on the standing-
wave pattern of the current, and e is the electron charge [144]. Consequently, for a
given frequency wy, the implementation with the smallest volume and lowest critical
current density jc offers the largest nonlinearity.

Critical current density

Besides the resonance frequency and the grAl volume, the prediction of the expected
self- and cross-Kerr coefficients requires the knowledge of the critical current density
jc in grAl films. Similar to conventional JJ, the critical current density is a measure
of how much dissipationless supercurrent the film can sustain per unit area, and
is expected to decrease with increasing normal-state resistivity, i.e. decreasing
inter-grain coupling.

In order to determine the critical current density j., switching current measurements
of grAl direct current superconducting quantum interference devices (dc SQUIDs)
were performed [78]. Similar to a single JJ, a dc SQUID switches into the resistive
state above a certain bias current, denoted the switching current L, as discussed in
App.|D] Since a dc SQUID is composed of two JJ embedded in a superconducting
loop, the switching current modulates with the flux enclosed in its loop (see App.[E).
For the investigated grAl SQUIDs, the two JJs are defined by geometric constrictions
in the loop wire, forming regions of reduced critical current and therefore higher
switching probability. Even though the film geometry is continuous, suggesting a
superconducting weak link behavior [134], the switching dynamics are dominated
by the inter-grain coupling, as a result of the grAl microstructure and the short grAl
coherence length [78].

Generally speaking, the switching into the resistive state is a probabilistic process,
and reflects the interplay between the energy potential defined by the SQUID in
the presence of a finite bias current, and the properties of the condensate [15]. The
switching behavior can be described by the motion of an effective phase particle
in the two-dimensional SQUID potential under the action of gravity and friction
[214]]. If a supercurrent is sustained by the SQUID, the phase particle is trapped
in a local minimum, but as soon as it escapes, it enters the so-called running state
in which a finite voltage drop occurs according to the second Josephson equation
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Figure 1.18: grAl dc SQUID: switching current measuerments. Switching current I, of a dc SQUID
patterned from a single grAl thin film with normal state resistivity p, = 1520 n{) cm, measured as a
function of the external field B, applied perpendicular to the SQUID loop. The SQUID design contains
two identical geometric constrictions of width w = 90 nm constituting regions of reduced critical current
and therefore elevated switching probability. The critical current density is calculated from the maximal
switching current in zero-field and the cross section of the geometric constriction j. = Isw (0)/ (tw).
Due to the large loop inductance, the magnetic flux modulation of the switching current is highly
suppressed, including the observation of excited flux states, as indicated by the colored lines [129]. The
right-hand panel shows two switching current histograms measured at zero (red) and maximal (blue)
SQUID frustration, with the black lines indicating fits to the obtained distributions.

(see Sec.[1.1.2). Although the escape mechanism is generally complex, including
a possible retrapping of the particle after an escape has occurred, an important
consequence of the dynamical process is that the measured switching current is
not necessarily even close to the critical current of the device. Premature switching
caused by thermal activation [34, 120] and macroscopic quantum tunneling [60],
especially in devices with small Josephson energy, can cause significant deviations.
However, by implication, the measured switching current approaches the critical
current with increasing Josephson energy (see App.[D).

Figure[1.18|depicts the periodic modulation of the measured switching current with
the magnetic field B, applied perpendicular to the SQUID loop. The triangular
shape can be explained by the large loop inductance, which suppresses not only
the modulation amplitude, but also allows for excited fluxon states, i.e. different
numbers of flux quanta trapped in the SQUID loop [129]]. As shown in the right-hand
panel, for each bias field, the switching current follows a characteristic distribution
from which the value L, with highest probability can be extracted [122]. Additional
information about the switching process is contained in the distribution width [78]].

44



1.2 Superconducting quantum circuits for hybrid architectures

For the presented device, the obtained switching current is Liw =~ 41A, and the
corresponding Josephson energy is well above the ambient thermal energy at
cryogenic temperatures Ej/kg > 1K, i.e. the influence of thermally activated
premature switching is small. Therefore, the critical current density is calculated
from the measured switching current in zero-field Iy (0) and the combined cross
sections of the two constrictions

Liw(0)

where wy and w; are the widths of the two geometric constrictions, and f is the
film thickness. For the device shown in Fig.[1.18} the thickness and widths are
t = 20nm and wy = wy = 90nm, respectively, yielding a critical current density
je(1520pQem) = 1.1 mA /pm?.

From similar switching current measurements performed on devices with a similar
SQUID geometry but fabricated from different grAl thin films, the relation between
the critical current density and the normal-state resistivity was deduced, with the
results shown in Fig.[1.19] As expected, the critical current density decreases with
increasing normal-state resistivity, and is found to follow a power-law j. o p 3.
More information on the devices is given in App.[D

A more detailed report on the switching current experiments performed on grAl
SQUIDs is found in Ref. [78], including a discussion about the observed diffusive
motion of the effective phase particle.
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Figure 1.19: grAl: critical current density. Critical current density j. of various superconducting
grAl thin films with different normal-state resistivity p,. The critical current densities are calculated
according to Eq. from the zero-field switching current Isw(0) measured in dc SQUIDs, similar
to the device shown in Fig.[1.18} and the cross-section of the geometric constrictions extracted from
scanning-electron-microscopy images. With increasing normal-state resistivity p,, the critical current
density decreases with a power law j. « p; 1?3 as indicated by the black solid line.
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1.3 Quantum-limited amplification

For the operation of superconducting quantum circuits, a low ambient temperature
well below the critical temperature T, of the superconducting material is required,
mainly to prevent the thermal excitation of quasiparticles. Since the critical temper-
ature is on the order of a few kelvin for the most commonly used superconducting
materials, such as thin film aluminum (T, ~ 1.4K) [111] and the niobium compounds
(T. > 8K) [118], but also in more recently applied materials like granular aluminum
(T. > 1.4K) [91), 133} (181} 238] and tantalum (T, = 4.3K) [177], the devices are
mounted in a cryogenic experimental setup operated at a few tens of millikelvin.
Although the devices have to be thermally isolated from the environment outside
the measurement setup, until today the signal processing is still carried out at room
temperature, imposing an exceptional importance to the connection between the
device and the signal detector.

In the early years, the pioneers of cQED dreamed of a QND readout with a signal-
to-noise ratio (SNR) sufficient to detect the qubit state within an integration time on
a par with the coherence time of the circuit, enabled by the strength of the readout
signal [24]. However, the experimental observation is a renormalization of the qubit
lifetime with increasing signal strength [155], i.e. the occupation of the readout
resonator, and a non-QND behavior of the readout [209]]. Although the breakdown of
the dispersive approximation above a critical occupation number, accompanied by
the breakdown of the QND property of the readout was known from the beginning
[24], the origin of the much more pronounced lifetime renormalization is still under
strong debate [145,174]. A consequence of the experimentally encountered limit on
the signal strength was the improvement of the SNR by reducing the noise in the
measurement chain.

In cQED experiments, the energy scale of the signal photons carrying information
about the qubit’s quantum state is in the range of a few gigahertz. Guided through
coaxial cables, the electrical field of the propagating photons can be linked to a
voltage which is detected at room temperature. Since the equivalent voltage of
a microwave photon in a 50 () environment is extremely small compared to the
thermal voltage fluctuations at room temperature, the signal has to be amplified by
several orders of magnitude. Although every amplifier adds noise to the signal and
degrades the SNR inherently [40, 98], in a chain of amplifiers, the SNR is determined
by the first amplifier stage provided its power gain, the ratio between the outgoing
to the incident power in a linear amplifier, is sufficient to saturate the noise of the
following amplifier stage(s). Consequently, the first amplifier stage should be the
amplifier with the best noise performance.
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1.3 Quantum-limited amplification

The amount of added noise depends strongly on the implementation of the amplifier,
and is conventionally referred back to the input port of the amplifier. In this way, the
quoted added noise is independent of the amplification, and is therefore comparable
between different amplifiers. Fundamentally, there is a lower bound on the precision
with which two conjugate variables can be measured at the same time, denoted the
quantum limit [46]. For a bosonic amplifier, the quantum limit is half a photon of
added noise per unit time and bandwidth [40], which is significantly lower than
the added noise of common commercial amplifiers, for instance state-of-the-art
high-electron-mobility-transistor (HEMT) amplifiers [140]. With the advent of SQCs
twenty years ago, a type of bosonic amplifier has gained renewed interest, and,
since then, has repeatedly proven to reach the quantum limit: the superconducting
parametric amplifier.

Besides the noise performance, there are other properties essential for the operation
of an amplifier, which are briefly introduced in the following Sec.[1.3.1} After a basic
understanding of amplifiers is established, the noise performance of an amplifier
chain is discussed in Sec.[1.3.2, followed by a brief discussion about the working
principle of parametric amplifiers in Sec.[1.3.3|and Sec.[1.3.4, and a summary of
common amplifier terminology and the classification of parametric amplifiers in

Sec.[1.3.5]

1.3.1 Basics of amplification

Independent of the physical implementation, there are several figures of merit
consulted to assess the performance of an amplifier. Conceptually, an amplifier is
a two-port device that receives a signal through its input port, and sends out an
amplified version through its output port, as illustrated in Fig.[1.20| Notably, the
input and output port can be located at the same physical port. In the simplest form,
the outgoing power Py is linearly related to the incident power Py,

Pout = G(w) Py, (1.62)

where G(w) = Pouton/ Poutoft is the frequency dependent power gain, the ratio
between the output power with (on) and without (off) the amplifier being operated.
Amplifiers that fulfill this criterion are denoted linear amplifiers.

For most linear amplifiers, the linear regime of operation is only a part of the full
range of operation, and eventually, the power gain will start to become nonlinear
with increasing incident power. The signal power range in which the linearity of
amplification prevails, is referred to as the dynamic range of the amplifier. Closely
related to the dynamic range is the saturation power: amplification requires the
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Figure 1.20: Schematic representation of an amplifier. The amplifier (triangle) has a conceptual input
and output port, which, however, can be the same physical port. The periodic signal (red) and the
noise incident to the input port of the amplifier (light blue) are amplified. For a linear amplifier, the
relation between incident and outgoing power is linear Poyt = G(w)Pin, where the power gain G(w)
is the magnitude of amplification. The noise added by the amplifier (dark blue) is usually referred
back to its input port, and accounted for by introducing a second, artificial noise port. The amount of
added noise is quantified by an added noise number A or alternatively by a noise temperature Ty,
with similar quantities As and Ty ¢ defined for the noise already carried by the signal.

transfer of energy from an energy reservoir onto the signal, but for every amplifier,
the utilized physical process is usually limited to a certain input power, above which
the power gain starts to diminish. Conventionally, the saturation power in parametric
amplifiers is defined as the 1 dB compression point, the signal power Pi, at which
the maximal power gain Gy is reduced by 1dB.

Prap = Pinlg_c,~14B (1.63)

Another important characteristic of an amplifier is the instantaneous bandwidth B, the
frequency domain in which amplification occurs. As mentioned above, the power
gain is a function of frequency, and the instantaneous bandwidth is defined as the
frequency domain in which the power gain is not lower than 3 dB compared to
the maximal power gain Gy (see Fig.[1.2I). In the context of cQED, the required
instantaneous bandwidth is at the minimum the linewidth of the readout resonator,
which is typically on the order of a few megahertz.

In addition to the constraints on the instantaneous bandwidth, the amplifier’s range
of operation has to be aligned with the signal frequency at the same time. Therefore,
the center of the power gain has to be frequency tunable in case the instantaneous
bandwidth is not significantly larger than the linewidth of a readout resonator. The
maximal tunability of the power gain is referred to as the bandwidth of the amplifier,
and, the larger the bandwidth is, the more versatile the amplifier is. For cQED
experiments, the signal frequency is usually in the range 1 — 10 GHz. In the ideal
case, a single amplifier covers the whole frequency domain.
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1.3 Quantum-limited amplification

G(w) (dB)

Figure 1.21: Power gain and instantaneous bandwidth. Power gain G in decibel as a function of the
incident signal frequency w. In general, the instantaneous bandwidth of an amplifier is defined as the
frequency domain in which the supplied power gain is not more than 3 dB lower than the maximal
power gain Go.

Based on the figures of merit discussed in this section, there are many different
types of amplifiers that outperform superconducting parametric amplifiers by far,
despite the enormous effort spent during the last decades. Until today, the ideal
superconducting amplifier is not yet found. However, the general performance of
an amplifier becomes peripheral in case the amplifier adds too much noise to the
signal, since the only purpose of parametric amplifiers in the context of cQED is the
improvement in SNR compared to commercial alternatives.

1.3.2 The measurement efficiency

The quantum or measurement efficiency # of an experiment determines how close
the measurement apparatus approaches the quantum limit — the lower bound on
the measurement accuracy determined by the principles of quantum mechanics [46]
— which can be inferred from the noise in the detected signal [97]. In general, the
detected noise is a combination of the intrinsic noise carried by the signal itself, and
the inevitable noise added by the amplifier stages of the experimental apparatus.
Circuit QED experiments are performed with bosonic signals, and the measurement
observables are related to the quadrature operators

= %(a* +a) 0= é(ﬁ* —a), (1.64)

which constitute the real and imaginary part of the field amplitudes and obey a
non-zero commutation relation [, Q] = i/2. Similar to the position and momentum
of a quantum particle, the commutation relation causes a lower bound on their
combined variances AIAQ > 1/4 (see App.[B.T). In other words, the readout signal
contains at least noise in form of quantum fluctuations.
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The uncertainty can be translated into a number of noise photons As > 1/2 carried
by the signal per unit time and bandwidth, where the lower bound corresponds to
the vacuum fluctuations already encountered as the ground state fluctuations in
the quantum harmonic oscillator (see Sec.[I.1.1). Coherent states are an example
of bosonic states satisfying the lower bound independent of their amplitude, with
noise equally distributed in both quadratures AI = AQ (see Fig.[1.22]and App.[B.T).
Although not further pursued in the scope of my thesis, there are so-called squeezed
states of light for which the uncertainty is distributed non-uniformly [225]].

In addition to the intrinsic uncertainty of the observables, typical cQED experiments
involve several amplifier stages, whereof all degrade the SNR by adding noise to
the signal. In a chain of amplifiers without losses between the individual stages
(see Fig., the total added noise number Apeas per unit time and bandwidth,
referred back to the input port of the first amplifier stage, is

Am%szz%-%Aq+-g%4-Gféz+u, (1.65)
where A; and G; are the added noise number and power gain of the i th amplifier
stage [37]. Provided the power gain of the first amplifier stage is large compared to
the noise added by the second amplifier stage (G; > A»), the added noise of the
measurement setup is dominated by the first amplifier stage. Notably, another way of
expressing the noise performance is the noise temperature, an effective temperature
derived from the energy associated with the noise photons [40]. Although the noise
temperature is commonly quoted for commercial amplifiers, I find it less intuitive
since the temperature associated with the quantum limit is frequency dependent.

For a linear bosonic and phase-preserving amplifier, i.e. a device amplifying both
signal quadratures by the same amount, the quantum limit of added noise A is found
to originate from quantum fluctuations. According to the Haus-Caves theorem [40,
98], the added noise number is

1

1
A‘zb_c’ (1.66)

constituting the lower bound on the noise added by the experimental apparatus.

Figure[1.22)illustrates the amplification process in a setup containing three amplifier
stages. Incident to the input port of the amplifier chain is a coherent state with
amplitude | (4in) | and (arbitrary) phase ¢, represented in the quadrature plane and in
the rotating-frame of the carrier frequency w. The noise is normally distributed in both
quadratures, with the corresponding standard deviations around the expectation
value of the signal denoted o7 and 0. The outgoing signal has an increased amplitude,
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W, A

Figure 1.22: Measurement efficiency of an amplifier chain. The action of an amplifier chain composed
of three individual amplifiers can be mapped onto a single device, with power gain G = G1G,G3
and effective added noise number A (Eq.[1.65). The signal incident to the amplifier chain is a single
coherent state (red) with amplitude | (4in) | and (arbitrary) phase ¢, and is illustrated in the complex or
quadrature plane spanned by I and Q. In the rotating frame of its carrier frequency w, the phase is
time-independent. The noise (light blue) is phase-insensitive and equally distributed in both quadratures.
After the amplification, the signal amplitude is increased by a factor v/G. Besides the amplified signal
noise (light blue), the total noise in the output mode contains an additional contribution owing to the
noise added by the amplifier chain (dark blue). The measurement efficiency 0 < 7 < 1 determines how
close the measurement setup approaches the quantum limit.

scaled by the square root of the total power gain /G, and carries additional noise
due to the noise added by the amplifier chain.

The measurement efficiency can be defined as the ratio between the lowest achievable

variance 0, and the actually measured variance 0 in the outgoing field:
2
(o
_ _ideal
n= %. (1.67)

For a coherent state prepared in the readout resonator of a cQED experiment,
and a quantum-limited, phase-preserving amplification chain, the ideal variance is
O en] = 07 = (7(22 = 1/2,i.e. a total of one noise photon per unit time and bandwidth
in both quadratures combined. A description on how to determine the measurement
efficiency is given in Ref. [97] and Ref. [220]], and experimentally demonstrated in

Sec.[3.8 with a superconducting parametric amplifier.
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1.3.3 The principle of parametric amplification

In a parametric amplifier (paramp), a weak signal is amplified by the periodic
modulation of one of the system parameters with time, which can be the refractive
index in an optical medium [48| 75|, or the resonance frequency of a mechanical
oscillator [192] or an electrical circuit [103].

The working principle of a paramp can be understood under the classical consid-
erations of a simple harmonic oscillator formed by a parallel circuit of a capacitor
and an inductor. The charge residing on the capacitor plates oscillates at the natural
resonance frequency wy = 1/+/LC of the circuit between the values +|Q| and —|Q]|.
The oscillating current through the inductor lacks behind by a quarter period. If
either the capacitance or the inductance is modulated with time, energy can be
transferred to the system, or pulled out of it, depending on the frequency and the
phase of the modulation.

More precisely, assuming the capacitor plates are movable and are pulled apart
against the Coulomb force every time the capacitor is charged, followed by a
restoration of the initial configuration when the voltage across the capacitor is zero,
mechanical energy is parametrically converted into electrical energy, alongside with
an increase of the oscillating charge amplitude |Q|. If the external modulation is
carried out in the exact opposite order, equivalent to a phase shift of 77, energy is
drawn off the resonance. The same operational principle is realized by increasing
and decreasing the inductance periodically. Independent of which circuit element
is modulated with time, the modulation has to take place at twice the resonance
frequency for the given system.

Historically, the first parametric amplifiers based on electrical circuits exploited
the nonlinear capacitance of varactor diodes [103]]. In superconducting paramps,
the modulation of the resonance frequency is enabled by the nonlinear inductance
arising in superconducting thin films or JJs [189], i.e. the oscillating current itself
modulates the resonance frequency of the system.

1.3.4 Josephson parametric amplifiers

The simplest implementation of a parametric amplifier with superconducting
circuits, a Josephson parametric amplifier (JPA), is composed of a single JJ] with
critical current I. and Josephson energy Ej = ®gl./(27), shunted by a capacitor
C. Similar to the transmon qubit [116]], JPAs are operated in the limit Ej > E. of
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1.3 Quantum-limited amplification

the charge qubit Hamiltonian [30, 166, |206], and, thus the nonlinearity is treated
perturbatively [168]. The corresponding quantum optics Hamiltonian is

. K
Hypa = hawod'a + hEﬁJfﬁ* aa, (1.68)

where 4" and @ are the bosonic single-mode creation and annihilation operators
for the intra-cavity field, respectively, wy is the resonance frequency, and K is the
self-Kerr coefficient. In comparison to the transmon qubit, a JPA is operated in the
limit K < x, meaning that the frequency shift per photon is much smaller than the
linewidth of the mode. Therefore, driving the JPA results in a continuous shift of the
resonance frequency with power rather than in a spectrum composed of discrete
energy levels.

For the operation of the single mode or degenerate JPA, a strong classical pump tone
is applied close to resonance to drive the circuit into a nonlinear regime in which the
response of the JPA around a classical steady-state is highly susceptible to small
perturbations, for instance caused by the weak quantum signal. Following Ref. [68],
a brief discussion about the operational principle and the main features of a JPA is
given based on the input-output formalism [80]. A more detailed version is found in

App.[B3|

Classical steady-state

The average number of photons circulating inside a degenerate JPA under continuous
pumping is determined by a dimensionless, nonlinear equation [68]

1
(52 + 4) i —26&7% + & =1, (1.69)
where
wp — Wy _ al? ~ K B; K|Bi |2
s= =, lal 5 Bin= Vb - KBl (1.70)
K+ |Bin| K+ K+

The first quantity ¢ is the frequency detuning between the pump frequency wp and
the bare resonance frequency wy of the JPA, scaled by the total linewidth x + «,
which itself is determined by the coupling rate to the input port x and the rate y
at which energy is lost to uncontrolled degrees of freedom. The second quantity
fi represents the mean number of photons inside the cavity |a|> normalized by
the number of incident pump photons. The dimensionless drive amplitude i, is
related to the pump power applied at the input port via the absolute drive amplitude
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Bin = 1/ Pp/ (hwp). Finally, the effective drive strength ¢ is determined by the product
of pump power and the self-Kerr coefficient K.

The reflection coefficient of the driven JPA is derived from the input-output
boundary condition [46} [80], which relates the outgoing field with the incident and
the intra-cavity field (see App.[B):

K 1
K+l —is+ign

S11=1- (1.71)
In contrast to a linear cavity, the reflection coefficient depends on the average photon
number inside the cavity, and, therefore on the drive power applied with the pump
tone.

Figure[I1.23| depicts the power dependence of the amplitude and the phase of the
complex reflection coefficient, |S11| and arg(S11 ), respectively, numerically calculated
as a function of the scale invariant pump-cavity detuning ¢ for different effective
drive strengths ¢. At the critical drive strength ¢t = —1/ /27 [68], the solution
for the amplitude of the coherent state in the cavity becomes multivalued, and the
system bifurcates. For a cavity with negative Kerr coefficient, the bifurcation occurs
at the critical detuning Jerjt = —v/3/2. Since only two out of three solutions are
stable, there are two stable branches the cavity can occupy. Experimentally, which
stable branch the cavity occupies depends on the direction of the frequency sweep,
as indicated by the solid and the dashed lines. Notably, under non-classical squeezed
drives even superposition states of these two stable branches, so-called bosonic
Schrodinger Cat-states, are possible [85| 219].

The dimensionless critical drive strength ¢t can be translated into a critical photon
number 74t incident to the cavity at which the bifurcation occurs:

Lo (k)
crit \/ﬁK|K| ’
Since the JPA is pumped close to the point of bifurcation for the operation as an

amplifier, a large critical photon number is desired to suppress the effect of the
signal on the point of operation.

(1.72)
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Figure 1.23: JPA: reflection coefficient. Amplitude |S1;| (top panel) and phase arg(Sq1) (bottom panel)
of the complex reflection coefficient of a nonlinear cavity with negative Kerr coefficient, numerically
calculated as a function of the scale invariant pump-cavity detuning 6 = (wp — wo)/ (x + ), and for an
increasing effective drive strength ¢. At the critical drive strength {qit, the equation determining the
intra-cavity photon number 7 (see Eq.09) exhibits multiple (three) solutions. While two solutions are
stable, the third is unstable, and, thus the system bifurcates. Experimentally, depending on the direction
of the pump frequency sweep, either upwards (solid lines) or downwars (dashed lines), the response
of the cavity follows different stable branches, and the response becomes hysteretic. In Josephson
parametric amplifiers, the system is pumped close to the point of bifurcation, since the response of the
system becomes increasingly sensitive to small perturbations in this region.

Power gain:

For a linear and degenerate bosonic amplifier, there is a simple relation between
the incident and the (amplified) outgoing signal field amplitudes, Ein and Bout,
respectively, which can be represented in matrix form [68]

~ ~

bouta \ [ Ssa  Sin bin,A (1.73)

~ = ~ P

* * 1
bout,—a 8i,—A 8s—A bin—a

revealing that the outgoing field at positive detuning A = (ws — wp)/(x + )
depends also on the incident modes at negative detuning —A. Since there are at
least quantum fluctuations present at this frequency, these additional contributions
are referred to as the idler tone. The coefficients in front of the incident modes
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determine the magnitude of amplification and are referred to as the signal and the
idler gain-factors, gs o and g a, respectively,

K i(6—281—A)+ ]
K+ (iA—=A_)(iA—Ay)

gsa = —1+ (1.74)

and )
K —i¢ne* e
Sl =y (A=A )(ib—Ay)
where ¢p, is the relative phase between the incident pump and the intra-cavity field,
and the terms in the denominator are defined as

Ay = % +\/(En)2 — (6 —2¢n)2. (1.76)

If the external decay rate is much larger than the internal decay rate (x > 7), the
gain factors satisfy

(1.75)

Ga = Igsal® = Igial> +1, 1.77)
where G, is the power gain of the amplifier at the signal frequency detuning A. In the
high gain limit |gs A |?, |gia|? > 1, the signal incident at the idler frequency is almost
equally amplified as the signal. Since there are always at least quantum fluctuations

present at every frequency, the simultaneous amplification of contributions from
different frequencies causes the additional noise added by the amplifier. Hence, if
the input portis cold (kT < hiws), the presented implementation of a parametric
amplifier reaches the quantum-limit of added noise.

Figure[l.24a depicts the maximal power gain Gy according to Eq.[1.77, which is
observed at zero pump-signal detuning (A = 0), calculated as a function of the
pump-cavity detuning ¢ and the effective drive strength ¢ /{qyit. Again, the critical
drive strength (it determines the lowest drive amplitude at which the system
bifurcates. Notably, a JPA is operated below the critical value. For every given
drive strength, there is an optimal detuning J, at which the observed power gain is
maximal. Since the self-Kerr coefficient is negative for a JPA, the cavity frequency is
shifted to lower values with increasing average population 7, and with that, also the
optimal detuning. Close to the point of bifurcation (Jcrit, Cerit), the observed power
gain increases rapidly, as indicated by the transition from a light blue tone into a
dark red, and by the horizontal slices shown in Figure. The black markers
indicate the maximal power gain observed at the ideal pump detuning for five drive
strengths investigated.

Gain-bandwidth compromise:

The ideal pump condition in terms of detuning and drive strength (J, ¢) is the desired
configuration of operation, since it minimizes the required pump power for a given
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Figure 1.24: JPA: power gain. a) Maximal linear power gain G in decibel, assuming a weak (quantum)
signal reflects off the actively pumped cavity, numerically calculated according to Eq.[1.77]as a function
of the dimensionless pump-cavity detuning ¢, and the effective pump drive strength ¢ /crit, Where the
critical drive strength (¢ defines the value at which the cavity bifurcates. The detuning between the
pump and the signal is zero (ws — wp = 0). For every given drive strength ¢, there is an ideal detuning §
at which the maximum power gain Gy reaches the highest possible value. Since the self-Kerr coefficient
is negative and the cavity resonance frequency shifts to lower values with increasing population,
the optimal detuning does so, too. The closer the cavity is pumped to the point of bifurcation, the
larger the accessible overall maximal power gain. b) Maximal power gain Gy at zero pump-signal
detuning (A = 0), as a function of the pump-cavity detuning J for different drive strengths ¢. Each
curve corresponds to a horizontal cut through the 2D plot shown in panel a. ¢) Power gain G(A) as a
function of the detuning A between signal and pump. The shape of the curves is very similar to a
Lorentzian, which is indicated by the black dashed lines. The maximal power gain Gy is observed at
zero detuning A = 0. The corresponding pump-cavity detunings J are indicated in panels a and b.
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power gain Gy. However, operating the JPA away from the ideal conditions allows
for a fine tuning of the operational frequency. Figure[1.24c shows the power gain G in
decibel, calculated under optimal pumping as a function of the frequency detuning
Abetween signal and pump. The maximal power gain is observed at zero detuning
(A = 0), indicated by the open black markers. The shape of the gain curves is in good
agreement with a Lorentzian, as it is indicated by the black dashed lines. Therefore,
the instantaneous bandwidth B of the amplifier is defined as the full width at half
maximum (FWHM). As becomes apparent, the bandwidth decreases with increasing
maximal power gain Gp, which is referred to as the gain-bandwidth compromise,
and expressed in a constant gain-bandwidth product:

vVGoB =~ «x. (1.78)
7—0
Overcoming this limitation of standing-wave JPAs is achieved by enhancing the
coupling rate with impedance transformers [165, 191], or by using more complex
pumping schemes [41} [153].

Saturation power:

For JPAs based on weakly nonlinear cavities with finite fourth order (Kerr) nonlin-
earity, the dynamic range is suspected to be limited mainly by two mechanisms:
pump depletion [2,/190] and a signal induced ac Stark shift of the cavity frequency
[31} 136]. While the first effect describes the reduction of the pump tone strength
caused by the amplification process, the second ascribes the output power saturation
to a detuning from the optimal pump condition.

Following the procedure discussed in Ref. [68] and Ref. [178], both effects can be
incorporated into the same framework used to predict the power gain, by introducing
an effective drive strength associated with the input signal into Eq.[99|(see App.[B.3).
Figure[1.25 depicts the calculated power gain Gy at zero pump-signal detuning
A = 0 for two cavities with self-Kerr coefficients |K|/(27r) = 1kHz (red) and
|K|/(27r) = 1024kHz (blue) as a function of the input signal power Ps. Above a
certain input power, the power gain of the amplifier starts to decrease. The value of the
input power at which the decrease starts to become significant depends on the pump
power, i.e. the small signal power gain Gy, and the magnitude of the nonlinearity
|K|. Conventionally, the saturation power is defined as the 1 dB compression point
(black markers), the power at which the initial power gain decreased by 1dB.

In Fig.|[1.25b, the saturation power is plotted against |K|, for an initial weak-signal
power gain of Gy ~ 20 dB. Evidently, a small nonlinearity is desired to enhance the
saturation power, or more precisely, the ratio of cavity linewidth and nonlinearity
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Figure 1.25: JPA: power gain saturation. a) Maximal power gain Gy = G(A = 0) as a function of the
signal input power Ps, numerically calculated for two sets of nonlinear cavities with self-Kerr coefficients
K/ (2m) = 1kHz (red) and K/ (27r) = 1024 kHz (blue). The calculations consider the signal-induced ac
Stark shift of the cavity [178]. For comparison reasons, the power gain is calculated for four different
pump conditions (P,, wp) for each cavity. The power gain starts to drop at a certain input power, which
depends on the magnitude of the nonlinearity |K| and the pump power. The black markers indicate the
1dB compression point, the input power at which the power gain decreased by 1dB compared to the
inital value. The parameters of the cavity are wy/(271) = 7GHz, x/(27r) = 350MHz and /(27) = 0.
b) Saturation power determined as the 1dB compression point, numerically calculated as a function of
the self-Kerr coefficient |K| for an initial power gain Gy = 20dB. The magnitude of the nonlinearity
is reflected by the color of each marker. With decreasing nonlinearity, the saturation power rapidly
increases. The black line indicates the expected scaling [76]. In order to obtain a large saturation power,
a large ratio x/|K] is beneficial.

i/ |K| should be as large as possible [117]. However, at the same time the quality
factor Q = wp/x has to be large enough to ensure a stable behavior close to the
point of bifurcation, summarized by the constraint pQ > 1, where p is the kinetic
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inductance participation ratio [147] (which is p = 1 in the discussed scenario). The
scaling of the saturation power is given by [76]

122 hews
~ 1.79
1dB |K| Gg/4 ( )
which, indicated by the black solid line, is in good agreement with the calculated
saturation powers.

As a side note, the effect of input signal induced ac Stark shifts can be reduced
significantly by employing nonlinear elements with intrinsically reduced fourth
order nonlinearity, for instance the superconducting nonlinear asymmetric inductive
element (SNAIL) [77].

1.3.5 Amplifier classification

In the context of parametric amplification with superconducting quantum circuits,
several technical terms exist to distinguish between the different types of amplifiers
emerged during the last decades [189]. While all amplifiers share the same conceptual
idea — the transfer of energy from a single (or multiple) strong pump tone(s) onto a
weak quantum signal using the nonlinearity of JJs or superconducting wires — the
various circuit implementations can differ significantly.

As discussed in the previous sections, the parametric amplification process contains
at least three tones: a pump (wp ), a signal (ws), and an idler (w;), an inevitable mirror
tone created during the amplification process. The corresponding frequencies and
photon energies of those three tones are imperatively related, depending on the
symmetry of the underlying potential. In a three-wave mixing process, a single pump
photon is converted into a signal and an idler photon, yielding the relation

wp = ws + Wi, (1.80)
while in a four-wave mixing process two pump photons are converted at the same
time

2wp = ws + Wy, (1.81)
as illustrated in Fig.
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1.3 Quantum-limited amplification

A\
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Figure 1.26: Mixing-process. Schematic illustration of a four-wave mixing process (left-hand panel), in
which two pump photons (red) are converted into a signal (purple) and an idler photon (pink). The
quartic nonlinearity (&%) required for such a mixing process — a Kerr-type nonlinearity — is provided
by current biased single JJs, dc SQUIDs, and the kinetic inductance inherent to superconductors. In a
three-wave mixing process (right-hand panel), a single pump photon is converted into a signal and an
idler photon, which requires a cubic nonlinearity (®3). An example for such an asymmetric circuit
element is the SNAIL [77].

N N -
X

The main consequence and difference is the frequency detuning between the three
signals, in particular between the pump and the signal, which is significantly larger in
devices utilizing a three-wave mixing process, for instance the Josephson parametric
converter [19]. As discussed in Sec.[1.1.2} the energy potential of a single JJ or a
dc SQUID is symmetric and, thus does not support a three-wave mixing process
induced by a current pumping. Circuit elements supporting three-wave mixing are
the Josephson ring modulator [20], the SNAIL [77] and the rf SQUID [240] in current
bias, as well as the flux pumped dc SQUID operated beyond the flux sweet spot
[233].

In case the signal and the idler frequencies are identical (ws = wj), the amplification
process is phase-sensitive, which means that one quadrature is amplified, while the
other quadrature is deamplified, resulting in a squeezed state of light [235, 236].
Which quadrature is amplified depends on the relative phase between the signal
and the pump tone. Additionally, the noise in the outgoing mode is also squeezed,
which can be used to operate an amplifier chain beyond the standard quantum limit
caused by photon shot noise [127]. If the signal and idler do not share the same
frequency, the process is phase-preserving, and both quadratures are amplified at the
same time.

The energy conversion from the pump to the signal can be obtained by simultaneously
confining the tones in resonant systems, so-called standing-wave parametric amplifiers
[39, 189, 1233} 235], or during the simultaneous propagation through a nonlinear
medium, so-called travelling wave parametric amplifiers [27,71, (143|179, 240]. Besides
the directionality, travelling-wave amplifiers offer a much larger bandwidth, but
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are generally more complicated to fabricate due to the greater complexity, and still
suffer from unintended internal reflections. Despite a few exceptions [41} {126, 127],
most standing-wave amplifiers are operated in reflection and require the use of
non-reciprocal elements to separate the incident from the amplified outgoing signal.

Standing-wave amplifiers implemented with a single mode in space or frequency
are referred to as degenerate amplifiers, while amplifiers utilizing several modes
are labeled non-degenerate. Notably, both implementations can be operated in the
phase-sensitive and the phase-preserving mode of operation.
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2 Thegranularaluminum transmon
qubit

The granular aluminum transmon is a superconducting charge qubit in which,
instead of a conventional SIS Josephson junction, a small volume of superconducting
granular aluminum is shunted by a large capacitor, which serves as the inductance
and the source of nonlinearity of the circuit. In comparison to conventional JJ
technology, interference patterns have not yet been observed in grAl films in external
magnetic fields, i.e. the films are primarily affected by the suppression of the
superconducting gap parameter Ag;5;. The main question is: how much nonlinearity
does such an grAl element provide and how coherent is it? A summary of the
presented results can be found in Ref. [230].

2.1 Multi-junction transmon qubit

Recalling the results obtained in the discussion of the superconducting charge qubit
in Sec.[1.1.3} in the transmon limit Ej > E. , the anharmonicity of the charge qubit
spectrum is approximately given by the charging energy E. and, thus independent of
the Josephson energy Ej [116]. Owing to the microstructure of granular aluminum,
it is very likely that even relatively small volumes of grAl contain multiple effective
JJs. The scaling of the anharmonicity for several JJ in series can be estimated by
substituting the Josephson potential of the single JJ in the charge qubit Hamiltonian
(see Eq. with that of an array — a standard procedure in the context of Josephson
parametric amplifiers [68].

For N identically sized JJs in series, and assuming a homogeneous current distribution
along the JJs, the phase drop across each element is ¢; = ¢/ N, where ¢ is the total
phase drop across the array. The Josephson potential associated to the array is

Ejcos(@) — N NEjcos(¢/N), (2.1)
—~—

!
E
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2 The granular aluminum transmon qubit

where Ef is the Josephson energy of each individual JJ, which is N times larger
to ensure that the inductance of the array is identical to the inductance in the
single JJ implementation, i.e. the fundamental transition frequency is kept fixed
[68]. As a consequence, the charging energy and the zero-point fluctuations of the
superconducting phase ¢zprp (across the array) remain unchanged.

Similar to the single JJ case, the Kerr coefficient Karray for the array is determined by
the coefficient in front of the quartic term of the Taylor expansion of the Josephson
potential:
NE; 4 E ¢} hK
oy = (rY B K gy
According to Eq.[2.2} the anharmonicity of a multi-junction transmon qubit scales
with N=2 compared to the conventional transmon.

In the more general case of unequal JJs, the Kerr coefficient K of the fundamental

mode can be derived from the energy participation ratio p; of the jthJJ to the mode
[156]:

1 w% 2

Karray = —E ; ﬁ]’]}?] .

(2.3)

Provided the wavelength is significantly larger than the physical length of the J]
array, the energy participation ratio of each element can be inferred from the ratio of

its Josepshon inductance Lj; and the total inductance L in the circuit: p; = % In
this way, not only the effect of differently sized JJs can be considered, but also the
influence of additional linear (geometric) inductances, which contribute to the total
inductance of the circuit, but do not give rise to a Kerr nonlinearity.

2.2 Design

The constraints on the design of the grAl transmon are in some aspects similar to the
constraints on a conventional transmon [116]. Like other superconducting quantum
circuits, the typical operation frequency of transmon qubits is below 10 GHz. In
order to suppress the charge dispersion sufficiently, typically a ratio Ej/Ec = r > 50
is desired.

In the transmon regime, the approximation for the fundamental transition frequency
w1 =~ ,/8EjE. yields a relation between the Josephson energy of the JJ and the
transition frequency of the transmon Ej ~ /r/8hw;. Fixing a transition frequency
determines the Josephson energy and the corresponding Josephson inductance,
as well as the charging energy and the size of the shunt capacitor. For a typical
transmon, the charging energy is therefore around E./h = 27t x 100 — 300 MHz.

64



2.2 Design

Figure 2.1: grAl Transmon: Circuit design. a) Photograph of a copper-waveguide sample holder
equipped with a microwave port similar to Ref. [119], and, optionally, with a 2D vector magnet (see
App.[C.6). The vector magnet is schematically represented by the blue and red coils, oriented along the
y and z directions. The sample is positioned in the center of the waveguide and couples to its electric
field at a rate x. b) Optical microscopy image of the qubit sample, consisting of two Al pads forming a
capacitor Cs ~ 137 fF, connected by a grAl inductor Lg gra1 & 2.65nH. The coupling rate x is adjusted
by changing the gap w (see App.[C4). ¢) and d) Scanning electron microscope (SEM) image of a grAl
inductor (false-colored in blue) with volume Vi1 = 10 x 200 x 500 nm?, together with the pure Al
leads (false-colored in red) connecting it to the capacitor electrodes. The grainy surface structure is
due to an antistatic Au layer used for imaging. The circuit is obtained in a single lithography step by
performing a three-angle shadow evaporation. The Al layer shunts the grAl film in all areas, except
for the volume V4 in the center, which constitutes the source of non-linearity for the qubit .
The geometric inductance is Ls = 0.45nH, and the contacts contribute to the kinetic inductance with
0.13nH (see App.[C.5). e) Atomic force microscope image of the film height z in the area around the
grAl inductor, measured on a sample from the same wafer as the sample discussed in the main text.
The inset shows the cross section along x (black) and y (grey), as indicated by the arrows and overlay
lines in the 3D plot. The cross section along the grAl inductor (grey) confirms the fg4) = 10nm grAl
thickness and t5; = 40 nm for each Al layer.

65



2 The granular aluminum transmon qubit

Table 2.1: grAl transmon: Circuit parameters. The circuit parameters correspond to an effective circuit
model composed of an inductance L in parallel with a shunt capacitance Cs. The total inductance arises
from the contribution of three inductive elements in series: the geometric stray inductance Ls of the Al
leads, the kinetic inductance Lg aj of the Al leads including the contact junctions to the grAl volume,
and the kinetic inductance Ly ga1 of the grAl volume. The value quoted for total inductance and the
grAl inductance is for a fundamental transition frequency of f; = 7.4887 GHz.

shunt total stray kinetic kinetic
capacitance inductance inductance inductance (Al) inductance (grAl)

Cs L Ls Lk a1 Lk gra1
137 fF 3300 pH 450 pH 200 pH 2650 pH

In the grAl transmon, the inductance is provided by the kinetic inductance of the
grAl film. Neglecting spurious geometric contributions, the total kinetic inductance
of a grAl volume with length I and width b is Ly = NgLo, where Ng = [/b is the
total number of squares, and L is the kinetic sheet inductance. Recalling the results
of Sec.[1.2.2] the sheet inductance of a dirty superconductor is proportional to the
sheet resistance Rg. In the case of grAl, the sheet resistance R is controlled by the
partial oxygen pressure during evaporation.

Another constraint on the grAl film geometry arises from the total number of
junctions inside the grAl volume N = [/a, where a is the effective size of a single J],
which is not necessarily identical to the grain diameter [234]. Since the expected
nonlinearity scales with N2 (see Eq., a small volume of grAl with high resistivity
and low critical current density is desired in order to provide enough kinetic
inductance to meet the criterion on the transition frequency, and to maximize the
anharmonicity of the grAl transmon at the same time. At this point I would like to
mention, that for small volumes of grAl, the prediction of the kinetic sheet inductance
based on the Mattis-Bardeen theory is potentially unprecise, for instance caused by
charging effects in the most outer grains residing close at the film surface.

Figure[2.1) shows a typical copper waveguide sample holder used for readout,
together with the circuit design of the grAl transmon, consisting of a grAl thin film
shunted by an Al capacitor. The shunt capacitance Cs ~ 137 fF is determined from
FEM simulations, together with the geometric stray inductance Ls ~ 0.45nH arising
from the pure Al electrodes connecting the grAl volume (see App.[C.4). The choice
of using Al as a shunting layer was motivated by its low intrinsic kinetic inductance,
ensuring an energy participation of the grAl inductance close to unity, as well as the
ease of fabrication. The Purcell rate or external coupling rate «, i.e. the rate at which
the qubit spontaneously decays into the waveguide, is controlled by the gap w in the
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2.3 Resonance fluorescence readout

Table 2.2: grAl transmon: parameters of the grAl thin film. The properties of the grAl volume
Vgral = 10 x 200 x 500 nm?® are related to the parameters of the grAl thin film. The normal-state
resistivity p, was measured at room-temperature, and the value of the sheet inductance corresponds
to the prediction of the Mattis-Bardeen theory for superconductors in the local and dirty limit (see.

Sec..
normal-state sheet sheet number of critical
resistivity resistance inductance (MBT) squares current density
On Ro =pn/t Lx o Np Je
(1800 £ 200) pQcm (1800 + 200) £ (1.3+0.1) H 2.5 0.4}%?2

outer electrode (see. Fig.[2.1b). Notably, in the direct readout of a qubit, it is this rate
at which information about the qubit state is collected.

The presented sample was fabricated on a sapphire wafer in a single-step lithog-
raphy by performing a three-angle shadow evaporation. First, a 10 nm thick grAl
layer with room-temperature normal-state resistivity pn = 1800 £ 200 uQ2 cm and
corresponding critical temperature T, = 1.9 K was deposited at zero-angle, followed
by two 40 nm thick Al layers evaporated at +=35°. Thanks to this procedure, only
a small grAl volume Vg a1 = 10 x 200 x 500 nm?, highlighted in blue in Fig.
(panel c and d), remains unshunted by the pure Al layers and participates in the
electromagnetic mode with a kinetic inductance Lk gra] = 2.65nH, constituting 80 %
of the total inductance, as further discussed in Sec. The total number of squares
N = 2.5 estimated from the grAl inductance and the kinetic sheet inductance
calculated according to Eq.[1.58]is in agreement with the geometric dimensions of
the grAl volume. The parameters of the grAl film are summarized in Tab.[2.2} and
more details on the fabrication recipe are provided in App.[C.9|

2.3 Resonance fluorescence readout

In the resonance fluorescence readout of a superconducting qubit [7], the dynamics
of the qubit are directly observed by monitoring the coherent scattering of a probe
tone from the qubit. As discussed in Sec.[1.1.4, the application of a microwave tone
in close vicinity to the transition frequency wq of the qubit induces Rabi oscillations
between the qubits ground and first excited state, which is reflected in a change
of the scattering behavior. For a coherent drive with amplitude <Bin> = Bin, the
corresponding Rabi frequency (2r on resonance is [49]

QR = Zﬁﬁinl (24)
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2 The granular aluminum transmon qubit

where x is again the coupling rate between the qubit and the input port, i.e. the
waveguide sample holder. As a side note, determining the Rabi frequency enables
the calibration of the incident drive power P, = hw|ﬁin|2, and the total attenuation
between the microwave source and the qubit.

Provided the Rabi frequency is significantly smaller than the anharmonicity of
the qubit Or < « (see Sec., the response of an anharmonic circuit with a
multi-level energy spectrum can be mapped onto the dynamics expected from a
two-level system. Using the input-output boundary condition between the incident
and the outgoing field [80], the reflection coefficient S1;1 of a two-level system is [7,
- (@)
ol

Sin=1 ﬁ<]§in> ’ (2.5)
where 0_ is the Pauli lowering operator, which plays the equivalent role of the
annihilation operator for bosonic fields. Notably, I would like to mention that there
are different forms found for the reflection coefficient in literature, which differ by a
complex phase factor in front of the second term.

In general, the observed response evolves over time, until the system has reached
its equilibrium or steady-state. The characteristic time scale for this so-called ring-
up is determined by the energy relaxation rate I7 and the pure dephasing rate
I'y. Measurements studying the steady-state behavior are usually referred to as
spectroscopy measurements, while measurements detecting the time evolution of
the system are denoted time-domain measurements. Both types of measurements
are complementary for the characterization of a qubit, as is demonstrated in the
following sections.

Spectroscopy
The frequency dependence of the steady-state (t — o) reflection coefficient of a
two-level system, measured with a single microwave tone, is [49]

LI} —ilAg
L(G2 4+ 43) + I 0x

511 (Aq) =1-x (26)

where Aq = wq — w is the frequency detuning between the drive tone frequency
w and the qubit frequency wy, I is the energy relaxation rate, I'; is the dephasing
rate, x is the coupling rate to the drive port, and i is the unit imaginary number. The

energy relaxation rate is a combination of spontaneous emission into the input port
at a rate x and into uncontrolled degrees of freedom at a rate +y.
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Figure 2.2: grAl Transmon: resonance fluorescence (spectroscopy). a) Single-port reflection coefficient
S11(w) measured around the fundamental transition frequency w; = 27 x 7.4887 GHz of the grAl
transmon. For probe powers P;, well below the single-photon regime (7 < 1), S11 closely resembles a
circle in the complex plane (dark blue markers), from which, using Eq.2.7} the external and internal
decay rates ¥ = 27t x 40kHz and 7y = 271 x 10kHz, respectively, are extracted. In b) and c¢), the real
and imaginary part of the reflection coefficient Re(S11) and Im(S11), respectively, are plotted as a
function of the detuning between the probe frequency f and the qubit frequency f;. When increasing
the probe power Py, the response becomes elliptic in the complex plane, which is the signature of
resonance fluorescence of a two-level-system [7} 49]. The black lines indicate fits to the experimental
data according to Eq.[2.7} The only fitting parameter is the Rabi-frequency Qg;  and v are fixed by
the fit to the low power response. In d) the squared Rabi-frequencies (% are plotted as a function
of the incident power P, seen by the qubit. For a two-level system, given by the limit Qg < «, the
Rabi-frequency is expected to increase linearly with the drive amplitude, as confirmed by the black
dashed line passing through the coordinate origin.
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2 The granular aluminum transmon qubit

In case the decoherence rate is dominated by the energy relaxation I’ ~ I7/2, the
reflection coefficient simplifies to

_271( 1+i2Aq/F1
1+ (ZAq/F1)2+2(QR/F1)2'

S11(4q) =1 (2.7)
According to Eq.2.6/and Eq.[2.7} all essential qubit parameters can be extracted from
the frequency dependence of the reflection coefficient.

Figure[2.2|depicts the complex reflection coefficient S1; measured with a commercial
vector network analyzer (VNA) in close vicinity to the fundamental transition
frequency wq = wy = 27 x 7.4887 GHz of the grAl transmon shown in Fig.
plotted as a function of the probe frequency f = w/(27) and the calibrated probe
power P, seen by the qubit.

For an effective two-level system, the reflection coefficient resembles a circle in the
complex plane only for low probe powers, i.e. small Rabi-frequencies ((2r < %,7),
similar to the response of a harmonic system, but becomes increasingly elliptic
when the probe power is enhanced (panel a). The deviation from the circular shape
is caused by the saturation of the qubit population owing to the anharmonicity
of the energy spectrum. Descriptively, the radius of the circle is a measure for the
ratio between internal losses, i.e. losses into uncontrolled degrees of freedom, and
external losses into the input port, while the eccentricity of the ellipse determines
the Rabi frequency.

The qubit parameters wq, , v and QR are extracted by fitting the measured data
with the expected response in the T; limit, given in Eq2.7, with the resulting fits
indicated by the black solid lines. The internal and external decay rates are extracted
at low probe powers (dark blue markers) v = 27t x 10kHz and x = 27t x 40kHz,
respectively, corresponding to characteristic time scales Ty, ~ 16 us and Ty, =~ 4 ps.
Since both parameters do not change with power in the investigated range, the Rabi
frequency remains the only fitting parameter for the measurements at higher probe
powers, to enhance the fitting accuracy.

Table 2.3: grAl transmon: spectroscopy. Qubit parameters extracted for the grAl transmon from the
resonance fluorescence spectroscopy measurements shown in Fig.

resonance external external internal internal
frequency  decay rate energy relaxation decay rate energy relaxation
w1/ (2m) x/(2m) Ty =K v/ (27) Ty =v""

7.4887 GHz 40kHz 4ps 10kHz 16 ps
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2.3 Resonance fluorescence readout

The dependence of the extracted squared Rabi frequencies (2% on the input power is
shown in panel d, with the expected linear relation predicted by Eq.[2.4|indicated
by the black dashed line. From the drive powers set at room temperature and
the corresponding (measured) Rabi frequencies, the total attenuation A = 103 dB
between the source and the qubit was calibrated.

Time-domain

For the time-domain characterization of the grAl transmon, a microwave pulse with
Gaussian envelope and varying amplitude and frequency was applied to manipulate
the qubit state, followed by a readout pulse with rectangular envelope applied on
resonance with the fundamental transition frequency w;. The pulse sequence is
illustrated in Fig.[2.3a. The Gaussian envelope of the manipulation pulse reduces the
excitation of higher states due to its sharper Fourier spectrum. Since the application
of a microwave drive close to resonance induces Rabi oscillations, varying the
amplitude B, and the duration 7, of the manipulation pulse prepares a different
initial qubit state ¥ (Bin, Tm ), before the readout pulse is applied, which is reflected
in the measurement outcome. The readout pulse is integrated and decomposed
into the I and Q quadrature at room temperature using a custom-made microwave
interferometer (see App./G.9). For an improved SNR of the measurement setup, a
dimer Josephson junction array (DJJAA) amplifier has been added to the microwave
output line (see Sec.3).

Figure[2.3pb depicts Rabi oscillations of the grAl transmon as a function of the
manipulation pulse duration 7, and the average drive power Py, = hiw1 Q% / (4x),
which is calibrated from the measured oscillation frequencies (g and related to the
drive amplitude B;,. As expected, the Rabi frequency increases with increasing drive
power. The right-hand panel shows a single trace for Py, = —124.7dBm. Due to
energy relaxation and dephasing, the contrast of the Rabi oscillations decreases over
time, i.e. with increasing length of the pulse duration, as indicated by the exponential
envelopes (black dashed lines). From the measured curves, the duration 7; of a
rt-pulse is calibrated for each drive power, which corresponds to the combination of
pulse duration and amplitude required to invert the qubit state. As it is shown in
Fig.[2.3¢, the Rabi frequencies extracted from the spectroscopy and the time-domain
measurements are in good agreement.

The generalized Rabi frequency depends not only on the drive amplitude, but also on
the detuning between the drive and the qubit transition frequency Aq (see Sec.[1.1.4).
Figure[2.3d shows the response of the grAl transmon for manipulation pulses
with a fixed amplitude, but with varying pulse duration 7, and drive frequency
fa, revealing the characteristic Chevron pattern (see Sec.[1.1.4). With increasing

71



2 The granular aluminum transmon qubit

manipulation 104
.................... readout ~N
ﬁin t 3:_:/101
[
&
— 102 ¢ spectroscopy
Tm : :
v —160 140 —120
4 - ‘ P., (dBm)
3 - 3
B
- 2 L 21 -
S i -
) +
1 : 1 —
4 -

, P e com—

0 130 -127.5 -125 I 1 0 —2000 0 2000
P (dBm)  qub. inv. (fy — ) (kHz)

Figure 2.3: grAl transmon: resonance fluorescence (time-domain). a) Pulse sequence applied to perform
a Rabi measurement. First, a Gaussian-shaped pulse of duration 7, and amplitude i, is applied at a
frequency wy to manipulate the qubit state. Subsequently, for the readout, a rectangular-shaped pulse
of 3.2ps is applied on resonance, from which the second half is integrated. Measured Rabi-oscillations
between the qubit’s ground |0) and first excited state |1) as a function of the average drive power of the
manipulation pulse Py, and its duration 7. The color scale represents the qubit population inversion
from equilibrium (red) to fully inverted (blue). With increasing drive power, the Rabi-frequency increases
as expected. The right-hand panel shows the Rabi-oscillation for Py, = —124.7 dBm, highlighted in the
2D plot by a black arrow. For a given Rabi frequency, the corresponding pulse duration to invert the
qubit is 7. The black dashed lines indicate an exponentially decaying envelope. b) Comparison between
the Rabi-frequencies extracted from spectroscopy (blue markers) and the time-domain measurements
(red makers) shown in panel a. The black line indicates the expectation Qg = /4xPn/ (hw;) from
which the manipulation powers P, are also calibrated in panel a. ¢) Rabi oscillations for a fixed
manipulation power Py, = —121.9 dBm, but different pulse durations 7, and drive frequencies fy. With
increasing detuning from the fundamental transition frequency, the Rabi frequency increases, while
the contrast of the oscillations decreases. For negative detunings, a two-photon transition into the
second excited state occurs with roughly half the Rabi frequency as in the on-resonance case. From the
frequency detuning, the anharmonicity of the energy spectrum is quantified to & ~ 27t x 4.5 MHz.
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2.3 Resonance fluorescence readout

Table 2.4: grAl transmon: time-domain. Qubit parameters extracted for the grAl transmon from
resonance fluorescence time-domain measurements shown in Fig. The pure dephasing time T is
calculated from the energy relaxation time T; and the dephasing time T, obtained in the Ramsey and
Hahn echo experiment using Ty = T,/ (1 — 2%)

resonance energy ext. energy int. energy dephasing dephasing
frequency  relaxation relaxation  relaxation (Ramsey) (echo)
w1/ (2m) Ty T T1y T3 (Typ) T, (Typ)

7.4749 GHz 2.8us 3.1us 20722ps  4.7ps (28ps)  5.1ps (46ps)

detuning, the observed Rabi oscillations increase in frequency, while the contrast of
the measurement, the Rabi oscillation amplitude, decreases at the same time. At
drive frequencies below the transition frequency, a second transition occurs, with
Rabi oscillations that are roughly a factor /2 slower in frequency, suggesting a
two-photon transition from the ground state into the second excited state.

Starting from the precise calibration of the 7r-pulse duration for a given drive
amplitude by measuring the Rabi oscillations, the qubit coherence is extracted from
a set of three measurements: the energy relaxation measurement, the Ramsey-fringes
[186] and the Hahn-echo experiment [94].

In order to determine the energy relaxation time Tj, the qubit state is inverted
by applying a 723 ns long 7t-pulse at an average manipulation power of Py =
—131.4 dBm. With increasing waiting time T between the end of the manipulation
pulse and the beginning of the readout pulse, the population of the excited state
decreases exponentially on a characteristic time scale Ty = 2.8 us, as shown in

Fig.2.4a.

For the Ramsey-fringes measurement, the qubitis prepared in a superposition state on
the equator of the Bloch-sphere using a 77 /2-pulse, and projected back onto the z-axis
with a similar pulse after a waiting time 7. The observed frequency of the Ramsey-
fringes is caused by the detuning of the rt-pulse frequency Ay, ~ 27 X 300 kHz from
the qubit frequency. From the exponential envelope, the coherence time T; = 4.7 us
is extracted, which is almost twice the energy relaxation time. In the Hahn-echo
experiment, an additional 7t-pulse is applied in-between the 71/2-pulses, reducing
the effect of low-frequency noise, yielding T, = 5.1 pus. From both measurements,
the pure dephasing times Ty, = 28 pus and Ty = 46 ps are calculated using Eq.
revealing energy relaxation as the main source of decoherence.

In Fig.[2.4b, the fluctuations of the energy relaxation time (grey triangles) and the
qubit frequency, both continuously monitored over 15h are shown. Each marker
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Figure 2.4: grAl transmon: resonance fluorescence (time-domain). a) Measurement of the grAl
transmon coherence times. The duration of the rr-pulse is 723 ns at an average manipulation power
Py = —131.4dBm. The markers in the top panel show the measured population inversion at a
time T after the 7r-pulse, and the black line indicates an exponential fit with a characteristic energy
relaxation time T; = 2.8 ps. The bottom panel shows the results of a Ramsey-fringes (circles) and a
Hahn-echo (triangles) measurement. The observed frequency of the Ramsey fringes agrees within
5% with the frequency detuning Ay, = 27t x 300 kHz of the 7r-pulse. From the fits indicated by solid
lines, coherence times T; = 4.7 us and T, = 5.1ps, as well as the corresponding pure dephasing times
Ty = 28 ps and T, = 46 y1s, respectively, are extracted. b) Time stability of the energy relaxation time
(grey triangles) and the deviation f; — f1 of the qubit transition frequency from its average value f;
(pink markers corresponding to the right-hand axis). The pink shaded area is the uncertainty of the
qubit frequency measurement. The inverted black triangles show the intrinsic energy relaxation time
T1,, = Th'Th/(Tix — Th), where Ty, = 3.1ps (dashed line) is the limit due to spontaneous emission
into the waveguide. Notably, the T; and frequency stability data were taken in different cool downs.

represents an average obtained by integrating over 15min. Although the energy
relaxation is limited by spontaneous emission into the waveguide sample holder,
limiting the Ty to Ty, = 3.1ps (black dashed line), the relaxation time T;, due to
intrinsic energy decay is inferred using

Ty =TT/ (Tox — Th). (2.8)

The obtained average intrinsic decay time T; , = 20722 pis is in agreement with the
value obtained from spectroscopy, and on par with other unconventional transmon
qubits [141].

The pink markers indicate the detuning of the qubit frequency f; from its time
average value fl, measured in a different measurement run and with higher time
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2.4 Two-tone spectroscopy

resolution. The observed total change is only on the order of the intrinsic linewidth
7, in conformity with the obtained pure dephasing times. Notably, the indicated
uncertainty (pink shaded area) is due to the averaging over multiple measurements
implemented for the sake of clarity, and does not reflect the intrinsic accuracy of the
measurement.

2.4 Two-tone spectroscopy

In a two-tone spectroscopy, two tones are applied at the same time: a weak probe
tone to measure the response of the system and an additional drive tone to induce
changes in the system. For a qubit, the application of a drive applied close to the
transition frequency dresses the bare energy eigenstates of the system (see Sec.[T.1.4),
which is the ac equivalent to the Stark effect, very similar to the coupling between a
resonator and a qubit. Figure[2.5a depicts the change in the energy spectrum in the
presence of such an additional drive tone, including a potential third energy level.
In the dressed spectrum, the two lowest energy eigenstates split into two states each,
which are separated by the Rabi frequency (2 induced by the drive. Consequently,
three distinct transitions emerge at frequencies wy and wy & Qg [7,13}215], indicated
by the black and purple arrows. In atomic physics, the corresponding fluorescence
spectrum is referred to as the Mollow-triplet [158].

For a multi-level system (qudit), the presence of higher energy eigenstates, which
remain undressed by the drive as a result of the finite detuning caused by the
anharmonicity of the energy spectrum, results in only two distinct transitions
between the first and the second excited state, referred to as the Autler-Townes
doublet [8,13]]. Since only the excited state splits, the frequency detuning between
the two transitions directly reflects the generalized Rabi frequency (2.

Figure[2.5b shows a two-tone spectroscopy performed with the grAl transmon in
close vicinity of its fundamental transition frequency f;. A fixed frequency drive
tone was applied at Agive = 271 X 200kHz above f; with increasing drive power
Pyrive- Simultaneously, the reflection coefficient S1; was measured with a weak probe
tone at varying frequency f and constant power Pj, = —160 dBm using a commercial
VNA.

For small drive powers, only a single resonance is visible in the phase of the reflection
coefficient arg(Sq1) shown in Fig.[2.5b. With increasing drive power, the occupation
of the first excited state |1) increases and a second feature becomes visible, 3.9 MHz
below the qubit frequency, corresponding to the single-photon transition between
the first and the second excited state |1) — |2). The frequency detuning between
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Figure 2.5: grAl transmon: two-tone spectroscopy. a) Energy spectrum of a three-level system (qutrit)
in the abscence (bare) and the presence of a strong microwave drive (dressed). During a two-tone
spectroscopy, two drives are applied, a weak probe tone (black) and a usually stronger drive tone (pink).
The drive splits the two lowest bare energy levels by the Rabi frequency (R, inducing three distinct
transitions between the dressed ground and the dressed excited state (Mollow triplet, black and purple
arrows). As the third energy level remains unaffected, there are only two transition between the dressed
excited and the undressed second excited state (Autler-Townes doublet), indicated by yellow arrows.
b) Phase of the reflection coefficient arg(S11) measured with a weak probe tone of constant power
P, = —160 dBm in the vicinity of the qubit frequency f;, while an additional microwave drive is applied
at Adrive /27 = farive — f1 = 200kHz detuning, indicated by the dashed white line. With increasing
drive power Pgyjve, the fundamental transition splits into two distinct transitions, corresponding to
the side-bands of the Mollow-triplet [158], appearing at frequencies f+ = f; & Qgr/(27) [7,[13]. Since
the population of the first excited state increases with drive power, at Pgyiye > —150dBm a second
transition becomes visible 3.9 MHz below fi, corresponding to the |1) — |2) transition. The measured
anharmonicity a = 271 x 3.9 MHz, as well as the qubit frequency f; = 7.6790 GHz are slightly different
than the values reported for the spectroscopy, due to the fact that the measurements were taken
in different measurement runs (see App.[C.8). Similar to the fundamental transition, the second
transition also splits with increasing Pgyive [13]. ) Extracted frequency splittings 6f = fy — f_ for
the first two transitions (top panel). The black lines correspond to the theoretical predictions 20Qr
(fundamental transition, purple markers) and Qg (second transition, yellow markers), respectively,

with Qr = 4 /A%jrive + 2 and Q = /4K Pyrive/ I fdrive- The bottom panel shows the expectation value

for the photon number operator (a'a) as a function of the drive power Py, numerically calculated for
a qubit (red line) and for an anharmonic multi-level oscillator (see App..
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2.5 Energy spectrum

the two transitions quantifies the qubit anharmonicity «. Notably, the measured
anharmonicity & = 27t x 3.9 MHz as well as the fundamental transition frequency
f1 = 7.6790 GHz were slightly different compared to the values reported for the
spectroscopy and time-domain measurements. Since the measurements were taken
in different measurement runs, the sample parameters have changed in-between the
runs. An overview on the various experiments is found in App.[C.8|

With increasing driver power Pg,iye, both transitions [0) — |1) and |1) — |2) split
into two distinct transitions each, as expected from the dressed energy spectrum
shown in Fig.[2.5a. Furthermore, the observed frequency splitting is in quantitative
agreement with the theoretical modelling of a driven three-level system [7,(13], as
illustrated by the black solid lines in Fig[2.5¢ (top panel).

Since the qubit anharmonicity is on the order of a few megahertz, deviations in
the system response from the qubit approximation are expected at higher drive
powers. To illustrate this circumstance, the expectation value of the photon number
operator {a'a) is shown in Fig. (bottom panel), numerically calculated for a
two-level (qubit, red) and a multi-level system (qudit, blue) with self-Kerr coefficient
K = a (see App.[C.2). For a qubit, the steady state occupation number versus drive
power saturates at 0.5 as a result of the competition between qubit excitation and
stimulated emission. In contrast, above a certain drive power, which depends on
the relative size of the induced Rabi frequency and the spectral anharmonicity, the
higher dimensionality of the multi-level Hilbert space manifests in an increase of
the average photon number. Notably, the numerical calculations are based on a
time-independent Hamiltonian, i.e. under the assumption of rectangular-envelope
pulses. However, there are more elegant pulse forms and sequences which reduce
leakage into higher energy eigenstates significantly, even for Rabi frequencies
exceeding the qubit anharmonicity [161]].

2.5 Energy spectrum

The multi-dimensionaility of the grAl transmon Hilbert space observed in the
two-tone spectroscopy was also confirmed in the resonance fluorescence spectrum.
For drive powers P, > —138 dBm beyond the range covered in Fig.[2.2} additional
features emerge in the reflection coefficient S1; at frequencies f, below the qubit
frequency f; (see. Fig.22.6|left-hand panel). Similar to the high power spectroscopy
of JJ] transmon qubits [32, 202], these features are multi-photon transitions into
higher energy eigenstates E, starting from the ground state Ey. The transitions are
observed at frequencies f, = (E, — Eg)/(nh), where n is the level number, and the
multi-photon origin is confirmed by the two-tone spectroscopy and the time-domain
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Figure 2.6: grAl Transmon: Energy spectrum. Phase of the measured reflection coefficient arg(S;1) as a
function of probe frequency f and incident on-chip power P, (left panel). With increasing probe power
multi-photon transitions are observed at frequencies f,,, labeled (|0) — |n))/n where n denotes the level
number, which are almost equidistant in frequency, as plotted in the right hand panel. From the first two
points in the right hand panel (highlighted in red) a qubit anharmonicity « = K(1) = 27t x 448 MHz is
extracted, much larger than the spectral linewidth x + vy = 271 x 50 kHz (cf. Fig.[2.2). To highlight the
change in K(n) with increasing level number #, the red line shows a linear extrapolation from the first
two points. The extracted values K(n) are plotted in orange using the right hand axis. The green-colored
arrows indicate the power values at which the individual traces shown in Fig were measured.

measurements. From the frequency detuning between the first two transitions (red
markers in Fig.[2.6|right-hand panel), a qubit anharmonicity a = 271 x 448 MHz is
extracted.

Following the discussion in Sec.[2.1} for a conventional JJ transmon the anharmonicity
is given by the charging energy E.s = ¢?/2Cs of the shunt capacitance [116],
which is E.s/h = 27t x 141 MHz for the geometry presented in Fig.[2.1l Since the
anharmonicity is reduced by N? for an array of identical J], the obtained value for
the anharmonicity implies N = /E.s/ha ~ 6 effective J] inside the grAl volume.
The corresponding effective junctions are therefore separated by ~ 80 nm, spanning
approximately ten grains. This result is in agreement with recent scanning tunneling
microscopy measurements performed on similar grAl films, which evidenced the
collective charging of clusters of grains [234].

From the measured multi-photon transition frequencies f;, the frequency shift per
photon is calculated according to

hK(I’l) = (En — Enfl) - (En+1 —Eu), (2.9)
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Figure 2.7: grAl Transmon: Energy spectrum. Three individual measurements (left-hand panel)
performed at different probe powers (P, = —121, =106 and —101 dBm), as indicated by the equally
colored arrows in the 2D plot in Fig.[2.6] Several multi-photon transitions are visible as peaks in
the phase response. With increasing power, the linewidth of these transitions broadens, as shown
in the right-hand panels for n = 3 (top panel, P, = —127 to —123dBm) and n = 10 (bottom panel,
P, = —105.75 to —104.75dBm). Here, A, = w — wy, is the frequency detuning between the drive and the
respective multi-photon transition frequency, with w3 = 271 x 7.4842 GHz and wjy = 271 x 7.4678 GHz,
as indicated by the arrows and the vertical dashed lines in the left-hand panel.

@ -121dBm @ -106dBm ® -101dBm

with E;;/h = nf,. As shown in the right-hand panel of Fig. (right-hand axis), the
energy difference between subsequent energy levels K(n) monotonically increases
with the level index 7, likely due to the contribution of higher order terms arising
from the expansion of the Josephson potential, not included in the consideration. A
similar decrease in the transition frequency between higher energy eigenstates is
also observed in conventional transmon qubits [116].

In the left-hand panel of Fig.2.7, three measurements are shown which were
performed at different drive powers Pi, = —121, —106 and —101 dBm. At any drive
power in this range several multi-photon peaks are visible. The linewidth of each
transition broadens with power, as exemplarily illustrated in the right-hand panels
of Fig.[2.7| for the 3rd and the 10 th multi-photon transition. The visibility of the
peaks and the background response of the phase is in remarkable agreement with
the master-equation simulation presented in App.[C.2| The broadening of the n = 10
transition compared to n = 3 can be explained by the offset charge dispersion
present in superconducting charge qubits. Although exponentially suppressed with
Ej/Ec for the fundamental transition, the offset charge dispersion increases with a
power law in n for higher energy eigenstates [116].
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2 The granular aluminum transmon qubit

2.6 Magnetic field dependence

For the operation in external magnetic fields, the sample holder is equipped with a
2D-vector magnet, with the two field components graphically indicated by the red
and blue coils in Fig.2.1a. A more detailed description of the sample holder and
the vector magnet are found in App.|C.3]and App.[C.6} respectively. In general, the
application of an external magnetic field is expected to reduce the superconducting
gap of the pure Al layer A 5}, as well as of the grAl layer Ag,51, causing an increase
of the kinetic inductance associated with both films (see Sec.[1.2.1/and Sec.[1.2.2).
Since the effect of magnetic fields applied out-of-plane is usually much stronger,
owing to the large aspect ratio between the lateral dimensions of the thin film and
the film thickness, the field orientation is aligned with the film plane using both
coils simultaneously (see App.[C.7).

As a side note, during the resonance fluorescence characterization of the qubit
discussed in previous sections, the qubit was protected from external magnetic fields
by a combination of cylindrical shields surrounding the waveguide sample holder,
constructed of different materials. The most inner layer is a copper shield, followed
by a superconducting aluminum and an outer p-metal shield. For the application of
magnetic fields, the p-metal shield was removed for all measurements.

By applying a magnetic field B,, aligned in-plane with the sample, a continuous
decrease of the qubit frequency fi(By) was observed, as plotted in Fig.. The
measurements were performed in two separate measurement runs, with (filled
crosses) and without (open pentagons) an outer superconducting Al shield. When
employing the shield, the maximal field was limited to ~ 70mT, after which the
shield was affected by the field coils and introduced distortions in the field alignment
resulting in a sudden decrease of the qubit frequency.

The expected in-plane magnetic field dependence of the qubit transition frequency
f1(By) is derived by mapping the qubit onto a linearized, lumped-element circuit
model consisting of three inductive contributions in series, altogether shunted by a
capacitance Cs = 137 fF. The inductive contributions arise from a field-independent
geometric inductance Ls = 0.45nH, and two field-dependent kinetic inductances
associated with the pure Aland grAl thin films, Ly 51(B) and Ly g1 (B), respectively.
The lumped-element model transition frequency is

1

277\/CS (Lk,Al(By) + Lk,grAl(By) + Ls)

f1(By) = (2.10)
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Figure 2.8: Magnetic field dependence. a) Relative change in qubit frequency éf; = f1(B,) — f1 as a
function of the applied in-plane magnetic field By. The experimental data was measured in two separate
measurement runs: with (filled triangles) and without (open pentagons) an outer superconducting
Al shield. The field dependence can be fitted to an effective circuit model (see Eq.2.10), indicated
by the black dashed line, from which the critical flux density B. o; = 150 = 5mT of the Al film was
extracted, in agreement with Ref. [152]. Notably, the observed change in the transition frequency was
caused by the increasing kinetic inductance in the Al wires. b) Internal quality factor Q; = w; /+y for
the shielded (filled triangles) and unshielded (open pentagons and triangles) case, both plotted versus
the in-plane magnetic field By. For moderate fields, the quality factor slowly decreases with increasing
field, followed by a sudden decrease above B > 100 mT. A possible explanation is the excitation of
quasiparticles due to the suppression of the Al gap.

By describing both superconductors within a two-fluid model [214] (see Sec.[1.2.2),
the field dependence of the gap parameter translates into a field dependence of the
kinetic inductance

14 (By/Bc;)?
1- (By/Bc,i)zl

where the index i € {Al, grAl} indicates the superconducting material, and Ly ;(0)
is the inductance in zero-field. I would like to mention that there are different
expressions for the field dependence of the superconducting gap, for instance
reported in Ref. [64], which, however, result in a qualitatively very similar prediction.

Lyi(By) = Ly,(0) (2.11)

Due to the large critical magnetic in-plane field of grAl B, o1 > 5T, both, reported
in literature in Ref. [47] and more recently observed in grAl microstrip resonators
using the same waveguide sample holder [29], the observed change in frequency is
primarily due to the lowering of the Al gap A}, which leads to an increase of the
kinetic inductance of the Al wires connecting the capacitor electrodes with the grAl
volume. From the fit to the data according to Eq.[2.10} the contribution of the Allayer
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2 The granular aluminum transmon qubit

Table 2.5: grAl transmon: magnetic field performance. Fit parameters according to Eq. extracted
from the magnetic field dependence of the fundamental transition frequency shown in Fig.. The
shunt capacitance Cs = 137 fF, as well as the stray inductance Ls = 450 pH remained constant for the
fitting procedure.

kinetic critical kinetic critical
inductance (Al) magnetic field inductance (grAl) magnetic field

LK,AI Bc,Al LK,grAl Bc,grAl
200 pH 150 =5mT 2650 pH >1T

to the total inductance is found to be Lx o = 200 £ 5 pH, and the corresponding
critical magnetic field is B, o; = 150 & 5mT, in agreement with Ref. [152] for a film
with 80 nm thickness. Furthermore, the obtained value for the contribution of the
Al layer sets an upper bound on the contribution of the contact junctions formed
by the overlap between the Al and the grAl film, as discussed in App.|C.5| The
accuracy on the critical field of the grAl is rather small, and the quoted value should
be understood as an order of magnitude only.

Besides the increase in kinetic inductance and the consequential change in the
transition frequency, the decrease in the superconducting gap and the presence of
magnetic fields in general can have detrimental effects on the coherence of a quantum
circuit. Figure[2.8b depicts the internal quality factor Q; = w; /7 as a function of
the in-plane magnetic field By measured with (filled triangles) and without (open
pentagons and triangles) an outer Al shield. The quoted quality factors are extracted
from a fit to the resonance fluorescence response of the qubit (see Fig.[2.2).

In comparison to the data depicted in Fig.[2.2} the overall lower internal quality
factor in these three measurement runs observed even in zero-field can be attributed
to the removal of the p-metal shield, which likely results in an increase of the (stray)
B, field oriented perpendicular to the film plane. In the presented grAl transmon
design, the Al pads are the most field susceptible components, rendering the qubit
frequency and internal quality factor particularly sensitive to out-of-plane magnetic
fields, as illustrated by the factor of three difference in Q; values in the unshielded
case for nominally identical setups. Moreover, since the time-domain measurements
were performed after these three measurement runs, aging effects can be excluded
as an explanation for the observed reduction in Q.

Increasing the in-plane magnetic field results in a slow decrease of the internal
quality factor. Above B, > 100 mT, a sudden decrease in Q; was observed, potentially
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caused by the excitation of quasiparticles due to the suppression of the Al gap, or
the increasing number of magnetic vortices penetrating the Al thin film.

Finally, it is important to note that the absolute value of the non-linear frequency
shift K is not expected to change in magnetic field, because the expression for K in
the grAl transmon is independent of the grAl superconducting gap. The only change
expected is due to a change in the kinetic inductance participation ratio of the grAl
volume, which could also explain the different values for the qubit anharmonicity
obtained in different measurement runs.
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3 DimerJosephson Junction Array
Amplifier (DJJAA)

The Dimer Josephson junction array amplifier, in short DJJAA, is a non-degenerate,
standing-wave parametric amplifier operated in reflection, which is based on the
dispersion relation engineering of long arrays of SQUID junctions. A detailed
summary of the DJJAA concept can be found in Ref. [231]].

The mainidea of the DJJAA is to provide a userfriendly working horse for experiments
in the framework of cQED and related, by offering the following attributes in a
single device:

¢ Low-noise performance down to the quantum limit

e High dynamic range and saturation power

e Protection of the qubit from pump leakage

o Large effective bandwidth realized by a multi-mode approach.

The DJJAA concept is based on the usage of long, one-dimensional arrays of
Josephson elements, in particular dc SQUIDs, resulting in several eigenmodes in the
frequency domain between 1 and 10 gigahertz utilized for parametric amplification.
Moreover, due to the total length of the arrays, experimentally demonstrated up
to N = 1800 SQUIDs, the magnitude of the Kerr coefficients is small compared to
the linewidth of the modes, which is an important prerequisite for a high dynamic
range, as explained in Sec.

In analogy to the other weakly nonlinear systems, the DJJAA can be described by a
quantum optics Hamiltonian of the form

N-1 # N-1
H= Y hwnihim+ EKm,mwmﬁ*mﬁmﬁ*mﬁm + Y
m=0 m,k=0
self—Kerr

EKm,kwma;amﬁ;ak, (3.1)

cross—Kerr
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3 Dimer Josephson Junction Array Amplifier (DJJAA)

where w;;, are the eigenmodes of the DJJAA, and K, and K, . are the self-Kerr and
cross-Kerr coefficients, respectively. In particular the cross-Kerr terms are used to
enable non-degenerate parametric amplification with pairs of modes.

In order to optimize the non-degenerate operation, the regular dispersion relation
of Josephson junction arrays (JJA) is engineered to form pairs of modes, denoted
dimers, separated by only a few hundreds of megahertz. For the operation as an
amplifier, a strong pump tone is applied in-between two dimer modes, giving rise to
a four-wave mixing conversion process and a power gain profile composed of two
overlapping curves with Lorentzian spectral line shape, one containing the signal
response, the other containing the idler. The obtained detuning between pump and
signal frequency protects the measured system, for instance a qubit, from pump
leakage.

3.1 Multi-mode parametric amplifiers

Multi-mode parametric amplifiers constitute a class of JPAs utilizing several
eigenmodes of the same device for parametric amplification in different frequency
domains, such that the overall bandwidth of the amplifier is enhanced [207, 231].
Ideally, a parametric amplifier covers the whole range between 1 — 10 GHz typically
used for cQED experiments.

In standard degenerate and non-degenerate JPAs, the operational bandwidth of the
device is enhanced by employing flux tunable junctions, for instance dc SQUIDs or
SNAILs [77], with flux dependent critical current and Josephson energy, as shown
in Fig.[3.1] (left-hand panel). At least in principle, the obtainable bandwidth is on the
order of several gigahertz, but in reality, the power gain tunability of such devices is
limited to a smaller range.

By lowering the Josephson energy with flux, the nonlinearity of the modes increases
with respect to the resonance frequency, while the effect of higher order nonlinear
contributions arising from the Josephson potential are more likely to influence the
performance of the amplifier at the same time [31]. As a consequence, the observed
saturation power decreases. Moreover, the effect of flux noise in the SQUID loop is
proportional to the flux derivative of the frequency dependence on field ~ dw /9 Pext,
which steadily increases away from effective zero-field, the so-called flux sweet spot.

In a multi-mode amplifier, these limitations are mitigated by using several eigen-
modes. A single device can cover a large bandwidth if the maximal flux tunability of
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Figure 3.1: Multimode amplifiers: Concept. a) Resonance frequency w of a JPA circuit containing
a single (symmetric) SQUID junction, normalized by the plasma frequency wp of the SQUID and
calculated as a function of the normalized external magnetic flux @eyxi/ ®@g enclosed in the SQUID loop.
The total shunt capacitance of the SQUID is C = 2Cj. The bandwidth of the device is given by the
frequency tunability of the mode (red area). The black solid line indicates the slope at the indicated
flux point (black square) to emphasize the increase in flux noise away from the flux sweet spot (black
cross). b) Normalized, flux dependent dispersion relation of a long JJA consisting of N = 1000 SQUID
junctions. The ratio between SQUID capacitance and capacitance to ground is Cj/Cp = 2500. Due to the
large number of degrees of freedom, the mode density in the frequency domain is enhanced, with the
modes close to the plasma frequency being greyed out. In order to cover a similar bandwidth (colored
areas), each eigenmode m + 1 has to be flux tuned to the next lower frequency m at the flux sweet
spot (black crosses) only. The required minimal external flux is indicated for each mode by the black
diamonds. Notably, the slope at these points is almost independent of the mode number m.

each mode is larger than the frequency detuning of neighboring eigenmodes in zero
field:

Wi1(0) — W (0) < Wpt1(0) — Wpg1 (Pmax) (3.2)

Awp

Here, @max < 0.59 is the maximal external magnetic flux at which the device is
still operable as an amplifier with sufficient power gain and reasonable saturation
power well above the single photon regime.
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Josephson junction arrays

For devices with several eigenmodes, the dispersion relation of the system is the
dependence of the eigenfrequencies on the mode number. In a long Josephson
junction array containing N >> 1 elements, the obtained dispersion relation is
composed of a linear regime in which the frequency detuning between neighboring
eigenmodes is almost equidistant, and a dense regime close to the plasma frequency

wp of the J]s (see Fig.)

The frequency detuning between the eigenmodes in the linear regime is controlled
by the length of the array N, and the ratio of junction capacitance Cj and capacitance
to ground Cp [228]:

1
A ~ —
w N

G
Aw ~ =
w CO

(3.3)

Since the expected Kerr nonlinearity decreases also with the number of elements,
as discussed in Sec.[2.1} using long JJAs is generally benificial. A more detailed
discussion about JJA is found in App.[Fl

Figure[3.1|summarizes the conceptual idea of a multi-mode parametric amplifier
by comparing the (ideal) flux modulation of the resonance frequency of a JPA with
a single SQUID junction, with the flux dependent dispersion relation of a JJA. As
indicated by the colored areas, the flux modulation of each mode required to cover
an overall similar bandwidth is highly reduced in the case of the JJA.

3.2 Circuit model

Besides a low number of added noise, a large bandwidth and high dynamic range,
the protection of the device under test (DUT) from the influence of the strong pump
tone is very crucial for a plug-and-play device. While asymmetric nonlinear elements
like the SNAIL [77] enable parametric amplification in a three-wave-mixing process,
in which the signal and the pump tone are naturally far detuned, the DJJAA concept
follows a different path based on a four-wave-mixing process: the dispersion relation
of a JJA is engineered in such a way that it exhibits pairs of modes, denoted dimers,
which are used for non-degenerate parametric amplification. With the pump tone
applied in-between the two dimer modes, the signal, idler and pump tone frequencies
are detuned by up to hundreds of megahertz.
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Figure 3.2: DJJAA: dispersion engineering. The effective circuit model of the DJJAA consists of
a one-dimensional network of N identical SQUID junctions(crossed boxes), with flux dependent
critical current Io(®ext) and junction capacitance Cj, which are separated by superconducting islands
contributing with a capacitance to ground Cy. The engineering of the dispersion relation is implemented
by either interrupting the array with a large in-plane capacitor (i), or by introducing a large capacitance
to ground (ii) in the center of the array. In the first case, the capacitance to ground on the neighboring
nodes (N/2 and N/2 + 1), is assumed to be enhanced, too, which is captured by the parameter C(’).

Dispersion relation

The dispersion relation of a single JJA is engineered to allow for non-degenerate
parametric amplification by placing a capacitance in the center of the array, either
in series to the junction capacitance, or to ground. Figure[3.2|depicts the effective
circuit model for both cases. The Josephson elements are indicated by crossed boxes,
surrogating a SQUID junction with flux dependent critical current I (Pext), shunted
by its junction capacitance Cj. The superconducting islands inbetween the Josephson
elements contribute with a capacitance to ground Cy. The additional circuit elements
associated to the center capacitance with size C. are highlighted in ruby. If the
capacitor interrupts the array, as shown in (i), the capacitance to ground on the
neighboring islands, denoted C6, is assumed to be enhanced to account for the
physical size of the capacitor plates. The dispersion relation of the DJJAA is derived
from the linearized Lagrangian of the effective circuit model [228].
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In the case of a galvanically coupled DJJAA device, and provided the center
capacitance C. isin series with the junction capacitance, the corresponding Lagrangian
is
N/2-1 Co s N "
i=1 =542
!/

c . . C. .. o
+70 (®12\1/2+(p12\1/2+1) +7C (PN/24+1 — Pny2)

3.4)
N/2-1 C . .2 N C ] .o (
+ ) 7] (D1 = @)+ ) 7] (Pis1 — Pi)
i=0 i=N/2+1
N/2-1 N
— Y Ejcos(pii1—¢i)— Y, Ejcos(pii1 — ¢i),
iz0 i=N72+1

where @; = ®y¢;/ (277) is the node flux on the i thnode, and ¢; is the superconducting
phase. For clarity, terms arising from similar circuit elements are grouped together in
rows. Accordingly, the first row contains the terms arising from the superconducting
islands in-between the Josephson elements, while the second row contains the terms
that are related to the additional capacitance in the center. Here, the coefficient C}) is
the capacitance to ground attributed to the two nodes to the left and the right of the
center capacitor. In a realistic physical implementation, the additional capacitance to
ground is likely to be much bigger than the capacitance to ground due to the small
superconducting islands in-between the Josephson elements Cj, > Cy. Finally, the
third and the fourth row contain the terms associated with the Josephson elements.
Notably, due to the additional lattice site introduced by the center capacitance, the
final value of the indices is N + 1.

In the limit of small circulating currents with respect to the critical current of the
junctions I < I, the phase drop ¢;11 — ¢; across each junction becomes small even in
regions of maximal current, and the Lagrangian is linearized by approximating the
nonlinear cosine potentials with harmonic potentials. The corresponding coefficients
are the linear Josephson inductances Lj introduced in Sec.

By introducing the node flux vector & = (P, ..., PN), the linear Lagrangian is
expressed in a more compact matrix representation

STL 1P, (3.5)
where C and L~ are the capacitance and the inverse inductance matrices, respectively

(see App.|G.1). The matrices contain the information about the distribution of the
circuit parameters along the array.
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3.2 Circuit model

The frequencies w;;, of the eigenmodes and the corresponding standing-wave pattern
of the node flux &, along the array are calculated by solving the eigenvalue problem

CV2L-1C 129, = W2 ¥, (3.6)
numerically [228].

Figure[3.3a depicts the flux dependent dispersion relation of a DJJAA under the
assumption that the SQUID junctions are symmetric and the loop inductance is
negligible (see App.[E). For the given set of circuit parameters listed in Tab.[3.1} the
device exhibits several dimers for which the frequency detuning is significantly
smaller compared to a standard JJA. The circular markers indicate the eigenfrequen-
cies at the flux sweet spot, which are compared to the case of a JJA with the exact
same parameters in Fig.[3.3b. Each dimer is suitable for nondegenerate parametric
amplification, as exemplarily shown for the second dimer in the inset.

“ )
C
‘.‘ 0.5 = idler |
o L ]
< 0 pump |
0.5 f= ]
signal
0 20 po
0.0 00 G (dB)
05 0.0 0.5 ~ 0 10 20
Pext/ Do mode number m

Figure 3.3: DJJAA: Dispersion relation. a) Eigenfrequencies of a DJJAA, normalized by the single
junction plasma frequency wp, and calculated according to Eq. as a function of the normalized
external magnetic flux @exi/ Py enclosed in each SQUID loop. Due to the center capacitance, the
DJJAA’s dispersion relation exhibits pairs of modes, denoted dimers, which are close in frequency
and highlighted in the same color. The circuit parameters used for the calculation are N = 1000,
I.(0) = 6 pA, Gy = 1000 fF, C. = 45fF, C} = 30 fF and Cy = Cj/2500. b) Dispersion relation in zero-field
of a single JJA (black crosses) and a DJJAA (colored circles) calculated for the same circuit parameters.
As indicated by the inset, each dimer is suitable for nondegenerate parametric amplification, which
detunes the pump tone from the signal frequency by a few hundreds of megahertz.
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3 Dimer Josephson Junction Array Amplifier (DJJAA)

Table 3.1: DJJAA: Circuit parameters. Values for the circuit parameters of the linear model of the
DJJAA, as shown in Fig.[3.2} used for the numerical calculation of the flux dependent dispersion relation
shown in Fig. The zero-field critical current I.(0) and the Josephson inductance Lj, as well as
junction capacitance are for a single SQUID.

Length  critical  Josephson junction capacitance center center
current inductance capacitance to ground  capacitance cap. to ground
N 1.(0) L;(0) G Co Ce G
1000 6 A 55pH 1pF 1/2500 pF 45fF 30fF

Kerr-nonlinearity:

The self-Kerr and cross-Kerr coefficients Ky, ,, and K, x are obtained by expanding
the cosine potentials in the Lagrangian up to the quartic order, and are given by [228]

2h7T4E]77mmmm
Kpm = ——F5——, (3.7)
o OiClw?,
and .
4ht*E kk
Kinje = _%’Mn‘ (3.8)
<DOC] Wiy Wy

Here, #,;mkx is a numerical factor that takes the standing-wave pattern of each mode
into account, and is defined as

2 al al 1/2 -1/2 ’
ﬂmmkkzcjz (;( z 1])1{/]'”)

N ~—1/2 ~—1/2 ?
x (2 (c;j/ _c;lfj)lffj,k> )

j=0

(3.9)

where ¥, is the j th entry of the m th eigenvector ¥, and C /2

ith row and the j th column of the square root of the inverse capacitance matrix.

is the entry in the

Although less intuitive as for the transmon qubit, generally speaking, the Kerr
coefficients increase with increasing mode number m, but saturate as soon as the
dispersion relation approaches the plasma frequency. For the applied circuit model,
the standing-wave pattern of the node flux @, is related to the eigenvectors ¥, [228]:

e
Pn =1\ 55 C (3.10)
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3.3 Design and fabrication

w N~ o 3

Figure 3.4: DJJAA: Standing-wave pattern. The standing-wave pattern of the node flux eigenvectors
q_sm for the first four eigenmodes m € {0,1,2,3} of a typical DJJAA device with an in-plane center
capacitance. The two modes forming a dimer have a similar distribution along the array, with the mode
lower in frequency being antisymmetric, or out-of-phase, and the other mode being symmetric, or
in-phase, on both sides of the capacitor. Since the current across each element is given by the difference
in flux on the neighboring nodes, the distribution reveals that the current is maximal on both ends of
the array for all modes, and at the roots of the distribution.

Figure[3.4) depicts the standing-wave patterns of the first four eigenstates, corre-
sponding to the circuit parameters used in Fig.[3.3, In the presented case of an
in-plane capacitor, the two modes forming a dimer are symmetric and antisymmetric
pairs with respect to the center capacitance.

3.3 Design and fabrication

The DJJAA samples implemented and investigated in the scope of my thesis consist of
arrays of optically fabricated SQUID junctions, and are interrupted by an interdigital
in-plane capacitor in the center, as shown in Fig.[3.5 The size of center capacitance is
controlled by the length and the number of the fingers, while keeping a constant
gap, and, as a rule of thumb, is adjusted linearly to the length of the array N.

On the left-hand side, the array is galvanically connected to a microwave input port
formed by a 50 () on-chip transmission line, and is galvanically grounded on the
other end. The JJA is designed in a meander structure, with a total of twelve SQUIDs
per meander, with the aim to reduce the physical length of the device and the impact
of magnetic field gradients.

The samples are fabricated on double polished sapphire substrates with the aid of a
two-step optical-lithography fabrication process. First, the majority of structures
including the center capacitor, the on-chip transmission line and most parts of the
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3 Dimer Josephson Junction Array Amplifier (DJJAA)

first layer

second layer

Figure 3.5: DJJAA: sample design. Optical microscopy images of several parts of a DJJAA implementa-
tion. The JJA to the left and the right of the interdigital in-plane capacitor in the center is comprised of a
meander structur of symmetric dc SQUIDs, with twelve SQUIDs per meander. The left-hand end of the
array is galvanically connected to an on-chip transmission line with characteristic impedance Zy ~ 50 (),
while the right-hand end is grounded. The inset shows a scanning electron microscopy image of two
SQUIDs, in which the aluminum thin films are false-color coded to illustrate the fabrication procedure.
All structures are patterned on sapphire substrates based on an optical-lithography fabrication process.
The overlap areas between the first (blue) and the second layer (red) forming the JJs are A ~ 10 — 12pum?,
giving rise to a substantial junction capacitance Cj.

array are patterned, followed by a zero-angle evaporation of 30 nm Al. The magnified
region around two SQUIDs, as shown in the scanning electron microscopy images
in Fig.[3.5) reveals the parts of the first layer by a blue color. Right before the first
Al layer is evaporated, a physical and chemical cleaning procedure is performed to
minimize the detrimental effect of resist residuals on the aging of the ]]Js.

For the precise control of the critical current density j. of the JJs, the native oxide,
which grows naturally when Al is exposed to oxygen, is removed from the first layer
with the aid of an argon milling process [92]]. Subsequently, the Al film is oxidized
statically for a time fox = 2 — 7 min in a controlled oxygen atmosphere with constant
partial pressure pox ~ 10 mbar, followed by a zero-angle evaporation of 40 nm Al
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3.4 Dimerization

(light red). The overlap area between the first and the second layer, highlighted by
the white dashed rectangle, forms the JJs.

In order to provide a low loss ground reference, a 200 — 300 nm platinum layer
is evaporated onto the backside of the wafer. As a sticking layer, a 10nm layer
of titanium is used. More details on the individual fabrication steps are given in

App{G13,

3.4 Dimerization

The dimerization of the array modes is demonstrated for three samples in the
top panels in Fig.[3.6a), b), and c), which show the phase of the complex reflection
coefficient arg(S11) as a function of probe frequency f and external flux bias @ext. The
three samples are composed of a different total number of SQUIDs, N = 1200, 1600
and 1800, and furthermore differ in the critical current per SQUID I. = 7.0 uA,3.5pA
and 2.7 pA. The corresponding Josephson inductances are L; = 47 pH, 94 pH and
123 pH. Due to the sweep in design parameters, a single dimer in (a), three dimers
in (b) and four dimers in (c) were observed.

With increasing external flux, the frequencies of the dimers decrease, as expected from
the increase in the SQUID inductance and in agreement with Fig.[3.3| The maximal
SQUID frustration, i.e. the maximal kinetic inductance, occurs at |®ext/ Pg| = 0.5,
which is used to calibrate the external magnetic flux. From the obtained modulation
amplitude, a high SQUID symmetry in terms of the critical currents of the JJs can

Table 3.2: DJJAA: Circuit parameters (samples). Values for the circuit parameters entering the linearized
DJJAA model for the three samples A, B and C shown in Fig.[3.6] used to calculate the corresponding
dispersion relations shown in Fig.[3.7} With the aid of sample D, the gain-tunability is demonstrated
(see Fig.[3.8). For all samples, the value assumed for the capacitance to ground of the center capacitance
is C = 33 fF.

array  critical  Josephson junction capacitance center

length current inductance capacitance to ground  capacitance

N 1.(0) 1;(0) o Co Ce
sample A 1200  7pA 47pH 1225 fF 0.45 pF 30 fF
sample B 1600  35pA 94 pH 1225 fF 0.45 pF 40 fF
sampleC 1800 27pA  123pH 1225 fF 0.45 pF 45 F
sampleD 1300  6.2pA 53 pH 1225 fF 0.45 pF 32.5fF
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Figure 3.6: Phase response of the complex reflection coefficient arg(S;;) measured as a function of
externally applied flux @y for three dispersion engineered JJ arrays: a) N = 1200 JJs, I = 7.0 pA,
Cc = 30fF, b) N = 1600 JJs, I. ~ 3.5nA, Cc = 40fF, ¢) N = 1800 JJs, Ic =~ 2.7uA, C. = 45fF. The
dispersion relation is dimerized by introducing C. in series with the junction capacitance Cj in the center
of the array. As expected, the number of modes within the given frequency range (here 2 — 9 GHz)
increases with increasing N and decreasing I.. By applying a strong pump tone in-between two
hybridized modes, non-degenerate power gain exceeding Gy = 20 dB is observed for up to four pairs of
modes in a single device, as shown in panel c). The arrow and cross symbols in each panel indicate the
external flux bias and pump frequency, color-coded for each dimer. The horizontal features visible in
the vicinity of 4 and 8 GHz correspond to the frequency band of the circulator attached to the DJJAA
input port.
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3.4 Dimerization

be inferred, as well as a negligible contribution of the SQUID loop inductance (see
App.[E).

From the measured spectra, the frequencies wy;, of the eigenmodes are determined,
and compared to the prediction of the circuit model, as shown in Fig.[3.7, The circuit
parameters corresponding to the individual spectra are listed in Tab.[3.2} Since most
circuit parameters entering the model, in particular Lj, Cj, Cc and C6, are estimated
from complementary room-temperature transport measurements and finite element
method simulations, the capacitance to ground Cy per island remains the only real
free parameter. A detailed discussion can be found in App.[G.4, For all three devices,
the same value for the capacitance to ground Cy = 0.45 fF was used to calculate the
dispersion relations, as the amplifier packaging and the design are conceptually
identical.

Although the agreement between the model prediction and the obtained frequencies
is generally satisfying, the agreement is noticeably better for the devices with larger
kinetic inductance per SQUID, since the circuit model does not account for additional
linear inductances arising from the islands connecting the SQUIDs (see App.|G.4).
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Figure 3.7: DJJAA: dispersion relation at the flux sweet spot. Measured (triangles) and numerically
calculated (circles) dispersion relation of the three DJJAA devices A, B, and C shown in Fig.[3.6] The
circuit parameters Lj, Cj, C. and C6 are estimated from room temperature transport measurements
and FEM simulations, and remain fixed, leaving the capacitance to ground Cy the only free parameter
(see App.[G.4). For all three samples, the same value Cy = 0.45 fF was used for the calculation. All
parameters are listed in Tab.[3.2} Noticeably, the agreement between the model prediction and the
measurement is better for the longer arrays, which is not due to the length but rather because of the
larger kinetic inductance per SQUID, and the smaller contribution of the stray inductance, which is not
included into the model.
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3.5 Multi-mode power gain

The power gain G = Pout,on/ Pout,off is defined as the ratio between the received
power with and without the pump tone applied. Since the response of the system is
deduced from the reflection coefficient, which is a ratio of voltages, the power gain
is determined as the ratio of the squared amplitudes of the reflection coefficient
measured in both cases G(w) = |S11,0n|?/|S11,0ff|>- Owing to this normalization,
finite losses in the amplifier modes appear as artificial gain in the measurement.

The bottom panels in Fig.[3.6a, b and ¢ depict the power gain G in decibel as a
function of probe frequency f when an additional pump tone of power P, and
frequency f, is applied in-between two dimerized modes at a time. The black arrows
and cross symbols, color-coded individually for each dimer, indicate the external
bias flux Pext and pump frequency used in each experiment. For most dimers, the
pump frequency appears off-centered with respect to the low probe power response
shown in the top panels, since the mode population 7, caused by the strong pump
tone lowers the dimer modes in frequency up to several hundreds of megahertz.

For the DJJAA, the observed power gain is composed of two overlapping Lorentzian
curves, symmetrically emerging below and above the pump tone frequency. In
general, the frequency detuning between the two maxima can be fine-tuned by
the pump power and the pump frequency, similar to Ref. [67]]. The maximal power
gain Gg exceeds 20dB, which is a typical value required to saturate the classical
noise added by higher temperature amplifier stages with the amplified quantum
noise. For the sample shown in Fig.[3.6¢, four dimers were used to obtain parametric
amplification, epitomizing the potential of the DJJAA concept. Notably, due to a
finite magnetic field gradient along the device, the flux modulation is asymmetric,
as discussed in App.[G.7} limiting the achievable flux tunability of the device. Such
detrimental effects on the performance are mitigated with a dedicated magnetic
shielding.

Gain tunability

The flux tunability of the different modes, in particular the achievable tunability
of the power gain, is an important figure of merit for the implementation of a
multi-mode amplifier. Figure[3.8/depicts the power gain measured in three different
dimers in a single device composed of N = 1300 JJs. The device is from the same
batch as sample a in Fig.[3.6, and has therefore similar circuit parameters.

The frequency tunability of all three modes exceeds 1.5 GHz and, thus the total
bandwidth of the device is > 4.5 GHz. Due to the design parameters, the frequency
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3.6 Gain-bandwidth product

splitting between neighboring dimers is roughly a factor of two larger than the
achieved gain tunability. By increasing the number of JJs or the capacitance to
ground, a smaller frequency detuning could be achieved.

JM 7777777 M 7777777777777777
) _ 6 8 10
®/ P, f (GHz)

Figure 3.8: Gain flux tunability. Phase of the complex reflection coefficient arg(S11) (left-hand panel),
measured for a DJJAA with N = 1300 SQUIDs as a function of the probe frequency f and external bias
flux @/ Py, similar to Fig. The grey scale covers again the range from —7r (black) to 7 (white). The
main features in the given frequency range are the second (1 = 2), third (n = 3) and fourth (n = 4)
dimer of the device. The pentagons highlight the bias flux and pump frequency used to measure the
power gain close to the dimer modes. The corresponding power gain G is shown in the right-hand
panel as a function of the probe frequency f. The tunable bandwidth of this device measured from
the lowest frequency to the highest frequency of each dimer at which G = 20 dB was reached exceeds
1.5 GHz for all three dimers.

3.6 Gain-bandwidth product

As mentioned in Sec.[1.3.4, the achieved maximal power gain Gy (linear units) and
the instantaneous bandwidth B of each dimer are related by the external coupling
rate of the respective modes, known as the gain-bandwidth compromise. For a
non-degenerate parametric amplifier utilizing two modes at a time, the product of
gain and bandwidth is limited by both decay rates [46, 67]

2 _
V/GoB = Kntfn— (3.11)
Kn,+ + Kn,—
R —
Kn

where x,, 1 and x,, _ are the external decay rates of the two modes of the n th dimer,
and &, is the effective linewidth.
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Figure 3.9: Power gain. a) Power gain G in decibel for different pump powers P, (room-temperature
values) and a fixed pump frequency wp = 271 X 8.622 GHz, measured at the flux sweet spot of the third
dimer n = 3 (cf. Fig. as a function of the frequency f of a low power (Ps < P,) probe tone (bottom
panel). With increasing pump power, the observed maximal power gain increases, as indicated by the
color scale, while the obtained bandwidth decreases. The top panel shows three gain curves for three
different pump powers, which are indicated by the equally colored arrows, and reveals the double
Lorentzian gain profile. Notably, the sudden increase in noise at probe frequencies above 8.5 GHz is an
artefact caused by the commercial vector network analyzer. For clarity, the features associated to the
pump tone have been removed from the plot, explaining the small gap in the center (top panel).b)
In order to extract the maximal power gain Gy and the bandwidth B of the amplifier, Lorentzian fits
are performed for both modes individually, as demonstrated for the lower mode 3_ (top panel). The
bottom panel compares the extracted gain-bandwidth product /GgB of both modes with the expected
value 3 (black dashed line).

The maximal power gain Gy of the DJJAA is adjusted by the pump conditions, the
combination of pump frequency wp and pump power Pp. In general, the pump
frequency is set to a frequency in-between two dimerized modes. However, due to
the finite Kerr nonlinearity of both modes, the resonance frequencies of the dimer
modes shift downwards in frequency with increasing mode population and pump
power, as theoretically demonstrated for a degenerate amplifier (see Fig.[1.23). As a
consequence, there are ideal pump conditions for which the required pump power
is minimized.

Figure[.9h depicts the power gain G obtained for the third dimer of the sample D (see
Fig.[3.8), measured as a function of the probe frequency f for a steadily increasing
pump power. The pump frequency remained fixed at wp = 27t x 8.622 GHz during
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3.6 Gain-bandwidth product

the measurement. Under the given conditions, not only the maximal power gain
increases, but also the detuning between the two points at which the maximal power
gain occurs in frequency increases.

The instantaneous bandwidth B and the maximal power gain Gy are extracted by
fitting individual Lorentzian curves to the frequency dependence of the (linear)
power gain profiles:

Go (B/2)?
(w—wy)?+ (B/2

G(w) = )2 + Goffsets (3.12)

as demonstrated in Fig.3.9b. Here, Gogset is a finite offset value and wy is the
frequency at which the maximal power gain occurs.

The gain-bandwidth product extracted for both modes is plotted in Fig.3.9b (bottom
panel), and compared to the theoretical value ¥3 = 196 MHz, which has been deduced
from the low probe power reflection coefficient of the amplifier for each dimer
individually. While the obtained gain-bandwidth product of the lower mode agrees
well with the prediction, the upper mode exhibits generally larger values and a
moderate decrease with increasing power gain.

For the sample shown in Fig., the obtained gain-bandwidth product \/GoB ~
170 MHz is also in good agreement with the average of the two measured linewidths
&/2m = 172MHz (not shown). Since the inductance per SQUID is significantly
larger for samples B and C, the obtained bandwidth is considerably smaller for these
samples.

Flux tunability

For the same device, the dependence of the gain-bandwidth product with the
applied flux bias was investigated for two dimers. Figure[3.10]depicts the comparison
between the theoretical prediction %, and the gain-bandwidth product obtained
from the power gain measurements shown in Fig.[3.8] (right-hand panel) for the
second (n = 2) and the third (n = 3) dimer.

Since the inductance of the SQUIDs is enhanced with increasing flux @ey, the
characteristic impedance of the amplifier increases at the same time, which lowers
the effective linewidth of the modes (black solid lines). The triangle and the square
markers indicate the gain-bandwidth products for the upper and lower frequency
mode of each dimer, respectively, which are generally in good agreement with the
prediction.
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Figure 3.10: Gain-bandwidth product. Product of the linear power gain Gy and the amplifier bandwidth
B for the second and third dimer of sample D shown in Fig.[3.8 measured at different values for the
external magnetic flux @ey; inside the SQUID loops. The black solid line indicates the expected value
determined by the effective linewidth &, = 2k, 4k, — / (kn,4 + kn,— ). The triangles and squares indicate
the measured gain-bandwidth products for the upper and lower frequency mode, respectively. The
color code is identical to the gain measurements in Fig.

3.7 Saturation power

The saturation power of an amplifier is conventionally determined by the 1dB
compression point, the input power at which the power gain has been reduced by
1dB compared to the low signal power value. Figure[3.1T|depicts a representative
saturation power measurement, performed with the upper mode of the third dimer

in sample D (see Fig.[3.8)

The initial power gain Gy for small signal powers Ps is determined by the pump
conditions (wp, Pp), which are adjusted such that the ideal conditions are closely met
for four different power gain values. In case the pump frequency wy, is slightly lower
compared to the ideal detuning, the increase in signal power shifts the amplifier
modes closer towards the optimal condition due to the signal induced ac Stark effect,
resulting in a slight increase in the observed power gain. The measured curves show
only a slight increase, before the power gain starts to steadily decrease. As expected,
the corresponding 1dB compression points, indicated by the black markers, are
observed at higher signal powers for lower power gain values, in agreement with
Fig.[1.25 Since the total attenuation of the input line was not calibrated in the same
measurement run, the quoted signal power values are accurate within an order of
magnitude.

At the flux sweet spot (left-hand panel) and at even higher signal powers well
beyond the saturation power, the power gain abruptly disappears, with the origin

102



3.8 Noise performance

of this behavior remaining unresolved. A similar behavior is not observed in the
measurement away from the sweet spot (right-hand panel), but has been observed
in other devices, too.

Another aspect revealed by the measurements, in particular by the light grey curves,
is the increase in flux noise with increasing power gain owing to the smaller amplifier
bandwidth. In addition, the observed flux noise increases with increasing detuning
away from the flux sweet spot, caused by the steeper slope dwy, / 9Pex (see App.[G.7).

301 ¢ mode 3., 301 . mode 3
j% 20 ﬁ“ % 20
O 101 O 101 |
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T —120  _100 0 —120 100
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Figure 3.11: Saturation power measurement. Maximal power gain Gy as a function of the incident
signal power P;, measured for the upper mode of the third dimer in the sample shown in Fig.[3.8
The two panels depict the results obtained for four different pump conditions at two different flux
bias points, Pext/ Py = 0 (left-hand panel) and Pext/ Py = —0.25 (right-hand panel). With increasing
signal power, the power gain starts to decrease, with the 1dB compression points indicated by the
black markers. The blue line highlights the curve with an initial power gain of 20 dB. At the flux sweet
spot, the power gain suddenly breaks down, which has been observed in other samples, too, but does
not occur in the right-hand panel. The origin of this phenomenon remains unresolved. Notably, the
quoted signal power was not calibrated, but is only roughly determined using an estimate of the total
attenuation A = 76 dB in the input line, which has been measured in a different cool down using the
Rabi frequency of the grAl transmon (see Fig.2.3) at a comparable frequency. Therefore, the results
should be considered rather qualitatively.

3.8 Noise performance

The calibration of the noise performance of a DJJAA requires a calibrated power
source used to determine the power incident to its input port. If the power gain of
the DJJAA is sufficiently high (G > 100) to saturate the noise added by subsequent
amplifier stages, the SNR of the whole measurement setup is dominated by the SNR
in front of the DJJAA, and the noise can be deduced in absolute values from the
calibrated signal strength.
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Sucha calibrated power source canbe build from a superconducting qubit dispersively
coupled to a dedicated readout resonator. As discussed in App.[B.2} the power
reflected from the readout resonator is related to the mean photon number 7i, inside
the resonator, which in turn can be determined from the transition frequency of the
qubit and the dispersive shift x4 (see Sec..

Measurement photon number

In a reflection measurement, the amplitude of the frequency dependent reflection
coefficient can be normalized to unity using the off-resonant response of the system,
independent of the total attenuation and power gain in the measurement setup,
as shown in Fig.[T.11} For the measurement of the readout resonator, a pulse or
continuous tone is applied at a fixed frequency in close vicinity to its resonance
frequency f. The signal received at room temperature is downconverted to an
intermediate (IF) frequency, before it is digitized. By comparing the signal with a
reference from the same microwave source, the signal can be decomposed into the
quadratures I and Q. Using the calibrated signal strength, the measured quadratures
can be expressed in the measurement photon amplitude /fimeas [97, [220], with
I? + Q% = Nmeas. The scaling accounts for the improvement of the SNR due to the
signal strength (e /7i;), the measurement rate ( /), and the integration time
(v/Tm), and enables to determine the noise in the received signal in numbers of
photons per unit time and bandwidth.

In a continuous single-port reflection measurement performed on resonance, and
neglecting the internal losses of the readout resonator, the measurement photon
number is

Nmeas %io ﬁrZTm/ (3.13)

where T, is the measurement integration time, and <, and x, are the resonator’s
internal and external decay rates, respectively.

The mean circulating number of photons inside the resonator 7, is calibrated by
measuring the qubit’s fundamental transition frequency fq in a sequence of Ramsey
fringes experiments [186]. The frequency fr of the Ramsey oscillations is given by
the drive detuning from the qubit’s transition frequency fr = |fq — fq|, which is
chosen to be comparable to the frequency shift induced by the population of the
readout resonator A fq = fir2Xqr, Where 2 qr = —27 X 480 kHz is the qubit dispersive
shift [24]]. The resonator is populated with i, photons by simultaneously applying
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Figure 3.12: Quadrature histogram) 2D-histogram of measured I and Q quadratures of the readout
resonator at f, = 5.8224 GHz. The I and Q values are reported in units of square root of measurement
photons /7% Trm /4, where i, = 150, k. /27w = 2.7 MHz and T, = 500ns, for a total of 6 x 105 counts.
We observe two peaks in the IQ—plane, a larger one corresponding to the qubit ground state |g),
and an approximately ten times smaller peak corresponding to the first excited state |¢). The qubit
temperature calculated from the observed populations is Tq = 87 mK, in agreement with the base plate
temperature of the dilution refrigerator of 80 mK, which was raised to activate thermal excitations of
the qubit. The distribution plots along I (top panel) and Q (right panel) are plotted for slices centered
on the ground state peak. From a Gaussian-fit we extract a standard deviation ¢ = 2.0 \/photon.

a constant tone to the readout resonator at frequency f; (see App. for more
details).

Figure[3.12 shows a histogram of measured signal quadratures I(t) and Q(t)
expressed in units of the measurement photon amplitude /fimeas, for 7, ~ 150 and
an integration time Ty, = 500 ns. The resonator linewidth is x, = 27t x 2.7 MHz. A
detailed description of the measurement setup and the microwave interferometer
used to decompose the readout signal into the quadratures I and Q is found in
App.|G.8and App.[G.9l The qubit’s ground state |g) and first excited state |¢) are
visible as two circles with Gaussian profile, as expected for a coherent state prepared
in the resonator. For clarity, the IQ-plane is rotated such that the information about
the qubit state is encoded entirely in the Q-quadrature, as shown by the slices
through the histogram along I (top panel) and Q (right-hand panel). The angle
between the ground and first excited state is ¢ = 4arctan (|xqr|/x) ~ 40°.
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Measurement efficiency

The measurement efficiency # = 0.13 at the resonance frequency of the readout res-
onator is calculated by comparing the measured standard deviation o = 2.0 \/photon
of the ground state distribution in the histogram shown in Fig.[3.12} with the ideal
case, which is Gigeas = 1/V/2 /photon for a coherent state [40].

The reduction in measurement efficiency can be attributed to known and expected
losses between the readout resonator and the parametric amplifier. Since a commercial
power combiner was used to feed in the pump tone, the power incident to the
DJJAA was lowered by at least a factor of two compared to the calibrated value.
Additionally, the sample holder was separated from the amplifier by several
microwave components, such as circulators and various co-axial cables, which
further add dissipation at the readout frequency. Therefore, a conservative upper
bound on the measurement efficiency determined by losses is #;, < 0.5, which
implies a conservative bound on the quantum efficiency #pjjaa = 77/11 > 0.26 for
the DJJAA.

Noise visibility

Another contribution of the noise observed at room temperature can be caused
by the amplifiers in the output line of the measurement setup operated at higher
temperature stages. A way to estimate the saturation of the noise added by these
additional amplifier stages with amplified quantum noise incident to the DJJAA,
is the noise visibility measurement, as shown in Fig.[3.13, The measurement is
performed by comparing the noise power detected with a spetrum analyzer at room
temperature, when the DJJAA is on and off. In the frequency region in which the
power gain of the DJJAA is large (G > 1), the measured noise power is increased
and resembles the characteristic Lorentzian line shape of the DJJAA gain profile.

Assuming a frequency independent noise incident to the DJJAA, the maximal noise
visibility AP is measured at the frequency at which the DJJAA supplies the largest
power gain Gy, as indicated by the coincidence with the gain profile, which has been
obtained in a separate measurement. From the measured increase in output power,
the contribution of the other amplifier stages, primarily the HEMT, can be expressed
in an upper bound for the measurement efficiency [97]

frEmT = 1 — 10747710, (3.14)

From the maximal value measured AP = 13.2dB, an upper bound yypmr = 0.95
is deduced. Notably, the noise visibility measurement alone is not sufficient to
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Figure 3.13: Noise visibility. Increase in the measured power at room temperature AP (blue curve) due
to the amplified quantum noise incident to the DJJAA. For the measurement, only a pump tone is
applied to operate the DJJAA with a maximal power gain of Gg = 23.2dB (red curves), while the power
is detected with a commercial spectrum analyzer. In the frequency region in which the power gain of
the DJJAA is large (G >> 1), the noise incident to the amplifier, at least quantum fluctuations at the
signal and idler frequencies, is amplified and causes an increased noise power at room temperature.
The noise floor in this measurement is determined by the noise added by subsequent amplifier stages,
for the most part the noise added by a high-electron-mobility transistor amplifier. The black dashed
line indicates a Lorentzian fit to the noise visibility.

calibrate the noise performance of the DJJAA, as the losses between the DJJAA and
the HEMT are generally unknown, unless they have been calibrated. As an example,
a quantum limited first amplifier stage with no attenuation in the line connecting it
to the HEMT would show the same noise visibility as a device with a much higher
added noise number, but also more attenuation in the line.

3.9 Quantum jumps of a transmon qubit

The increase in measurement efficiency and SNR by operating the DJJAA enabled
to trace the state of the transmon qubit on a time scale an order of magnitude
faster than its energy relaxation time. From such quantum jump traces, valuable
information can be extracted, for instance the statistics of the duration the qubit
spends in each state, from which the decay rate I'| and the excitation rate I’y can be
deduced individually, i.e. the effective qubit temperature.

An exemplary quantum jump trace is depicted in Fig.[.14| (left-hand panel) for the
same integration time T, = 500 ns and readout strength used in Fig.[3.12| For the
detection of the qubit state, highlighted by the solid red line, a multi-point filter is
used [220]. The filter declares a jump, when the detected Q-value falls into a range
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Figure 3.14: Quantum jumps. Typical example of a measured quantum jump trace corresponding
to the time evolution of the Q quadrature for the same experiment shown in a). The red solid line
indicates the qubit state given by a two point latching filter. The colored areas around the Q values
corresponding to |g) (pink) and |e) (green) represent one standard deviation o, which is the value used
for the latching filter.

of +0 around the mean values Q,, (m € g, e, f, h) associated with the first four qubit
states. For the ground and first excited state, the filter-range is color coded by the
pink and green areas around the mean values Qg and Q1, respectively, which are in
turn indicated by the dashed lines.

By compiling a histogram of the duration T the qubit remains in the excited state, the
decay rate I’ l_l = 4.1 ps into the ground state can be extracted from the measured
quantum jump traces. Figure[3.14] (right-hand panel) depicts the corresponding
histogram together with the exponential fit (black dashed line) from which the decay
rate is determined.

Moreover, for uncorrelated quantum jumps, the probability distribution p(7) of
the times 7 follows a Poisson distribution p(7) = %e_f/ T around a mean value T.
Following the analysis reported in Ref. [220], the statistics of the dwelling times
extracted from the quantum jumps are expressed in the form 7p(7) = %e’r/ T for
enhanced visibility.

Figure[3.15|depicts the statistics of the quantum jumps corresponding to the histogram
in Fig.[3.12) for the ground (pink) and the first excited state (green). For the binning,
a constant bin size A}, in units of log(7) is used. Both distributions are in excellent
agreement with the prediction of uncorrelated quantum jumps, indicated by the
black dashed lines, which are of the form [220]

)

z

e F. (3.15)

Ay
= log(10)t

Al
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Figure 3.15: Quantum jumps statistics. Histograms of the time 7 the transmon spent in the ground
(pink) and first excited state (green), weighted by its probability p(7). The black dashed lines indicate
the expected statistics assuming uncorrelated quantum jumps between the two states following a
Poisson distribution.

Here, ) is the total sum of the histogram values, and the term in front of the
Poisson distribution ensures that the integral coincides with the total number of
measurements stored in the bins.

As expected, the qubit spent significantly more time in the ground state than in the
first excited state, or in other words, the contribution of the excitation rate to the
energy relaxation rate is negligible I'j > I’;.

Qubit temperature

Owing to the interaction between the transmon qubit and its environment, the
excitation rate I; out of the ground state is non-zero, as discussed in the previous
section, causing a finite equilibrium occupation of the excited state. The extent of
such excitations can be expressed in an effective qubit temperature, calculated from
the relative population of the qubit states. For a transmon qubit, the occupation in
the energy eigenstates beyond the computational basis (|0) and |1)) can be included
into the analysis.

For a qubit in thermal equilibrium with its environment, the occupation probability
pm of the m th energy eigenstate follows a Boltzmann distribution

Em

pm e fla, (3.16)

where kg is the Boltzmann constant, and Ty is the effective qubit temperature. Similar
to the Boltzmann statistics of a multi-particle system, the occupation probability
of each qubit state observed in a time ensemble is calculated from the number of
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Figure 3.16: Transmon temperature. Histograms of the probability p(Q) for finding the measurement
outcome Q within regions of bin size AQ = 0.6 y/photon. Similar to Fig. the information about
the qubit states is projected onto the Q quadrature. The black dashed lines indicate Gaussian fits,
from which the mean values Q,, and the standard deviations o, are extracted for the ground and first
excited states. The area below the curves within one standard deviation is used to calculate the relative
population of the qubit states. For a qubit in thermal equilibrium, the relative population follows a
Boltzmann distribution « e~ 5m/*7Ta) (dashed lines), from which the qubit temperature is deduced,
yielding Tq = 61mK and Tq = 87 mK.

measurements Ny, the qubit has been found in the respective state m, divided by the
total number of measurements N = Y~ Ny;:

_ Nu

P = (317)

The corresponding numbers Ny, are extracted from the IQ-histogram, either from
the maximal number of counts associated to each state, or the integrated counts
within one standard deviation o. Hence, the effective qubit temperature is calculated
from the Boltzmann factor of the first two eigenstates

E,—E

Ta = kgIn(No/Ny)’

(3.18)

if not more qubit states can be distinguished, or by fitting a Boltzmann distribution
to the relative occupation

Nip(em)/N = nge” s, (3.19)
Here, the parameter €, = (E; — Ep) is the energy difference between the m th

energy eigenstate to the ground state energy Ey, and ny is the relative ground state
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occupation. The energy eigenstates are determined from the qubit spectrum (see
App.[G.10).

Figure[3.16| compares the probability histogram p(Q) of measuring a value along
the Q quadrature for a cryostat base temperature Tj,se = 30 mK (top panel) with
the outcome of an experiment operated at Ty, = 80 mK. In both cases, the first
two states of the transmon are clearly distinguishable, while the higher energy
eigenstates accumulate at the left-hand edge of the distribution. However, from
the continuous quantum jump traces similar to Fig.[3.14} the third and the fourth
eigenstate are still distinguishable.

The relative population of the qubit states Ny, (€) /N is extracted from the probability
of measuring a Q quadrature value within one standard deviation around the mean
value Q,, associated to each transmon state. For the measurements taken at a lower
base temperature, the qubit temperature saturates at a constant value Tq ~ 61 mK,
which is an indication for non-thermal processes that increase the excited state
population beyond thermal equilibrium. At the elevated base temperature, the qubit
temperature of Ty = 87 mK approaches the physical temperature of the cryostat
base plate.
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In the scope of my thesis,  investigated the applicability of superconducting granular
aluminum for the implementation of nonlinear inductances designated for the
use in hybrid architectures, i.e. systems dedicated to combine the advantages of
superconducting quantum circuits with other quantum degrees of freedom. For this
purpose, the properties of grAl thin films were examined with the aid of transport
measurements, as well as in form of a dispersive measurement technique, realized
by embedding a grAl inductor into a resonant circuit to build a superconducting
transmon qubit. Besides the determination of the quantum coherence of the grAl
transmon, the investigation was targeted to assess the performance of the material
in external magnetic fields, an important prerequisite for the usage in many hybrid
systems. In order to decrease the required measurement time, a non-degenerate
parametric amplifier was developed in addition.

Nonlinear granular aluminum inductors

The investigated grAl thin films were deposited in a standard electron beam
evaporator by evaporating pure aluminum in a low-pressure oxygen atmosphere
(~ 10~° mbar). As demonstrated, the normal-state resistivity of the fabricated films is
controlled by the ratio of the partial oxygen pressure inside the evaporation chamber
and the pure aluminum evaporation rate, and can be varied over three orders
of magnitude. Since the kinetic sheet inductance of disordered superconductors
is proportional to the sheet resistance according to the Mattis-Bardeen theory,
the control of the film resistivity enables the implementation of physically small
inductors offering a large kinetic inductance at eye level with conventional Josephson
junction technology [91].

The nonlinearity of such inductive elements stems from the grAl microstructure,
which is composed of separate and crystalline aluminum grains embedded in a non-
stoichiometic AlOy, matrix [234]. The thin, insulating barrier between neighboring
grains enables a finite Josephson coupling for film resistivities o, < 10* Q) cm, above
which granular aluminum enters an insulating regime [133]]. Similar to conventional
JJ, the nonlinearity is determined by the phase fluctuations across the inter-grain
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boundaries. Owing to the grAl microstructure, the quantum electrodynamics of grAl
resonators can be mapped onto an array of effective JJs, which links the self-Kerr
coefficient of the fundamental mode of a rectangular-shaped stripline resonator to
the critical current density jc and the volume V) of the grAl film: Kyq o jo land

Kqp o Vg‘}M [144].

T

The critical current density j. of superconducting grAl films was determined with
the aid of switching current experiments of micro-SQUIDs patterned from single
grAl layers. In the used design, the SQUID loop was narrowed down in two
regions to form short, geometric constrictions of widths < 100nm and lengths
< 300nm. Due to the short coherence length of superconducting grAl compared to
the geometric dimension of the constrictions, the switching into the normal state in
such constrictions is expected to be local and determined by the Josephson coupling
between the Al grains [78]. In this notion, the switching is more likely to take place
inside the constriction merely due to the reduced critical current of the film in these
regions. The obtained critical current density was found to decrease with increasing
normal-state resistivity following a power law j. « p, 3. Moreover, the analysis of
the switching current distributions have revealed a diffusive motion of the effective
phase particle inside the two-dimensional sQUID potential, as reported in Ref. [7§].

In order to further investigate the applicability of grAl elements for hybrid systems,
a grAl transmon qubit was fabricated by shunting a small volume of granular
aluminum Vg a1 = 500 x 200 x 10 nm?3, constituting the nonlinear inductance of the
circuit, with a pure aluminum in-plane capacitor. The used fabrication process was
based on an in-situ three-angle shadow evaporation technique [128], demonstrating
the integrability of the grAl fabrication with standard Josephson junction technology.

The coherence of the grAl transmon qubit was directly determined from resonance
fluorescence measurements of the fundamental transition, in spectroscopy, i.e. with a
continuous microwave drive, and in time domain, i.e. with pulsed signals. The energy
relaxation time was found to be limited by the Purcell decay into the waveguide
sample holder to T; , = 3.1 s, while the internal decay time due to uncontrolled
degrees of freedom was found to be Tj ., = 2072 pus. Complementary Ramsey-
fringes [186] and Hahn-echo [94] experiments further portend pure dephasing times
Ty = 28ps and Ty = 46ps, respectively, indicative for a stable qubit transition
frequency and on par with state-of-the art superconducting qubit implementations.

By directly tracing the fundamental transition frequency over the duration of 15h
using spectroscopy techniques, a total change on the order of 10 kHz was observed,
reinforcing the results of the time domain measurements. However, the mean value
of the fundamental transition frequency was prone to changes between consecutive
cool downs, with spreads on the order of several hundred megahertz. Although
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the exact origin remained unresolved, a potential explanation are changes in the
configuration of the grAl volume, supported by the concomitant change in the
obtained anharmonicity of the grAl transmon.

From resonance fluorescence measurements performed at higher readout power and
additional two-tone spectroscopy measurements, the anharmonicity of the qubit
was determined to & = 27 X 4.48 MHz at a fundamental transition frequency of
f1 = 7.4887 GHz. By comparing the obtained value with the expected anharmonicity
of a conventional transmon « ~ E./# [116], which is determined by the charging
energy E. of the shunt capacitance, the result suggests N = 6 effective junctions
inside the grAl volume, and, hence an effective junction length of 2 = 80nm.
Although the deduced size is an order of magnitude larger than the grain size, it is
in agreement with scanning-tunneling microscopy measurements, which revealed
the simultaneous charging of clusters of grains, indicative for a locally high barrier
transparency [234].

Eventually, the grAl transmon was measured in external magnetic fields, which
were applied with a specifically developed 2D vector magnet integrated into a
3D waveguide sample holder, capable of creating in-plane fields on the order of
several hundred millitesla. The measurements showed that the investigated grAl
transmon implementation was limited by the low impedance shunting layers made
from pure aluminum. However, a reasonable coherence time was sustained up to
fields reaching 100 mT, which is already in the range required for the operation of
semiconducting spin [154,|194] and molecular qubits [22} 23, |83]. Moreover, although
the transition frequency was lowered by over 200 MHz due to the suppression of
the gap parameter of the pure aluminum film, a high resolution measurement of
the transition frequency did not reveal any anticrossings with other mesoscopic
systems, a typical observation in conventional transmon qubits [114, 131}, 135} [195].

In conclusion, the results reported on the grAl transmon have demonstrated that
nonlinear inductances made from small volumes of granular aluminum are promising
candidates for the application in hybrid systems, as they offer low microwave losses,
sufficient nonlinearity to build a qubit, and resilience against external magnetic
fields.

In future experiments, the limit on the energy relaxation time caused by the
spontaneous emission into the input port could be mitigated by implementing a
dispersive readout scheme for the qubit. Moreover, by using smaller volumes of
granular aluminum, the anharmonicity of the grAl transmon could be enhanced
compared to the presented implementation. However, even the presented value
renders the grAl transmon a potential candidate for the application in bosonic
codes for quantum information processing [87,/99} (113|157, 219]. For the extended
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application in hybrid systems, the aluminum shunting layer could be exchanged by
superconducting materials with larger critical magnetic fields, for instance niobium
compounds [123} 167, 193]]. Alternatively, implementations of other qubit designs
which do not require large shunting capacitors, for instance the fluxonium qubit
[91,148], could be entirely fabricated from a single granular aluminum layer.

The DJJAA

In order to improve the signal-to-noise ratio of the measurement setup, a non-
degenerate parametric amplifier was developed based on the dispersion engineering
of long Josephson junction arrays, referred to as the dimer Josephson junction array
amplifier, in short DJJAA. By placing a capacitance in the center of the array, the
DJJAA exhibits pairs of modes, denoted dimers, coupled by a cross-Kerr interaction.

The main idea behind the DJJAA concept is to cover a large frequency band utilizing
several eigenmodes of the same device in different frequency domains and, thus
lowering the required frequency tunability of each mode. The usage of multiple
dimers for non-degenerate amplification was demonstrated with up to four modes
in a single device containing N = 1800 JJs. Since the DJJAA devices were fabricated
based on a simple and cheap optical-lithography process demonstrates that the
DJJAA concept is robust and affordable for a large variety of groups working
on superconducting quantum circuits. In combination with the potentially large
bandwidth, DJJAAs could be used in cryogenic setups as ordinary as commercial
amplifiers.

The noise performance of a typical DJJAA was determined using a cQED experiment
composed of a conventional transmon qubit dispersively coupled to a dedicated
readout resonator. The cQED system was used as a calibrated power source to
determine the power incident to the DJJAA. The measurement efficiency of the
DJJAA was found to be 7pjjaa > 0.26, i.e. reaching 26% of the quantum limit on par
with other superconducting parametric amplifiers [97) 143, 220]], with remaining
uncertainties caused by unknown and unaccounted microwave losses stemming
from the components connecting the transmon to the amplifier.

Due to the enhanced signal-to-noise ratio enabled by the DJJAA, the state of the
transmon was continuously traced using an integration time of Ty, = 500 ns, roughly
an order of magnitude faster than the energy relaxation time of the qubit. From the
statistics of the amount of time the qubit spent in the ground and the first excited
state, the energy relaxation time as well as the effective temperature of the qubit
were determined, revealing the saturation of the qubit temperature to Tq = 60 mK,
well above the operational temperature of the dilution refridgerator: A well-known
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but yet unresolved issue reported in other articles [[107,204], but only detectable due
to the low noise performance offered by the DJJAA.

In conclusion, the DJJAA concept was successfully implemented using different total
numbers of JJs and circuit parameters. The obtained results were in good agreement
with the predictions deduced from effective circuit models, indicative for the high
degree of control on the amplifier parameters.

Potential improvements in future designs are the usage of a large capacitance to
ground to realize the dimerization of the dispersion relation, as it reduces the
negative effect of variations in the critical currents of the JJs and magnetic gradients
along the device. Moreover, it is yet to be demonstrated to build a single device that
covers the whole frequency band between 1 — 10 GHz.

117






Bibliography

10.

11.

Abbott, B. P.,, Abbott, R., Abbott, T. D., Abernathy, M. R., Acernese, E, et al.:
Observation of Gravitational Waves from a Binary Black Hole Merger. Phys. Rev.
Lett. 116, 061102 (2016) (cit. on p. [1).

Abdo, B., Kamal, A. & Devoret, M.: Nondegenerate three-wave mixing with the
Josephson ring modulator. Phys. Rev. B 87, 014508 (2013) (cit. on p.[58).

Abeles, B., Cohen, R. W. & Cullen, G. W.: Enhancement of Superconductivity in
Metal Films. Phys. Rev. Lett. 17, 632-634 (1966) (cit. on p.[39).

Abrikosov, A. A.: On the magnetic properties of superconductors of the second
group. Sov. Phys. JETP 5, 1174-1182 (1957) (cit. on p.[32).

Ardavan, A, Rival, O., Morton, J. J. L., Blundell, S. J., Tyryshkin, A. M., Timco,
G. A. & Winpenny, R. E. P.: Will Spin-Relaxation Times in Molecular Magnets
Permit Quantum Information Processing? Phys. Rev. Lett. 98, 057201 (2007)

(cit. on p.[T).
Arute, E, Arya, K., Babbush, R., Bacon, D., Bardin, J. C,, et al.: Quantum
supremacy using a programmable superconducting processor. Nature 574, 505-510

(2019) (cit. on pp. 2} [19).
Astafiev, O., Zagoskin, A. M., Abdumalikov, A. A., Pashkin, Y. A., Yamamoto,
T., Inomata, K., Nakamura, Y. & Tsai, J. S.: Resonance Fluorescence of a Single

Artificial Atom. Science 327, 840-843 (2010) (cit. on pp. 77).
Autler, S. H. & Townes, C. H.: Stark Effect in Rapidly Varying Fields. Phys. Rev.
100, 703-722 (1955) (cit. on p.[75).

Bachar, N., Pracht, U. S., Farber, E., Dressel, M., Deutscher, G. & Scheffler, M.:
Signatures of Unconventional Superconductivity in Granular Aluminum. Journal
of Low Temperature Physics 179, 83-89 (2015) (cit. on p. [41).

Bardeen, ]., Cooper, L. N. & Schrieffer, J. R.: Microscopic Theory of Superconduc-
tivity. Phys. Rev. 106, 162-164 (1957) (cit. on pp.[5,[32).

Barends, R., Kelly, ]., Megrant, A., Sank, D., Jeffrey, E., et al.: Coherent Josephson
Qubit Suitable for Scalable Quantum Integrated Circuits. Phys. Rev. Lett. 111,
080502 (2013) (cit. on p. .

119



Bibliography

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

120

Barends, R., Kelly, J., Megrant, A., Veitia, A., Sank, D., et al.: Superconducting
quantum circuits at the surface code threshold for fault tolerance. Nature 508,
500-503 (2014) (cit. on p. .

Baur, M., Filipp, S., Bianchetti, R., Fink, J. M., Goppl, M., Steffen, L., Leek, P. .,
Blais, A. & Wallraff, A.: Measurement of Autler-Townes and Mollow Transitions in
a Strongly Driven Superconducting Qubit. Phys. Rev. Lett. 102, 243602 (2009)

(cit. on pp.[75H77).

Bell, J. S.: On the Einstein Podolsky Rosen paradox. Physics Physique Fizika 1,
195-200 (1964) (cit. on p.[T).

Ben-Jacob, E., Bergman, D. ], Imry, Y., Matkowsky, B. ]. & Schuss, Z.: Thermal
activation from the fluxoid and the voltage states of dc SQUIDs. Journal of Applied
Physics 54, 6533-6542 (1983) (cit. on p.43).

Benhelm, J., Kirchmair, G., Roos, C. E. & Blatt, R.: Towards fault-tolerant quantum
computing with trapped ions. Nature Physics 4, 463-466 (2008) (cit. on p. [1).

Benioff, P.: The computer as a physical system: A microscopic quantum mechanical
Hamiltonian model of computers as represented by Turing machines. Journal of
Statistical Physics 22, 563-591 (1980) (cit. on p. [1).

Bennett, C. H. & Brassard, G.: Quantum cryptography: Public key distribution
and coin tossing. Theoretical Computer Science 560. Theoretical Aspects of
Quantum Cryptography — celebrating 30 years of BB84, 7-11 (2014) (cit. on
p-[1).

Bergeal, N., Schackert, F., Metcalfe, M., Vijay, R., Manucharyan, V. E., Frunzio,
L., Prober, D. E., Schoelkopf, R. ]J., Girvin, S. M. & Devoret, M. H.: Phase-
preserving amplification near the quantum limit with a Josephson ring modulator.
Nature 465 (2010) (cit. on p.[61).

Bergeal, N., Vijay, R., Manucharyan, V. E., Siddiqji, I., Schoelkopf, R. J., Girvin,
S. M. & Devoret, M. H.: Analog information processing at the quantum limit with a
Josephson ring modulator. Nature Physics 6, 296-302 (2010) (cit. on p.[61).
Bethe, H. A.: The Electromagnetic Shift of Energy Levels. Phys. Rev. 72, 339-341
(1947) (cit. on p.[29).

Bienfait, A., Pla, J. J., Kubo, Y., Stern, M., Zhou, X,, et al.: Reaching the quantum
limit of sensitivity in electron spin resonance. Nature Nanotechnology 11, 253-257
(2016) (cit. on pp.[3| [115).

Bienfait, A., Pla, J. J., Kubo, Y., Zhou, X., Stern, M., et al.: Controlling spin
relaxation with a cavity. Nature 531, 74-77 (2016) (cit. on pp.[3}[I15).

Blais, A., Huang, R.-S., Wallraff, A., Girvin, S. M. & Schoelkopf, R. ].: Cavity
quantum electrodynamics for superconducting electrical circuits: An architecture for
quantum computation. Phys. Rev. A 69, 062320 (2004) (cit. on pp. 104).



Bibliography

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Blatt, R. & Roos, C. F.: Quantum simulations with trapped ions. Nature Physics 8,
277-284 (2012) (cit. on p.[).

Blatt, R. & Wineland, D.: Entangled states of trapped atomic ions. Nature 453,
1008-1015 (2008) (cit. on p. [I).

Bockstiegel, C., Gao, J., Vissers, M. R., Sandberg, M., Chaudhuri, S., Sanders,
A, Vale, L. R, Irwin, K. D. & Pappas, D. P.: Development of a Broadband
NbTiN Traveling Wave Parametric Amplifier for MKID Readout. Journal of Low
Temperature Physics 176, 476-482 (2014) (cit. on p. [6T).

Bogani, L. & Wernsdorfer, W.: Molecular spintronics using single-molecule
magnets. Nature Materials 7, 179-186 (2008) (cit. on p. [1).

Borisov, K., Rieger, D., Winkel, P, Hernandez, F,, Valenti, F,, et al.: Supercon-
ducting granular aluminum resonators resilient to magnetic fields up to 1 Tesla
(2020) (cit. on pp. 81).

Bouchiat, V., Vion, D., Joyez, P, Esteve, D. & Devoret, M. H.: Quantum Coherence
with a Single Cooper Pair. Physica Scripta T76, 165 (1998) (cit. on pp.[15} [53).
Boutin, S., Toyli, D. M., Venkatramani, A. V., Eddins, A. W, Siddiqi, I. &
Blais, A.: Effect of Higher-Order Nonlinearities on Amplification and Squeezing in
Josephson Parametric Amplifiers. Phys. Rev. Applied 8, 054030 (2017) (cit. on
pp- 58} [86).

Braumtdiller, J., Cramer, J., Schlor, S., Rotzinger, H., Radtke, L., et al.: Multiphoton
dressing of an anharmonic superconducting many-level quantum circuit. Phys. Rev.
B 91, 054523 (2015) (cit. on p.[77).

Braumtiiller, J., Sandberg, M., Vissers, M. R., Schneider, A., Schlor, S., et al.:
Concentric transmon qubit featuring fast tunability and an anisotropic magnetic
dipole moment. Applied Physics Letters 108 (2016) (cit. on p. [25).

Biittiker, M., Harris, E. P. & Landauer, R.: Thermal activation in extremely
underdamped Josephson-junction circuits. Phys. Rev. B 28, 1268-1275 (1983)
(cit. on p. [44).

Caldeira, A. O. & Leggett, A. ].: Influence of Dissipation on Quantum Tunneling
in Macroscopic Systems. Phys. Rev. Lett. 46, 211-214 (1981) (cit. on p.[]).
Campagne-Ibarcq, P., Eickbusch, A., Touzard, S., Zalys-Geller, E., Frattini,
N.E., et al.: Quantum error correction of a qubit encoded in grid states of an oscillator

(2019) (cit. on pp. B} [19).

Castellanos-Beltran, M. A.: Development of a Josephson parametric amplifier for
the preparation and detection of nonclassical states of microwave fields (University
of Colorado, 2010) (cit. on p.[50).

121



Bibliography

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

122

Castellanos-Beltran, M. A., Irwin, K. D., Hilton, G. C., Vale, L. R. & Lehnert,
K. W.: Amplification and squeezing of quantum noise with a tunable Josephson
metamaterial. Nature Physics 4, 929-931 (2008) (cit. on p. .

Castellanos-Beltran, M. & Lehnert, K.: Widely tunable parametric amplifier based
on a superconducting quantum interference device array resonator. Applied Physics
Letters 91, 083509 (2007) (cit. on p. [61).

Caves, C. M.: Quantum limits on noise in linear amplifiers. Phys. Rev. D 26,
1817-1839 (1982) (cit. on pp. 106).

Chien, T.-C., Lanes, O., Liu, C., Cao, X,, Lu, P,, Motz, S., Liu, G., Pekker, D.
& Hatridge, M.: Multiparametric amplification and qubit measurement with a
Kerr-free Josephson ring modulator. Phys. Rev. A 101, 042336 (2020) (cit. on pp.[58]

62).
Chiorescu, 1., Nakamura, Y., Harmans, C. J. P. M. & Mooij, ]J. E.: Coherent
Quantum Dynamics of a Superconducting Flux Qubit. Science 299, 1869-1871
(2003) (cit. on p.[T).

Chui, T., Lindenfeld, P., McLean, W. L. & Mui, K.: Coupling and isolation: Critical

field and transition temperature of superconducting granular aluminum. Phys. Rev.
B 24, 6728-6731 (1981) (cit. on pp. 4} 39).

Cirac, J. I. & Zoller, P.: Quantum Computations with Cold Trapped Ions. Phys. Rev.
Lett. 74, 4091-4094 (1995) (cit. on p. [1).

Clarke, J. & Wilhelm, F. K.: Superconducting quantum bits. Nature 453,1031-1042
(2008) (cit. on p.[2).

Clerk, A. A., Devoret, M. H., Girvin, S. M., Marquardt, F. & Schoelkopf, R. J.:
Introduction to quantum noise, measurement, and amplification. Rev. Mod. Phys.
82, 1155-1208 (2010) (cit. on pp.[47} [49] 54} 99).

Cohen, R. W. & Abeles, B.: Superconductivity in Granular Aluminum Films. Phys.
Rev. 168, 444-450 (1968) (cit. on pp. 41}, [81).

Collett, M. J. & Gardiner, C. W.: Squeezing of intracavity and traveling-wave light
fields produced in parametric amplification. Phys. Rev. A 30, 1386-1391 (1984)
(cit. on p.[52).

Cottet, N.: Energy and information in fluorescence with superconducting circuits.
PhD thesis (PSL Research University, Ecole Normale Superieure, 2018) (cit. on

pp-(67H69).
Day, P. K., LeDuc, H. G., Mazin, B. A., Vayonakis, A. & Zmuidzinas, J.: A

broadband superconducting detector suitable for use in large arrays. Nature 425,
817-821 (2003) (cit. on p.[2).



Bibliography

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

De Graaf, S. E., Faoro, L., Burnett, J., Adamyan, A. A., Tzalenchuk, A. Y,
Kubatkin, S. E., LindstrAqm, T. & Danilov, A. V.: Suppression of low-frequency
charge noise in superconducting resonators by surface spin desorption. Nature
Communications 9, 1143 (2018) (cit. on p. .

Deutscher, G.: Critical fluctuations in granular superconductors. Physics Letters
A 35,28-29 (1971) (cit. on p. [41).

Deutscher, G. & Dodds, S. A.: Critical-field anisotropy and fluctuation conductivity
in granular aluminum films. Phys. Rev. B 16, 3936-3942 (1977) (cit. on p. [4).
Deutscher, G., Fenichel, H., Gershenson, M., Griinbaum, E. & Ovadyahu, Z.:
Transition to zero dimensionality in granular aluminum superconducting films.
Journal of Low Temperature Physics 10, 231-243 (1973) (cit. on pp. 4 39} [41).

Deutscher, G., Gershenson, M., Griinbaum, E. & Imry, Y.: Granular Supercon-
ducting Films. Journal of Vacuum Science and Technology 10, 697-701 (1973)
(cit. on p.[4).

De Visser, P.]., Baselmans, J. J. A., Diener, P, Yates, S.]. C., Endo, A. & Klapwijk,
T. M.: Number Fluctuations of Sparse Quasiparticles in a Superconductor. Phys.
Rev. Lett. 106, 167004 (2011) (cit. on p. .

De Visser, P. J., Goldie, D. J., Diener, P.,, Withington, S., Baselmans, J. ]. A. &
Klapwijk, T. M.: Evidence of a Nonequilibrium Distribution of Quasiparticles in the

Microwave Response of a Superconducting Aluminum Resonator. Phys. Rev. Lett.
112, 047004 (2014) (cit. on p.[37).

Devoret, M. H. & Martinis, J. M.: Implementing qubits with superconducting
integrated circuits. Quantum Inf. Process. 3, 163 (2004) (cit. on p. .

Devoret, M. H. & Schoelkopf, R. ]J.: Superconducting Circuits for Quantum
Information: An Outlook. Science 339, 1169-1174 (2013) (cit. on p. .

Devoret, M. H., Martinis, J. M. & Clarke, ]J.: Measurements of Macroscopic
Quantum Tunneling out of the Zero-Voltage State of a Current-Biased Josephson
Junction. Phys. Rev. Lett. 55, 1908-1911 (1985) (cit. on p. [44).

DiCarlo, L., Chow, J. M., Gambetta, J]. M., Bishop, L. S., Johnson, B. R,, et al.:
Demonstration of two-qubit algorithms with a superconducting quantum processor.
Nature 460, 240-244 (2009) (cit. on p.[19).

Didier, N., Bourassa, ]J. & Blais, A.: Fast Quantum Nondemolition Readout by
Parametric Modulation of Longitudinal Qubit-Oscillator Interaction. Phys. Rev.
Lett. 115, 203601 (2015) (cit. on p.[26).

Dirac, P. A. M.: The principles of quantum mechanics 27 (Oxford university press,
1981) (cit. on p.[I).

123



Bibliography

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

124

Douglass, D. H.: Magnetic Field Dependence of the Superconducting Energy Gap.
Phys. Rev. Lett. 6, 346-348 (1961) (cit. on p.[81).

Duan, L.-M,, Lukin, M. D,, Cirac, J. I. & Zoller, P.: Long-distance quantum
communication with atomic ensembles and linear optics. Nature 414, 413-418
(2001) (cit. on p.[).

Dutt, M. V. G,, Childress, L., Jiang, L., Togan, E., Maze, J., Jelezko, E., Zibrov,
A.S., Hemmer, P. R. & Lukin, M. D.: Quantum Register Based on Individual
Electronic and Nuclear Spin Qubits in Diamond. Science 316, 1312-1316 (2007)
(cit. on p.[I).

Eichler, C., Salathe, Y., Mlynek, J., Schmidt, S. & Wallraff, A.: Quantum-Limited
Amplification and Entanglement in Coupled Nonlinear Resonators. Phys. Rev. Lett.
113, 110502 (2014) (cit. on pp.[98},[99).

Eichler, C. & Wallraff, A.: Controlling the dynamic range of a Josephson parametric
amplifier. EP] Quantum Technology 1, 1-19 (2014) (cit. on pp. 58}[63][64).
Ekert, A. K.: Quantum cryptography based on Bell’s theorem. Phys. Rev. Lett. 67,
661-663 (1991) (cit. on p. [1).

Englund, D., Fattal, D., Waks, E., Solomon, G., Zhang, B., Nakaoka, T., Arakawa,
Y., Yamamoto, Y. & Vuckov¢, J.: Controlling the Spontaneous Emission Rate of

Single Quantum Dots in a Two-Dimensional Photonic Crystal. Phys. Rev. Lett. 95,
013904 (2005) (cit. on p.[T).

Eom, B. H., Day, P. K., LeDuc, H. G. & Zmuidzinas, J.: A wideband, low noise
superconducting amplifier with high dynamic range. Nature Physics 8, 623-627
(2012) (cit. on p.[61).

Essen, L. & Parry, J. V. L.: An Atomic Standard of Frequency and Time Interval: A
Caesium Resonator. Nature 176, 280-282 (1955) (cit. on p..

Feynman, R. P.: Simulating physics with computers. International Journal of
Theoretical Physics 21, 467-488 (1982) (cit. on p.[I).

Fragner, A., Goppl, M., Fink, ]. M., Baur, M., Bianchetti, R., Leek, P.]., Blais, A. &
Wallraff, A.: Resolving Vacuum Fluctuations in an Electrical Circuit by Measuring
the Lamb Shift. Science 322, 1357-1360 (2008) (cit. on p.[29).

Franken, P. A, Hill, A. E,, Peters, C. W. & Weinreich, G.: Generation of Optical
Harmonics. Phys. Rev. Lett. 7, 118-119 (1961) (cit. on p.[52).

Frattini, N. E., Sivak, V. V,, Lingenfelter, A., Shankar, S. & Devoret, M. H.:
Optimizing the Nonlinearity and Dissipation of a SNAIL Parametric Amplifier for
Dynamic Range. Phys. Rev. Applied 10, 054020 (2018) (cit. on pp.[59} [60).



Bibliography

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Frattini, N., Vool, U., Shankar, S., Narla, A., Sliwa, K. & Devoret, M.: 3-wave
mixing Josephson dipole element. Applied Physics Letters 110, 222603 (2017)
(cit. on pp. |60} [61) (86 88).

Friedrich, E., Winkel, P, Borisov, K., Seeger, H., Stirgers, C., Pop, I. M. &
Wernsdorfer, W.: Onset of phase diffusion in high kinetic inductance granular
aluminum micro-SQUIDs. Superconductor Science and Technology 32, 125008
(2019) (cit. on pp. [#3H45) [114).

Gambetta, J., Blais, A., Schuster, D. 1., Wallraff, A., Frunzio, L., Majer, J.,
Devoret, M. H., Girvin, S. M. & Schoelkopf, R. J.: Qubit-photon interactions in a

cavity: Measurement-induced dephasing and number splitting. Phys. Rev. A 74,
042318 (2006) (cit. on p.[28).

Gardiner, C. W. & Collett, M. J.: Input and output in damped quantum systems:
Quantum stochastic differential equations and the master equation. Phys. Rev. A

31, 3761-3774 (1985) (cit. on pp. 53} [54} [68).

Gely, M. F,, Steele, G. A. & Bothner, D.: Nature of the Lamb shift in weakly
anharmonic atoms: From normal-mode splitting to quantum fluctuations. Phys. Rev.
A 98, 053808 (2018) (cit. on p.[29).

Gisin, N. & Thew, R.: Quantum communication. Nature Photonics 1, 165-171
(2007) (cit. on p.[I).

Godfrin, C., Ferhat, A., Ballou, R., Klyatskaya, S., Ruben, M., Wernsdotfer,

W. & Balestro, F.: Operating Quantum States in Single Magnetic Molecules:
Implementation of Grover’s Quantum Algorithm. Phys. Rev. Lett. 119, 187702

(2017) (cit. on pp. 115).

Goldman, L. & Rockwell, R. ]J.: Lasers in medicine (Gordon and Breach, New
York, 1971) (cit. on p.[1).

Goto, H.: Bifurcation-based adiabatic quantum computation with a nonlinear
oscillator network. Scientific Reports 6, 21686 (2016) (cit. on p.[54).
Gottesman, D., Kitaev, A. & Preskill, J.: Encoding a qubit in an oscillator. Phys.
Rev. A 64, 012310 (2001) (cit. on p. [1).

Grimm, A., Frattini, N. E., Puri, S., Mundhada, S. O., Touzard, S., Mirrahimi,
M., Girvin, S. M., Shankar, S. & Devoret, M. H.: The Kerr-Cat Qubit: Stabilization,
Readout, and Gates (2019) (cit. on p.[115).

Gross, C. & Bloch, 1.: Quantum simulations with ultracold atoms in optical lattices.
Science 357, 995-1001 (2017) (cit. on p.[I).

Griinhaupt, L.: Granular aluminium superinductors (KIT Scientific Publishing,
2019) (cit. on p. [4T).

125



Bibliography

90.

91.

92.

93.

94.
95.

96.

97.

98.

99.

100.

101.

102.

126

Grinhaupt, L., Maleeva, N., Skacel, S. T., Calvo, M., Levy-Bertrand, F., Ustinov,
A. V., Rotzinger, H., Monfardini, A., Catelani, G. & Pop, I. M.: Loss Mechanisms
and Quasiparticle Dynamics in Superconducting Microwave Resonators Made of
Thin-Film Granular Aluminum. Phys. Rev. Lett. 121,117001 (2018) (cit. on pp.[39,
40).

Gruinhaupt, L., Spiecker, M., Gusenkova, D., Maleeva, N., Skacel, S. T., et al.:
Granular aluminum as a superconducting material for high-impedance quantum
circuits. Nature Materials 18, 816-819 (2019) (cit. on pp. [116).
Griunhaupt, L., von Liipke, U., Gusenkova, D., Skacel, S. T., Maleeva, N.,
et al.: An argon ion beam milling process for native AlOx layers enabling coherent
superconducting contacts. Applied Physics Letters 111, 072601 (2017) (cit. on
p-[94).

Gustavsson, S., Yan, F., Catelani, G., Bylander, ]., Kamal, A., et al.: Suppressing
relaxation in superconducting qubits by quasiparticle pumping. Science 354, 1573—
1577 (2016) (cit. on p.[31).

Hahn, E. L.: Spin Echoes. Phys. Rev. 80, 580-594 (1950) (cit. on pp.[24}[73| [114).

Hanson, R., Gywat, O. & Awschalom, D. D.: Room-temperature manipulation
and decoherence of a single spin in diamond. Phys. Rev. B 74, 161203 (2006) (cit. on
p.[1).

Hanson, R., Kouwenhoven, L. P, Petta, J. R., Tarucha, S. & Vandersypen,
L. M. K.: Spins in few-electron quantum dots. Rev. Mod. Phys. 79, 1217-1265
(2007) (cit. on p.[T).

Hatridge, M., Shankar, S., Mirrahimi, M., Schackert, F., Geerlings, K., et al.:
Quantum Back-Action of an Individual Variable-Strength Measurement. Science
339, 178-181 (2013) (cit. on pp. 49, 51} 116).

Haus, H. A. & Mullen, J. A.: Quantum Noise in Linear Amplifiers. Phys. Rev.
128, 2407-2413 (1962) (cit. on pp. 46} [50).

Heeres, R. W., Reinhold, P., Ofek, N., Frunzio, L., Jiang, L., Devoret, M. H. &

Schoelkopf, R. J.: Implementing a universal gate set on a logical qubit encoded in an
oscillator. Nature Communications 8, 94 (2017) (cit. on pp. 28} [115).

Hensen, B., Bernien, H., Dréau, A. E., Reiserer, A., Kalb, N., et al.: Loophole-free
Bell inequality violation using electron spins separated by 1.3 kilometres. Nature
526, 682-686 (2015) (cit. on p. [1).

Hood, C. J.,, Lynn, T. W., Doherty, A. C., Parkins, A. S. & Kimble, H. J.: The
Atom-Cavity Microscope: Single Atoms Bound in Orbit by Single Photons. Science
287, 1447-1453 (2000) (cit. on p. 26).

Horodecki, R., Horodecki, P., Horodecki, M. & Horodecki, K.: Quantum
entanglement. Rev. Mod. Phys. 81, 865-942 (2009) (cit. on p. [1).



Bibliography

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.
113.

114.

115.

116.

Hyde, F.: Varactor-diode parametric amplifiers. Proceedings of the Institution of
Electrical Engineers 111, 1080-1087(7) (1964) (cit. on p.[52).

Imamoglu, A., Awschalom, D. D., Burkard, G., DiVincenzo, D. P, Loss, D.,
Sherwin, M. & Small, A.: Quantum Information Processing Using Quantum Dot
Spins and Cavity QED. Phys. Rev. Lett. 83, 4204-4207 (1999) (cit. on p.[I).

Ithier, G., Collin, E., Joyez, P., Meeson, P. J., Vion, D., et al.: Decoherence in a
superconducting quantum bit circuit. Phys. Rev. B 72, 134519 (2005) (cit. on p.[I8).

Jaynes, E. T. & Cummings, F. W.: Comparison of quantum and semiclassical
radiation theories with application to the beam maser. Proceedings of the IEEE 51,
89-109 (1963) (cit. on p.[26).

Jin, X. Y., Kamal, A., Sears, A. P.,, Gudmundsen, T., Hover, D., et al.: Thermal
and Residual Excited-State Population in a 3D Transmon Qubit. Phys. Rev. Lett.
114, 240501 (2015) (cit. on pp.[37}[117).

Josephson, B.: Possible new effects in superconductive tunnelling. Physics Letters
1, 251-253 (1962) (cit. on pp.[3,[12).

Kane, B. E.: A silicon-based nuclear spin quantum computer. Nature 393, 133-137
(1998) (cit. on p.[I).

Kelly, J., Barends, R., Fowler, A. G., Megrant, A, Jeffrey, E., et al.: State

preservation by repetitive error detection in a superconducting quantum circuit.
Nature 519, 66-69 (2015) (cit. on p.[3).

Khukhareva, I.: The superconducting properties of thin aluminum films. Soviet
Physics JETP 16, 828-832 (1963) (cit. on p. [46).

Kimble, H. J.: The quantum internet. Nature 453, 1023-1030 (2008) (cit. on p..
Kirchmair, G., Vlastakis, B., Leghtas, Z., Nigg, S. E., Paik, H., Ginossar, E.,
Mirrahimi, M., Frunzio, L., Girvin, S. M. & Schoelkopf, R. J.: Observation of

quantum state collapse and revival due to the single-photon Kerr effect. Nature 495,
205-209 (2013) (cit. on p.[115).

Klimov, P. V,, Kelly, J., Chen, Z., Neeley, M., Megrant, A., et al.: Fluctuations of
Energy-Relaxation Times in Superconducting Qubits. Phys. Rev. Lett. 121, 090502
(2018) (cit. on pp.[3}[115).

Knill, E., Laflamme, R. &Milburn, G.].: A scheme for efficient quantum computation
with linear optics. Nature 409, 46-52 (2001) (cit. on p.[T).

Koch, J., Yu, T. M., Gambetta, ]., Houck, A. A., Schuster, D. 1., Majer, ], Blais, A.,

Devoret, M. H., Girvin, S. M. & Schoelkopf, R. J.: Charge-insensitive qubit design
derived from the Cooper pair box. Phys. Rev. A 76, 042319 (2007) (cit. on pp.

15, 18, 29) 2, 52 63) 64 78, 79, 1T5).

127



Bibliography

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

128

Kochetov, B. A. & Fedorov, A.: Higher-order nonlinear effects in a Josephson
parametric amplifier. Phys. Rev. B 92, 224304 (2015) (cit. on p.[59).

Kodama, J.-I., Itoh, M. & Hirai, H.: Superconducting transition temperature
versus thickness of Nb film on various substrates. Journal of Applied Physics 54,
40504054 (1983) (cit. on p. [46).

Kou, A., Smith, W.C., Vool, U., Pop, I. M., Sliwa, K. M., Hatridge, M., Frunzio, L.
& Devoret, M. H.: Simultaneous Monitoring of Fluxonium Qubits in a Waveguide.
Phys. Rev. Applied 9, 064022 (2018) (cit. on p. [65).

Kramers, H.: Brownian motion in a field of force and the diffusion model of chemical
reactions. Physica 7, 284-304 (1940) (cit. on p. [44).

Krantz, P, Kjaergaard, M., Yan, F, Orlando, T. P., Gustavsson, S. & Oliver,
W. D.: A quantum engineer’s guide to superconducting qubits. Applied Physics
Reviews 6, 021318 (2019) (cit. on p. .

Kurkijarvi, J.: Intrinsic Fluctuations in a Superconducting Ring Closed with a
Josephson Junction. Phys. Rev. B 6, 832-835 (1972) (cit. on p.[44).

Kwon, S., Fadavi Roudsari, A., Benningshof, O. W. B, Tang, Y.-C., Mohebbi,
H. R, et al.: Magnetic field dependent microwave losses in superconducting niobium
microstrip resonators. Journal of Applied Physics 124, 033903 (2018) (cit. on

p-[116).
Lamb, W. E. & Retherford, R. C.: Fine Structure of the Hydrogen Atom by a
Microwave Method. Phys. Rev. 72, 241-243 (1947) (cit. on p.29).

Landig, A.J., Koski, J. V., Scarlino, P., Mendes, U. C., Blais, A., Reichl, C.,
Wegscheider, W., Wallraff, A., Ensslin, K. & Ihn, T.: Coherent spin-photon coupling
using a resonant exchange qubit. Nature 560, 179-184 (2018) (cit. on p.[31).

Lecocq, F., Ranzani, L., Peterson, G. A., Cicak, K., Simmonds, R. W., Teufel,
J. D. & Aumentado, J.: Nonreciprocal Microwave Signal Processing with a Field-
Programmable Josephson Amplifier. Phys. Rev. Applied 7, 024028 (2017) (cit. on
p-[62).

Lecocq, F, Ranzani, L., Peterson, G., Cicak, K., Metelmann, A., Kotler, S.,
Simmonds, R., Teufel, J. & Aumentado, J.: Microwave Measurement beyond the
Quantum Limit with a Nonreciprocal Amplifier. Phys. Rev. Applied 13, 044005

(2020) (cit. on pp. [61}[62).

Lecocq, E, Pop, I. M., Peng, Z., Matei, L., Crozes, T., Fournier, T., Naud, C.,
Guichard, W. & Buisson, O.: Junction fabrication by shadow evaporation without a
suspended bridge. Nanotechnology 22, 315302 (2011) (cit. on p.[114).

Lefevre-Seguin, V., Turlot, E., Urbina, C., Esteve, D. & Devoret, M. H.: Thermal
activation of a hysteretic dc superconducting quantum interference device from its
different zero-voltage states. Phys. Rev. B 46, 5507-5522 (1992) (cit. on p. [44).



Bibliography

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Leibfried, D., Blatt, R., Monroe, C. & Wineland, D.: Quantum dynamics of single
trapped ions. Rev. Mod. Phys. 75, 281-324 (2003) (cit. on p. .

Le Sueur, H., Svilans, A., Bourlet, N., Murani, A., Berge, L., Dumoulin, L. &
Joyez, P.: Microscopic charged fluctuators as a limit to the coherence of disordered
superconductor devices. arXiv (2018) (cit. on pp.[3} [115).

Leuenberger, M. N. & Loss, D.: Quantum computing in molecular magnets.
Nature 410, 789-793 (2001) (cit. on p.[T).

Levy-Bertrand, F, Klein, T., Grenet, T., Dupré, O., Beno1t, A., et al.: Electro-
dynamics of granular aluminum from superconductor to insulator: Observation of
collective superconducting modes. Phys. Rev. B 99, 094506 (2019) (cit. on pp.
0, 4T 6, T3).

Likharev, K. K.: Superconducting weak links. Rev. Mod. Phys. 51, 101-159 (1979)
(cit. on pp. [43).

Lisenfeld, J., Bilmes, A., Megrant, A., Barends, R., Kelly, J., Klimov, P., Weiss, G.,
Martinis, J. M. & Ustinov, A. V.: Electric field spectroscopy of material defects in
transmon qubits. npj Quantum Information 5, 105 (2019) (cit. on pp.[3}{115).
Liu, G., Chien, T.-C., Cao, X,, Lanes, O., Alpern, E., Pekker, D. & Hatridge, M.:
Josephson parametric converter saturation and higher order effects. Applied Physics
Letters 111, 202603 (2017) (cit. on p. 58).

Lloyd, S.: Universal Quantum Simulators. Science 273. Full publication date:
Aug. 23,1996, 1073-1078 (1996) (cit. on p.[I).

London, F. & London, H.: The electromagnetic equations of the supraconductor.
Proceedings of the Royal Society of London. Series A-Mathematical and
Physical Sciences 149, 71-88 (1935) (cit. on p.33).

Loss, D. & DiVincenzo, D. P.: Quantum computation with quantum dots. Phys.
Rev. A 57, 120-126 (1998) (cit. on p.[T).

Low noise factory: LNF-LNCO0.3 14A (cit. on p.[47).

Luthi, F,, Stavenga, T., Enzing, O. W., Bruno, A., Dickel, C., et al.: Evolution of
Nanowire Transmon Qubits and Their Coherence in a Magnetic Field. Phys. Rev.
Lett. 120, 100502 (2018) (cit. on p.[74).

Mabuchi, H. & Doherty, A. C.: Cavity Quantum Electrodynamics: Coherence in
Context. Science 298, 1372-1377 (2002) (cit. on pp. 25} [26).

Macklin, C., O’Brien, K., Hover, D., Schwartz, M. E., Bolkhovsky, V., Zhang, X.,
Oliver, W. D. & Siddiqi, I.: A near—quantum-limited Josephson traveling-wave
parametric amplifier. Science 350, 307-310 (2015) (cit. on pp. |61} [116).

129



Bibliography

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

130

Maleeva, N., Griinhaupt, L., Klein, T., Levy-Bertrand, F., Dupre, O, et al.:
Circuit quantum electrodynamics of granular aluminum resonators. Nature Com-
munications 9, 3889 (2018) (cit. on pp. 114).

Malekakhlagh, M., Petrescu, A. & Tiireci, H. E.: Lifetime renormalization of

weakly anharmonic superconducting qubits. I. Role of number nonconserving terms.
Phys. Rev. B 101, 134509 (2020) (cit. on p. 46).

Mandelstam, L. & Leontowitsch, M.: Zur Theorie der Schrodingerschen Gleichung.
Zeitschrift fiir Physik 47, 131-136 (1928) (cit. on p. .

Manucharyan, V. E., Boaknin, E., Metcalfe, M., Vijay, R., Siddiqji, I. & Devoret,
M.: Microwave bifurcation of a Josephson junction: Embedding-circuit requirements.
Phys. Rev. B 76, 014524 (2007) (cit. on p.[60).

Manucharyan, V. E., Koch, J., Glazman, L. I. & Devoret, M. H.: Fluxonium:
Single Cooper-Pair Circuit Free of Charge Offsets. Science 326, 113-116 (2009)
(cit. on pp. 116).

Martinis, J. M., Nam, S., Aumentado, J. & Urbina, C.: Rabi Oscillations in a
Large Josephson-Junction Qubit. Phys. Rev. Lett. 89, 117901 (2002) (cit. on p. .

Mattis, D. C. & Bardeen, J.: Theory of the Anomalous Skin Effect in Normal and
Superconducting Metals. Phys. Rev. 111, 412-417 (1958) (cit. on p.[39).

Meissner, W. & Ochsenfeld, R.: Ein neuer Effekt bei Eintritt der Supraleitfihigkeit.
Naturwissenschaften 21, 787-788 (1933) (cit. on p. [33).

Meservey, R. & Tedrow, P. M.: Properties of Very Thin Aluminum Films. Journal
of Applied Physics 42, 51-53 (1971) (cit. on pp. 81} [82).

Metelmann, A. & Clerk, A. A.: Nonreciprocal Photon Transmission and Am-
plification via Reservoir Engineering. Phys. Rev. X 5, 021025 (2015) (cit. on
p-[58).

Mi, X., Benito, M., Putz, S., Zajac, D. M., Taylor, ]. M., Burkard, G. & Petta, J. R.:
A coherent spin-photon interface in silicon. Nature 555, 599-603 (2018) (cit. on
pp-[3}B1}[115).

Minev, Z. K., Mundhada, S. O., Shankar, S., Reinhold, P., Gutiérrez-Jauregui,
R., Schoelkopf, R. J., Mirrahimi, M., Carmichael, H. J. & Devoret, M. H.: To
catch and reverse a quantum jump mid-flight. Nature 570, 200-204 (2019) (cit. on
pp- £8).

Minev, Z. K.: Catching and Reversing a Quantum Jump Mid-Flight (2019) (cit. on
p- 69

Mirrahimi, M.: Cat-qubits for quantum computation. Comptes Rendus Physique
17. Quantum microwaves / Micro-ondes quantiques, 778-787 (2016) (cit. on

p-[115).



Bibliography

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Mollow, B. R.: Power Spectrum of Light Scattered by Two-Level Systems. Phys.
Rev. 188, 1969-1975 (1969) (cit. on pp.[75}[76).

Morello, A.,Pla, ].]., Zwanenburg, E. A., Chan, K. W., Tan, K. Y., et al.: Single-shot
readout of an electron spin in silicon. Nature 467, 687-691 (2010) (cit. on p.[T).

Moshe, A. G., Farber, E. & Deutscher, G.: Optical conductivity of granular
aluminum films near the Mott metal-to-insulator transition. Phys. Rev. B 99, 224503
(2019) (cit. on p. [41).

Motzoi, E,, Gambetta, J. M., Rebentrost, P. & Wilhelm, E. K.: Simple Pulses for
Elimination of Leakage in Weakly Nonlinear Qubits. Phys. Rev. Lett. 103, 110501
(2009) (cit. on pp.[19}[77).

Muhonen, J. T., Dehollain, J. P., Laucht, A., Hudson, F. E., Kalra, R., et al.:

Storing quantum information for 30 seconds in a nanoelectronic device. Nature
Nanotechnology 9, 986-991 (2014) (cit. on p.[30).

Miiller, C., Cole, ]. H. & Lisenfeld, J.: Towards understanding two-level-systems in
amorphous solids: insights from quantum circuits. Reports on Progress in Physics
82, 124501 (2019) (cit. on p. B).

Murch, K. W., Weber, S. J., Macklin, C. & Siddiqi, I.: Observing single quantum
trajectories of a superconducting quantum bit. Nature 502, 211-214 (2013) (cit. on
p-22.

Mutus, J. Y., White, T. C., Barends, R., Chen, Y., Chen, Z., et al.: Strong

environmental coupling in a Josephson parametric amplifier. Applied Physics
Letters 104 (2014) (cit. on p.[58).

Nakamura, Y., Pashkin, Y. A. & Tsai, J. S.: Coherent control of macroscopic quantum
states in a single-Cooper-pair box. Nature 398, 786-788 (1999) (cit. on pp.
53).

Niepce, D., Burnett, J. & Bylander, J.: High Kinetic Inductance NbN Nanowire
Superinductors. Phys. Rev. Applied 11, 044014 (2019) (cit. on p.|116).

Nigg, S. E., Paik, H., Vlastakis, B., Kirchmair, G., Shankar, S., Frunzio, L.,
Devoret, M. H., Schoelkopf, R. ]. & Girvin, S. M.: Black-Box Superconducting
Circuit Quantization. Phys. Rev. Lett. 108, 240502 (2012) (cit. on pp. 29, [53).
Nsanzineza, 1. & Plourde, B. L. T.: Trapping a Single Vortex and Reducing
Quasiparticles in a Superconducting Resonator. Phys. Rev. Lett. 113, 117002 (2014)
(cit. on p.[31).

Ofek, N., Petrenko, A., Heeres, R., Reinhold, P, Leghtas, Z., et al.: Extending the

lifetime of a quantum bit with error correction in superconducting circuits. Nature
536, 441445 (2016) (cit. on p.3).

131



Bibliography

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

132

Paik, H., Schuster, D. 1., Bishop, L. S., Kirchmair, G., Catelani, G., et al.:
Observation of High Coherence in Josephson Junction Qubits Measured in a Three-
Dimensional Circuit QED Architecture. Phys. Rev. Lett. 107,240501 (2011) (cit. on

p-25).
Parmenter, R. H.: Isospin Formulation of the Theory of a Granular Superconductor.
Phys. Rev. 154, 353-368 (1967) (cit. on p.[4).

Parmenter, R. H.: Size Effect in a Granular Superconductor. Phys. Rev. 166,
392-396 (1968) (cit. on p. 4T).

Petrescu, A., Malekakhlagh, M. & Tiireci, H. E.: Lifetime renormalization of
driven weakly anharmonic superconducting qubits. 1. The readout problem. Phys.
Rev. B 101, 134510 (2020) (cit. on p. [46).

Petta, J. R., Johnson, A. C., Taylor, ]. M., Laird, E. A., Yacoby, A., Lukin, M. D.,
Marcus, C. M., Hanson, M. P. & Gossard, A. C.: Coherent Manipulation of Coupled
Electron Spins in Semiconductor Quantum Dots. Science 309, 2180-2184 (2005)

(cit. on p.[I).
Pittman, T. B., Jacobs, B. C. & Franson, J. D.: Probabilistic quantum logic operations
using polarizing beam splitters. Phys. Rev. A 64, 062311 (2001) (cit. on p.[T).

Place, A. P. M., Rodgers, L. V. H,, Mundada, P., Smitham, B. M., Fitzpatrick, M.,
et al.: New material platform for superconducting transmon qubits with coherence
times exceeding 0.3 milliseconds (2020) (cit. on p. [46).

Planat, L., Dassonneville, R., Martinez, J. P., Foroughi, F., Buisson, O., Hasch-
Guichard, W,, Naud, C., Vijay, R., Murch, K. & Roch, N.: Understanding the
Saturation Power of Josephson Parametric Amplifiers Made from SQUID Arrays.
Phys. Rev. Applied 11, 034014 (2019) (cit. on pp.[58} [59).

Planat, L., Ranadive, A., Dassonneville, R., Martinez, J. P, Léger, S., Naud, C.,
Buisson, O., Hasch-Guichard, W., Basko, D. M. & Roch, N.: A photonic crystal
Josephson traveling wave parametric amplifier. arXiv (2019) (cit. on p.[61).

Pop,I. M., Geerlings, K., Catelani, G.,Schoelkopf, R.].,Glazman, L.I. & Devoret,
M. H.: Coherent suppression of electromagnetic dissipation due to superconducting
quasiparticles. Nature 508, 369-372 (2014) (cit. on pp. 3} 25).

Pracht, U. S., Bachar, N., Benfatto, L., Deutscher, G., Farber, E., Dressel, M. &
Scheffler, M.: Enhanced Cooper pairing versus suppressed phase coherence shaping
the superconducting dome in coupled aluminum nanograins. Phys. Rev. B 93,

100503 (2016) (cit. on pp. 41} [46).

Quaranta, O.,Cecil, T. W.,Gades, L., Mazin, B. & Miceli, A.: X-ray photon detection
using superconducting resonators in thermal quasi-equilibrium. Superconductor
Science and Technology 26, 105021 (2013) (cit. on p. [2).



Bibliography

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

Rabi, I. I.: On the Process of Space Quantization. Phys. Rev. 49, 324-328 (1936)
(cit. on p.[25).

Rabi, I. I.: Space Quantization in a Gyrating Magnetic Field. Phys. Rev. 51, 652-654
(1937) (cit. on p.[25).

Raimond, J. M., Brune, M. & Haroche, S.: Manipulating quantum entanglement
with atoms and photons in a cavity. Rev. Mod. Phys. 73, 565-582 (2001) (cit. on

pp-[25,26).

Ramsey, N. F.: A Molecular Beam Resonance Method with Separated Oscillating
Fields. Phys. Rev. 78, 695-699 (1950) (cit. on pp. 114).

Reed, M. D., DiCarlo, L., Nigg, S. E., Sun, L., Frunzio, L., Girvin, S. M.
& Schoelkopf, R. J.: Realization of three-qubit quantum error correction with
superconducting circuits. Nature 482, 382-385 (2012) (cit. on p.[3).

Riste, D., Bultink, C. C., Tiggelman, M. J., Schouten, R. N., Lehnert, K. W. &

DiCarlo, L.: Millisecond charge-parity fluctuations and induced decoherence in a
superconducting transmon qubit. Nature Communications 4, 1913 (2013) (cit. on

p-B).

Roy, A. & Devoret, M.: Introduction to parametric amplification of quantum signals
with Josephson circuits. Comptes Rendus Physique 17. Quantum microwaves /
Micro-ondes quantiques, 740-755 (2016) (cit. on pp.[52} 60} [61).

Roy, A. & Devoret, M.: Quantum-limited parametric amplification with Josephson
circuits in the regime of pump depletion. Phys. Rev. B 98, 045405 (2018) (cit. on
p-58).

Roy, T.,Kundu, S., Chand, M., Vadiraj, A. M., Ranadive, A., Nehra, N., Patankar,
M. P, Aumentado, J., Clerk, A. A. & Vijay, R.: Broadband parametric amplification
with impedance engineering: Beyond the gain-bandwidth product. Applied Physics
Letters 107, 262601 (2015) (cit. on p.[58).

Rugar, D. & Griitter, P.: Mechanical parametric amplification and thermomechanical
noise squeezing. Phys. Rev. Lett. 67, 699-702 (1991) (cit. on p.[52).

Samkharadze, N., Bruno, A., Scarlino, P., Zheng, G., DiVincenzo, D. P., DiCarlo,
L. & Vandersypen, L. M. K.: High-Kinetic-Inductance Superconducting Nanowire
Resonators for Circuit QED in a Magnetic Field. Phys. Rev. Applied 5, 044004

(2016) (cit. on p.[116).
Samkharadze, N., Zheng, G., Kalhor, N., Brousse, D., Sammak, A., Mendes,

U. C, Blais, A., Scappucci, G. & Vandersypen, L. M. K.: Strong spin-photon
coupling in silicon. Science 359, 1123-1127 (2018) (cit. on pp.|3}[115).

133



Bibliography

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

134

Schlor, S., Lisenfeld, J., Miiller, C., Bilmes, A., Schneider, A., Pappas, D. P,
Ustinov, A. V. & Weides, M.: Correlating Decoherence in Transmon Qubits: Low
Frequency Noise by Single Fluctuators. Phys. Rev. Lett. 123, 190502 (2019) (cit. on
pp- B} [115).

Schneider, A., Wolz, T., Pfirrmann, M., Spiecker, M., Rotzinger, H., Ustinov,
A. V. & Weides, M.: Transmon qubit in a magnetic field: Evolution of coherence and
transition frequency. Phys. Rev. Research 1, 023003 (2019) (cit. on pp. 4, [35).

Schoelkopf, R. J. & Girvin, S. M.: Wiring up quantum systems. Nature 451,

664-669 (2008) (cit. on pp.[30} 31).

Schon, Y., Voss, J. N., Wildermuth, M., Schneider, A., Skacel, S. T., Weides, M. P,,
Cole, J. H., Rotzinger, H. & Ustinov, A. V.: Rabi oscillations in a superconducting
nanowire circuit. npj Quantum Materials 5, 18 (2020) (cit. on p. .

Schrodinger, E.: Die gegenwiirtige Situation in der Quantenmechanik. Naturwis-
senschaften 23, 807-812 (1935) (cit. on p.[).

Schroédinger, E.: Discussion of Probability Relations between Separated Systems.
Mathematical Proceedings of the Cambridge Philosophical Society 31, 555-563
(1935) (cit. on p.[I).

Schuster, D. 1., Houck, A. A., Schreier, J. A., Wallraff, A., Gambetta, J]. M., et al.:
Resolving photon number states in a superconducting circuit. Nature 445, 515-518

(2007) (cit. on p.[28).

Schuster, D. L.: Circuit quantum electrodynamics. PhD thesis (Yale University,
2007) (cit. on p.[77).

Serniak, K., Diamond, S., Hays, M., Fatemi, V., Shankar, S., Frunzio, L.,
Schoelkopf, R. & Devoret, M.: Direct Dispersive Monitoring of Charge Parity in
Offset-Charge-Sensitive Transmons. Phys. Rev. Applied 12, 014052 (2019) (cit. on
p-B).

Serniak, K., Hays, M., de Lange, G., Diamond, S., Shankar, S., Burkhart, L. D.,
Frunzio, L., Houzet, M. & Devoret, M. H.: Hot Nonequilibrium Quasiparticles in
Transmon Qubits. Phys. Rev. Lett. 121, 157701 (2018) (cit. on p.[117).

Shiddiq, M., Komijani, D., Duan, Y., Gaita-Ari#no, A., Coronado, E. & Hill, S.:
Enhancing coherence in molecular spin qubits via atomic clock transitions. Nature
531, 348-351 (2016) (cit. on p. [1).

Shnirman, A., Schon, G. & Hermon, Z.: Quantum Manipulations of Small
Josephson Junctions. Phys. Rev. Lett. 79, 2371-2374 (1997) (cit. on pp.[15] 53).

Sivak, V. V., Shankar, S., Liu, G., Aumentado, J. & Devoret, M. H.: Josephson
Array-Mode Parametric Amplifier. Phys. Rev. Applied 13, 024014 (2020) (cit. on

p-[86).



Bibliography

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

Skalski, S., Betbeder-Matibet, O. & Weiss, P. R.: Properties of Superconducting
Alloys Containing Paramagnetic Impurities. Phys. Rev. 136, A1500-A1518 (1964)
(cit. on p.[32).

Slichter, D. H., Vijay, R., Weber, S. J., Boutin, S., Boissonneault, M., Gambetta,
J. M., Blais, A. & Siddiqi, I.: Measurement-Induced Qubit State Mixing in Circuit
QED from Up-Converted Dephasing Noise. Phys. Rev. Lett. 109, 153601 (2012)

(cit. on p. [46).

Smith, W. C., Kou, A., Xiao, X., Vool, U. & Devoret, M. H.: Superconducting
circuit protected by two-Cooper-pair tunneling. npj Quantum Information 6, 8
(2020) (cit. on p.[3).

Song, C., Heitmann, T. W., DeFeo, M. P, Yu, K., McDermott, R., Neeley,

M., Martinis, J. M. & Plourde, B. L. T.: Microwave response of vortices in
superconducting thin films of Re and Al. Phys. Rev. B 79, 174512 (2009) (cit. on

pp-BIB4).

Taur, Y. & Richards, P. L.: Parametric amplification and oscillation at 36 GHz using
a point-contact Josephson junction. Journal of Applied Physics 48, 1321-1326
(1977) (cit. on p.2).

Thiele, S., Balestro, F., Ballou, R., Klyatskaya, S., Ruben, M. & Wernsdorfer, W.:
Electrically driven nuclear spin resonance in single-molecule magnets. Science 344,
1135-1138 (2014) (cit. on p.[I).

Tinkham, M.: Introduction to Superconductivity Second Edition (Dover Publica-

tions, 2004) (cit. on pp. 43} [81).

Toyli, D. M., Eddins, A. W., Boutin, S., Puri, S., Hover, D., Bolkhovsky, V.,
Oliver, W. D., Blais, A. & Siddiqji, I.: Resonance Fluorescence from an Artificial
Atom in Squeezed Vacuum. Phys. Rev. X 6, 031004 (2016) (cit. on p.[75).

Ustinov, A. V.: Solitons in Josephson junctions. Physica D: Nonlinear Phenomena
123. Annual International Conference of the Center for Nonlinear Studies,
315-329 (1998) (cit. on p.[36).

Valenti, F., Henriques, F., Catelani, G., Maleeva, N., Griinhaupt, L., ef al.:
Interplay Between Kinetic Inductance, Nonlinearity, and Quasiparticle Dynamics in
Granular Aluminum Microwave Kinetic Inductance Detectors. Phys. Rev. Applied

11, 054087 (2019) (cit. on pp. 39} 40).

Vijay, R., Slichter, D. H. & Siddiqi, I.: Observation of Quantum [Jumps in a
Superconducting Artificial Atom. Phys. Rev. Lett. 106, 110502 (2011) (cit. on

p-[23).

135



Bibliography

219.

220.

221.

222.

223.

224.

225.
226.
227.

228.

229.

230.

136

Vlastakis, B., Kirchmair, G., Leghtas, Z., Nigg, S. E., Frunzio, L., Girvin, S. M.,
Mirrahimi, M., Devoret, M. H. & Schoelkopf, R. J.: Deterministically Encoding
Quantum Information Using 100-Photon Schrodinger Cat States. Science 342,
607-610 (2013) (cit. on pp. [115).

Vool, U.,Pop, I. M., Sliwa, K., Abdo, B., Wang, C., et al.: Non-Poissonian Quantum
Jumps of a Fluxonium Qubit due to Quasiparticle Excitations. Phys. Rev. Lett. 113,

247001 (2014) (cit. on pp. [116).

Vool, U.: Engineering Synthetic Quantum Operations. PhD thesis (Yale University,
2017) (cit. on p.[12).

Vool, U. & Devoret, M.: Introduction to quantum electromagnetic circuits. Inter-
national Journal of Circuit Theory and Applications 45, 897-934 (2017) (cit. on
p-9).

Vrijen, R., Yablonovitch, E., Wang, K., Jiang, H. W., Balandin, A., Roychowdhury,
V., Mor, T. & DiVincenzo, D.: Electron-spin-resonance transistors for quantum
computing in silicon-germanium heterostructures. Phys. Rev. A 62, 012306 (2000)

(cit. on p.[I).

Wallraff, A., Schuster, D. 1., Blais, A., Frunzio, L., Huang, R.-S., Majer, J.,
Kumar, S., Girvin, S. M. & Schoelkopf, R. J.: Strong coupling of a single photon
to a superconducting qubit using circuit quantum electrodynamics. Nature 431,
162-167 (2004) (cit. on p.[25).

Walls, D. E.: Squeezed states of light. Nature 306, 141-146 (1983) (cit. on p.[50).
Walls, D. F.: Quantum Optics (Springer-Verlag, 1994) (cit. on p. 26).

Wang, C.,Gao, Y. Y.,Pop,1. M., Vool, U., Axline, C., et al.: Measurement and control
of quasiparticle dynamics in a superconducting qubit. Nature Communications 5,
5836 (2014) (cit. on pp.[3,31).

Weifs], T., Kiing, B., Dumur, E., Feofanov, A. K., Matei, I., Naud, C., Buisson,
O., Hekking, F. W. J. & Guichard, W.: Kerr coefficients of plasma resonances in
Josephson junction chains. Phys. Rev. B 92, 104508 (2015) (cit. on pp.
92).

Wenner, J., Yin, Y., Lucero, E., Barends, R., Chen, Y., et al.: Excitation of

Superconducting Qubits from Hot Nonequilibrium Quasiparticles. Phys. Rev. Lett.
110, 150502 (2013) (cit. on p.[37).

Winkel, P., Borisov, K., Gruenhaupt, L., Rieger, D., Spiecker, M., Valenti, F,,
Ustinov, A. V., Wernsdorfer, W. & Pop, 1. M.: Implementation of a transmon qubit
using superconducting granular aluminum. arXiv (2019) (cit. on pp. 63).



Bibliography

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

Winkel, P., Takmakov, 1., Rieger, D., Planat, L., Hasch-Guichard, W., et al.:
Nondegenerate Parametric Amplifiers Based on Dispersion-Engineered Josephson-
Junction Arrays. Phys. Rev. Applied 13, 024015 (2020) (cit. on pp.
186).

Xiang, Z.-L., Ashhab, S., You, J. Q. & Nori, F: Hybrid quantum circuits:
Superconducting circuits interacting with other quantum systems. Rev. Mod. Phys.
85, 623—653 (2013) (cit. on pp.[3} 30} B1).

Yamamoto, T., Inomata, K., Watanabe, M., Matsuba, K., Miyazaki, T., Oliver,
W. D., Nakamura, Y. & Tsai, J. S.: Flux-driven Josephson parametric amplifier.
Applied Physics Letters 93 (2008) (cit. on pp. [2} [61).

Yang, E, Storbeck, T., Gozlinski, T., Griinhaupt, L., Pop, I. M. & Wulfhekel, W.:
Microscopic charging and in-gap states in superconducting granular aluminum.

arXiv (2019) (cit. on pp. 115).

Yurke, B., Corruccini, L. R., Kaminsky, P. G., Rupp, L. W., Smith, A. D, Silver,
A.H., Simon, R. W. & Whittaker, E. A.: Observation of parametric amplification
and deamplification in a Josephson parametric amplifier. Phys. Rev. A 39,2519-2533
(1989) (cit. on pp. 2} [61).

Yurke, B., Kaminsky, P. G., Miller, R. E., Whittaker, E. A., Smith, A. D, Silver,
A. H. & Simon, R. W.: Observation of 4.2-K equilibrium-noise squeezing via a
Josephson-parametric amplifier. Phys. Rev. Lett. 60, 764-767 (1988) (cit. on p. [61).
Zhang, H., Chakram, S., Roy, T., Earnest Nathan andLu, Y., Huang, Z., Weiss,
D.,Koch, J. & Schuster, D. I.: Universal fast flux control of a coherent, low-frequency
qubit (2020) (cit. on p.[2).

Zhang, W., Kalashnikov, K., Lu, W.-S., Kamenov, P., DiNapoli, T. & Gershenson,
M.: Microresonators Fabricated from High-Kinetic-Inductance Aluminum Films.
Phys. Rev. Applied 11, 011003 (2019) (cit. on pp. 40} [46).

Zhong, M., Hedges, M. P, Ahlefeldt, R. L., Bartholomew, J. G., Beavan, S. E.,
Wittig, S. M., Longdell, ]. J. & Sellars, M. J.: Optically addressable nuclear spins in
a solid with a six-hour coherence time. Nature 517, 177-180 (2015) (cit. on p. .

Zorin, A. B.: Josephson Traveling-Wave Parametric Amplifier with Three-Wave
Mixing. Phys. Rev. Applied 6, 034006 (2016) (cit. on p. [6T).

137






Listof publications

42.

121.

126.

151.

236.

364.

386.

387.

Borisov, K., Rieger, D., Winkel, P, Hernandez, F,, Valenti, F,, et al.: Supercon-
ducting granular aluminum resonators resilient to magnetic fields up to 1 Tesla
(2020).

Friedrich, F., Winkel, P., Borisov, K., Seeger, H., Stirgers, C., Pop, I. M. &
Wernsdorfer, W.: Onset of phase diffusion in high kinetic inductance granular
aluminum micro-SQUIDs. Superconductor Science and Technology 32, 125008
(2019).

Gebauer, R., Karcher, N., Gusenkova, D., Spiecker, M., Griinhaupt, L., et al.:
State preparation of a fluxonium qubit with feedback from a custom FPGA-based
platform (2019).

Griinhaupt, L., Spiecker, M., Gusenkova, D., Maleeva, N., Skacel, S. T., et al.:
Granular aluminum as a superconducting material for high-impedance quantum
circuits. Nature Materials 18, 816-819 (2019).

Maleeva, N., Griinhaupt, L., Klein, T., Levy-Bertrand, F., Dupre, O., et al.:
Circuit quantum electrodynamics of granular aluminum resonators. Nature Com-
munications 9, 3889 (2018).

Valenti, F.,, Henriques, F.,, Catelani, G., Maleeva, N., Griinhaupt, L., et al.:
Interplay Between Kinetic Inductance, Nonlinearity, and Quasiparticle Dynamics in
Granular Aluminum Microwave Kinetic Inductance Detectors. Phys. Rev. Applied
11, 054087 (2019).

Winkel, P, Borisov, K., Gruenhaupt, L., Rieger, D., Spiecker, M., Valenti, E,,
Ustinov, A. V., Wernsdorfer, W. & Pop, I. M.: Implementation of a transmon qubit
using superconducting granular aluminum. arXiv (2019).

Winkel, P., Takmakov, 1., Rieger, D., Planat, L., Hasch-Guichard, W., et al.:
Nondegenerate Parametric Amplifiers Based on Dispersion-Engineered Josephson-
Junction Arrays. Phys. Rev. Applied 13, 024015 (2020).

139






Appendix

A Circuit quantization

Quantizing an electrical circuit starts with finding the Hamiltonian of the classical
equivalent [62]. In general, an electromagnetic circuit is the connection of individual
circuit elements, for instance inductors, capacitors and resistors, to form an electrical
network. The arrangment of these elements, referred to as the topology of the circuit,
determines the resonant behavior of the system in terms of the distribution of the
electrical currents and voltages over the network. Therefore, current and voltage
constitute a suitable set of generalized coordinates to describe a linear circuit,
with the corresponding time dynamics determined by the Hamilton function, and
expressed in form of a set of equations of motion (EOM). Boundary conditions
arising from the circuit topology and external biases are considered by applying
Kirchhoff’s circuit laws. If the network is entirely build from linear circuit elements,
a set of independent variables can be found: the circuit’s degrees of freedom (DOF).
Since the DOF are independent, the Hamiltonian corresponding to the circuit can
be expressed as a collection of independent harmonic oscillators, analogously to a
linear mechanical system composed of masses and springs. Finding the correct DOF
from a given circuit topology is therefore essential for understanding and predicting
the behavior of a circuit in terms of its resonant frequencies and corresponding
mode distributions. However, if the system contains nonlinear elements, the DOF
cannot necessarily be decoupled but influence each other at all times, making an
analysis of the circuit significantly more difficult [46, 62].

For a quantum circuit, the same general concepts apply, with the fundamental
difference that the primarily classical variables current and voltage are conjugate
variables in the quantum mechanical sense, and therefore cannot be measured
with infinite precision at the same time. In order to derive the Hamiltonian of a
quantum circuit, first the classical Hamiltonian is derived from the Lagrangian
of the circuit, before the classical variables are promoted to quantum mechanical
operators, referred to as canonical quantization. The independent DOF of the system
are either found by diagonalizing the Lagrangian or the Hamiltonian [22]. A detailed
and modern description of the technique to find the DOF, specifically applied to
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superconducting quantum circuits, is found in the work of U. Vool and M. Devoret in
Ref. [62], from which I will briefly recap the main ideas.

A.1 Finding the classical Hamiltonian

Finding the Lagrangian of a circuit starts by dividing the circuit into two families
of elementary building blocks: branches and nodes. The branches represent the
dipolar circuit elements, for instance capacitors and inductors, and the nodes mark
the connection points between the branches. Each branch is associated with a branch
voltage v, (t) and branch current i, (), as schematically shown in Fig.[1} which are
related to the electrical and the magnetic field of the branch:

end of b N o
oy (1) = / Bt - dl (1)
beginning of b
1 - -
iy (1) = — B(7,t) - ds 2
lb( ) Ho jéroundb ( ) (@)

The path of integration is chosen such that it includes all field components. Therefore,
the dynamics of current and voltage are ultimately governed by Maxwell’s equation,
and the wires composing the circuit can be seen as auxillaries to guide and direct
the electromagnetic fields. This connection constitutes the foundation for the later
introduced description of superconducting quantum circuits in the language of
quantum optics by the use of bosonic field operators. Notably, the circuit elements
shown in Fig.[T|are depicted in the lumped-element representation, which means
by definition, that the electromagnetic fields are collimated within the element,
and that the elements are connected by perfectly conducting wires. In other words,
the time delay due to the propagation of signals at a finite speed is neglected.
Mapping a superconducting circuit onto an effective lumped-element model is
particularly helpful to describe the behavior of the circuit in a limited frequency
range, although it is a simplification in general. The lumped-element inductance
of the effective circuit model might represent the total geometric inductance of a
distributed superconducting wire, and the lumped-element model does not cover
the standing-wave pattern of the current along the wire.

The sign convention for the branch current and voltage, as indicated in Fig.[T} is such
that the energy absorbed in the branch becomes

Eo(0)= [ on(t)in(t)at 3)
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Figure 1: Branch and node representation of dipolar circuit elements. In the center, surrounded by a
grey circle, the branch and node representation of a dipolar element is shown. The branch element,
indicated by a black rectangle, has two connections, one at the top and one at the bottom, which
both lead to a single node each (black markers) with indices n and n’. The electromagnetic properties
of the branch element are characterized by a branch voltage v, and a branch current #,. The sign
convention for the branch current and voltage defines the power absorbed by the branch element to be
a positive number. In the red and the blue circle two common examples of linear dipolar elements are
given: a capacitor (red) and an inductor (blue). For a capacitor exposed to an external voltage bias, an
electrical field emerges (red arrows) between the capacitor plates due to the induced electrical charges
with opposite sign. In contrast, a current flowing through an inductor gives rise to a magnetic field
(blue arrows). Both circuit elements are depicted as lumped elements, which means that the electronic
properties are concentrated in idealized electrical components connected by perfectly conducting wires.
Thus, the propagation delay across the element is neglected on the time scale of any signal. Moreover,
the electromagnetic fields are assumed to be confined inside the elements.

Instead of current and voltage, a complementary but generally more convenient
basis to describe a superconducting circuit is given by the generalized magnetic
branch flux and branch charge @, and Q},, respectively:

t
() = [ _on(t)at @
—00
t
Qu(t) = [ _in(t)dt. (5)
—00
The integration is performed up to the present time ¢, where the starting point
is sufficiently far in the past, where both current and voltage were zero. This set
of quantities is particularily suited for superconducting circuits, since, as it turns

out, the magnetic flux is related to the macroscopic phase of the superconducting
wavefunction, which is the conjugate of the charge. External perturbations in the
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form of offset magnetic fields inducing currents in loops, or potential offset charges
residing on nodes, are considered by Kirchhoff’s circuit laws:

(Db = QDext,l (6)
all b around loop !

Qb = Qoff - (7)

all b arriving at node n

For complicated circuits composed of many branches and nodes, finding the DOS
of a network demands a strategic procedure to eliminate redundant variables, as
there are generally less DOF than branches and nodes. However, since the circuits
discussed in the scope of my thesis are simple with respect to their topology, I will
omit a detailed discussion of the procedure described in Ref. [62] in its most general
form. At its heart, it provides a guideline to find a convenient set of generalized
coordinate variables to begin with, from which the Lagrangian can be readily
derived.

In contrast to a mechanical system composed of masses and springs, where the
generalized position coordinate and momentum are determined by the position
and momentum of the centers of mass, in an electrical circuit, both, the magnetic
flux and the charge can be considered as the position or the momentum coordinate.
Anticipating the action of a Josephson junction being that of a nonlinear inductor,
a convenient choice is to treat the magnetic flux as the position coordinate. The
mathematical implementation of this choice is realized by describing the circuit
based on a set of node variables. Similar to the flux of a branch, a node flux &, can be
defined for each node. Since both sets of variables are complementary, the node and
the branch variables can be converted into one another. For instance, in the abscence
of external magnetic biases, the branch and node flux are simply related by

Dy =D, — Dy, (8)

where 1 and n’ are the nodes on both sides of the respective branch b.

For the purpose of eliminating the redundant variables, first a reference node is
chosen for the whole circuit, denoted the ground node, by setting the corresponding
node flux to zero. Since the generalized velocity in the node representation is identical
to the time derivative of the node flux &, and the difference between the velocities
of two neighboring nodes is equal to the voltage across the branch connecting the
nodes v, = &, — ®,, the kinetic energy associated to a linear capacitive branch

becomes
C . . .2

Ekin,b = E (@Vl - (Dn’) (9)
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C3
®4(t) II d(t)
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Figure 2: Electromagnetic circuit. Lumped-element electronic schematic of a simple circuit of two LC
oscillators with capacitance C; and inductance L;, which are capacitively coupled by a third capacitance
Cs. The circuit contains three nodes, indicated by black markers, from which the bottom one is assigned
the ground (grey), and the other two are the DOF of the circuit. Each node is associated with a node
flux &;.

The effective mass is given by the capacitance C. Analogously, the potential energy
of a linear inductive branch becomes

1

Epotb = 57 (Pn = @)’ (10)

Eventually, the Lagrangian of the whole circuit is given by the difference between the
kinetic energies of all capacitive branches, and the potential energies of all inductive
branches

L= Xb: Ekin,b - Xb:Epot,b' (11)

Figure[2] depicts the electronic schematic of an exemplary circuit with three nodes.
The circuit consists of three capacitors C;, Cy, and C3, and two inductors L1 and
L. Since the circuit does not contain any closed loop, external magnetic biases can
be neglected. As indicated, the lower node is assigned the ground node, with the
corresponding node flux being zero. The Lagrangian of the circuit is

Co., Ca,. . 2
72¢§+—3(<1>2—¢1) S - (12)

Gy

By introducing the node flux vector & = (&P, @, ), the Lagrangian can be expressed
in a more compact form using a matrix representation

L= oI, (13)
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where C and L ! are the generally symmetric capacitance and the inverse inductance
matrix, respectively. For the given circuit shown in Fig.[2} the corresponding matrices

are 1
~ CGi+C -G F 1 ; 0
= L = 1
¢ ( —Cs3 Cy+ C3> and 0 L% !

revealing that due to the circuit topology and the initial choice of generalized
coordinates, the inverse inductance matrix is diagonal while the capacitance matrix
is not. Consequently, a linear coordinate transformation is required in order to
decouple the coordinates and to find the true DOF.

The EOM for the generalized node fluxes, ®; and @, are derived from the system
Lagrangian using the Euler-Lagrange equation

d oL oL
;aﬁi—ﬁ_o. (14)

Since the capacitive contributions in the Lagrangian are harmonic, the conjugate
momenta have the dimension of a charge

oL

Qi= ﬁr (15)

and, more precisely, represent the charges on each node. In the given example, the
node charges are

Q1 = (C1 + C3)d1 — C3P,
Qo = (Cy + C3) D, — C3d4.

Generally speaking, for a circuit containing only linear capacitors, the relation
between the canonical momenta, the node charges Q;, and the generalized velocities,
the derivatives of the node flux @;, is determined by the capacitance matrix C. Similar
to the node flux vector, a node charge vector Q = (Q1,Qy) can be defined, and the
relation becomes .

Q0=Co. (16)
Deriving the Hamiltonian of the circuit requires the inversion of this relation, which
is equivalent to a variable transformation of the generalized coordinates (&, )
into the canonical coordinates (&, 3). Mathematically, the change in variables is
performed using a Legendre transformation:

H=) &0 —L. (17)
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Applying the Legendre transformation onto the given example, yields the classical
circuit Hamiltonian

1 (C2+G3)Qf | (C1+C3)Q3
H =
C1Cy 4+ C1C3 4+ GG 2 + 2 TG (18)
9, 93
2L, 2L,

which can be represented in a matrix form using the node flux and charge vectors:
1~ 9= lors 1=
H= EQTC’lQ + E<;DTL*1<;D. (19)

Similar to the Lagrangian given in Eq.[12} the Hamilton is not diagonal in the current
coordinate basis, as shown by the coupling term ~ Q1 Q>.

Diagonalization

In general, finding the basis that diagonalizes the Hamiltonian can be performed at
an early stage by diagonalizing the Lagragian first before deriving the Hamiltonian.
Depending on the circuit topology, the prefered coordinate transformation for the
Lagrangian has the form

Y=L"1%¢ (20)
or

Y = CV23, (21)
where L71/2 and C!/2 are the square roots of the inverse inductance and capacitance
matrix respectively, defined as L=1/2.[~1/2 = [=1 and C!/2.CV2 = C. Since
the inverse inductance matrix is already diagonal in the given example, the more

convenient choice is the first transformation, which results in the Lagrangian
1ot - ~ = 5 1 oro
L= EYT [V2.¢c.1V2y — EYTY. (22)
S ————
A

The eigenvalues and eigenvectors of the Lagrangian are found by diagonalizing the
the matrix A. For the circuit shown in Fig. the matrix A is

i (Li(G+GC) —VIiLaGs 23)
VLG La(Co+G3) )’

which can be rewritten
. [Q
Ai— 1 [o2Y 02 (24)

__B
()
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Figure 3: Classical circuit analysis. Measured eigenfrequencies (2. (red and blue markers) of two
capacitively coupled transmon qubits with flux tunable SQUID junctions. Since the SQUIDs are
asymmetric with respect to the critical currents of the individual JJs (see App.[E), the observed flux
modulation amplitude reaches a lower bound of 4 GHz. Additionally, the SQUID loop areas also differ
by design, i.e. the area ratio is 2.811, resulting in a fast oscillation and a slow oscillation with the flux
@; enclosed in the smaller loop. Whenever the two transmons are tuned on resonance, they hybridize,
resulting in an avoided level-crossing. Although the transmons are intrinsically nonlinear, the flux
modulation can be predicted from the linear circuit model shown in Fig.2l The red and blue solid lines
correspond to the solutions given in Eq.

by introducing the parameters Q;z = L;i(Ci+Czand B = C3/+/(C1 + C3)(Ca + C3).
Performing an eigendecomposition

A =S8A571, (25)
where S is a matrix of the same size and dimension as A, composed of the eigenvectors
of A, gives the diagonal matrix A

Q2 0
0o 072}

A= (26)

with the corresponding eigenvalues defined as

1/2
2020)2
1°42 ]1/2> . (27)

0. - (
024+ 03 + [(Q2 — 3)? + 4p23003

It is straight forward to show that the same coordinate transformation also diago-
nalizes the Hamiltonian.

The presented conceptual procedure is also applicable to more complex circuits
with more degrees of freedom, as long as the circuit does not contain any closed
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loops, which requires the consideration of the external magnetic flux enclosed in
the loops. Moreover, in the presence of time-dependent external flux, a consistent
procedure becomes even more important [67].

A simplification is possible in the case of dc SQUIDs with negligible loop inductance
(see App.[E) and assuming a static external flux only. Under these conditions, the
lowest energy eigenstates can be calculated by representing the dc SQUID by a
linear inductor with flux dependent inductance. Figure[3|depicts the response of two
capacitively coupled transmon qubits with asymmetric SQUID junctions. Since the
SQUID loop areas differ by almost a factor of three, two distinct modulation periods
are observable, resulting in a modulation pattern composed of a fast and a slow
oscillation. Whenever the two transmons are tuned on resonance, the hybridization
caused by the capacitive coupling manifests in form of avoided level-crossings. The
solid red and blue lines illustrate a fit to the measured data according to Eq.[27} for
which the flux dependence introduced by the SQUIDs is accounted for using Eq.[159]

So far, the presence of offset charges Q¢ , on the individual nodes has been neglected,
since, for a classical circuit, these offset charges only shift the equilibrium point
around which the node charges oscillate. However, in a superconducting quantum
circuit, the situation can be different, as shown in the context of the superconducting

charge qubit in Sec.

A.2 Canonical quantization

In classical Hamiltonian mechanics, the time evolution of the canonical coordinates
is determined by Hamilton’s equations. For an electrical circuit discribed in the node
variable framework, Hamilton’s equations for the node flux and charge variables are

a0 _ on o 4B oH
9Q

TR T (28)

Both equations can be expressed in a more general form using the Poisson bracket

dQ _ (5 9Q

E - {QrH}+§/ (29)
as exemplarily displayed for the node charge Q. Since the development of quantum
mechanics, it is known that the classical behavior of a system is just a manifestation
of the underlying quantum behavior, observed for systems involving a large number
of particles or high energies, which is referred to as the correspondence principle [3,
12]. In the canonical quantization of a classical system proposed by Paul Dirac [13],
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the primarily classical canonical coordinates are promoted to quantum mechanical
operators, for instance the node flux and charge of an electrical (quantum) circuit

@ — &
O - Q
H — H

7

and the Poisson brakets are substituted with the corresponding commutators

@m - 6N (30)

The quantum operators are indicated by hats. The idea of the canonical quantization
is to preserve the form of the Hamilton equations. Hence, in the Heisenberg picture
in which the quantum operators are time dependent while the quantum states do
not change with time, the time evolution of a quantum operator is determined by

90
ot ’

d@ilc»A

5 = ﬁ[Q, H] + (31)

which is known as the Heisenberg equation of motion.

Another consequence of the canonical quantization is, that conjugate variables obey
the canonical commutation relation

[®,Q] = ih. (32)

The sign in front of the term on the right-hand side of the equation determines
the node flux as the position variable, and the node charge as the conjugate
momentum, in agreement with the classical treatment [62]. Since conjugate variables
are mathematically defined in such a way that they are Fourier transform duals
of one another, they naturally underlie an uncertainty principle. Even in classical
mechanics this mathematical definition induces an uncertainty between conjugate
pairs, for instance as observed for the frequency and the time duration of a periodic
signal.

In the following, I will discuss the quantization of an electrical circuit with the aid
of a more simple resonant circuit: The LC-oscillator. The lumped-element circuit
representation is schematically depicted in Fig.dl The circuit has two nodes, from
which the lower node is selected to be the ground node, while the top node is
associated with the generalized node flux operator @, defined as the time integral of
the voltage operator V across the capacitor

N

d(t) = /_:o V(t)dt'. (33)
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Figure 4: LC-Oscillator. Circuit schematic representation of a parallel LC oscillator. The voltage V
across the capacitor C induces the charges £Q on the capacitor plates, and is associated to an electrical
field (red arrows). The current I through the inductor L gives rise to a magnetic field (blue arrows). The
node flux @, which is the time integral of the voltage V, is the position coordinate, while the charge Q
is the conjugate momentum.

For the quantum harmonic oscillator, following the procedure described in previous
sections, the Hamiltonian is

Q2 @2

where Q is the node charge operator. While the spectrum of the node flux is
continuous, the spectrum of the charge operator is discrete.

Similar to the mechanical quantum harmonic oscillator, the canonical coordinates
are expressed in terms of creation and annihilation operators 4t and 4, respectively,

b = Dgpr (a+ ') (35)
Q = —iQzpr (2 —a"). (36)

Here, @zpr and Qzpr are the zero-point fluctuations of the node flux and the node
charge, respectively. By definition, they determine the magnitude of the ground-state
fluctuations in both variables in the abscence of excitations, and are the manifestation
of the uncertainty principle. In a superconducting circuit, the size of these fluctuations
is controlled by the relative size of the circuit elements:

Pzpp = (37)

2
2
h

Qzpr = 57

, (38)
0
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Figure 5: Quantum LC-oscillator. Parabolic energy potential E = ®2/(2L) of the harmonic LC oscillator,
plotted as a function of the node flux ® in numbers of the magnetic flux quantum @. Since the node
flux is chosen to be the canonical position variable, the conjugate momentum is the charge Q on the
capacitor. The energy is normalized by the inductive energy E; = ¢3/L, and the grey horizontal lines
indicate the discrete but infinite set of eigenenergies E, = hiwg(n + 1/2), where n are the eigenvalues
of the photon number operator, and wy = 1/+/LC is the resonance frequency of the LC oscillator.
The basis |n) spanned by the eigenvectors of the photon number operator is referred to as the Fock
basis. The inset shows the region of the potential around zero flux, including the first three energy
eigenstates and the corresponding eigenfunctions |n) € {0,1,2}. The eigenfunction of the ground state
is a Gaussian, and the zero-point fluctuations of the node flux are related to the standard-deviation of
the ground state. Obviously, the Fock states are not the eigenstates of the node flux and the current
operator. The circuit parameters chosen for the calculation are C = 200fF and L = 2nH, resulting in a
characteristic impedance Zy = 100 Q.

where Zg = /L/C is the circuit’s characteristic impedance. According to the
definitions of the zero-point fluctuations, the suppression of the fluctuation in
one variable by changing the characteristic impedance of the circuit, enhances the
fluctuation in the other variable. For linear circuits with more than one DOF, each
eigenmode can be associated with a characteristic impedance.

As mentioned earlier, the node flux and the charge of the harmonic oscillator are
ultimatively related to electromagnetic fields created by the current flowing through
the inductor and the charges residing on the capacitor plates. For that reason, in
the context of superconducting quantum circuits, the creation and annihilation
operators correspond to single-mode field amplitude operators, which obey the
bosonic commutation relation

[a,a%] = 1. (39)
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The quantization of electromagnetic fields is subject of the second quantization. By
inserting Eq.[35/and Eq[36/into Eq.[34, yields the Hamiltonian in second quantization

£ = heoy (a*& + ;) , (40)

where wy = 1/+/LC is the resonance frequency of the LC oscillator. The operator
it = a'd is the occupation number operator, which has a discrete eigenbasis,
denoted the Fock basis, given by the discrete set of elementary excitations of the
electromagnetic field, the photons:

ftln)y =n|ny, 41)

In the Fock basis spanned by |n), with n € Z=9, the eigenenergies of the quantum
harmonic oscilaltor are

E, =hw (n + ;) , (42)

where 7 is the number of photons inside the oscillator. The energy spacing between
consecutive energy levels is detemined by the resonance frequency of the circuit and
does not depend on the number of photons inside the oscillator. Figure[5| depicts
the quadratic energy potential of the quantum harmonic oscillator E = 2/ (2L)
(red), and the first twenty energy eigenenergies E,;, indicated by the grey horizontal
lines. The inset shows the first three eigenenergies Eg, E;, and Ej, highlighting the
equidistance between the energy eigenstates, and the real parts of their corresponding
eigenfunctions ¥y (®), ¥1(®) and ¥,(QP) in position space.

The general expression of the eigenfunctions in the position space are

1
1 1 4 2 2 1
V(D) = (P|n) = e~/ Pzp) g (cb), 43
n(®) = (@lm = (2mp§PF> "\ V2dpp (*3)

where H,,(z) are the Hermite polynomials, @ are the eigenvalues of the flux operator
and |®) the corresponding eigenfunctions satisfying

b |P) = @ |D). (44)

Since the eigenfunctions of observables are interpreted as probability amplitudes in
quantum mechanics, the illustration of ¥, (®) shows that depending on the state,
some values of the node flux will be measured with higher probability, while some
values, the roots of ¥, (®) = 0, will never be measured. Notably, for all Fock states,
the expectation value of the current and voltage is zero. According to Eq.[43) the
eigenfunction of the ground state ¥y is a Gaussian, with its standard deviation ¢
determined by the flux zero-point fluctuations o = V2D pE.
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The same procedure can be applied to circuits with a larger number of DOF, where
the eigenmodes are independent and therefore described by an individual pair of
creation and annihilation operators. In a nonlinear circuit, the decomposition into
independent modes is not necessarily possible, but in many applications not desired
either.
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B Input-output formalism

In the framework of quantum electrodynamics with superconducting circuits, the
carriers of signals and information are photons in the microwave regime of the
electromagnetic spectrum. For the readout and manipulation of the circuit’s quantum
state, the photons have to interact with the plasma oscillation in some way, either via
the electric or magnetic field. Besides this intentional interaction, in a real system,
there are unintentional interactions to uncontrolled degrees of freedom residing in
the electromagnetic environment of the circuit. A consequence of these interactions
is, that the system cannot be treated as a closed quantum system, but becomes an
open quantum system which is subject to energy relaxation and dephasing.

Similar to conventional radio frequency technology, resonant superconducting
quantum circuits constitute a hardware interface that transduces the electromagnetic
fields of propagating photons into oscillating currents and voltages. The coupling
strength between the circuit and the electromagnetic wave can be controlled by the
multipole moments of the circuit. A popular example is the coupling via the electric
dipole moment of the circuit, arising from its shape in form of a microwave antenna,
as demonstrated with the grAl transmon discussed in Ch.[2|and the cQED system
discussed in Sec.[1.1.6

Independent of the obtained coupling strength, the engineered interaction between
quantized light and matter in superconducting quantum circuits is conceptually
very similar to the rich physics studied in quantum optics, as discussed in Sec.[1.1}
A mathematical framework particularly suitable to describe the dynamics of an
open quantum system in this context, is the input-output formalism [21]. At its
heart, it provides a direct mathematical relation between the incident photons, the
photons stored inside the quantum system, and the outgoing photons. The following
description of the input-output formalism is deduced from the excellent works of C.
W. Gardiner and M. J. Collett [21], A. A. Clerk et al. [6], S. Girvin [22], Eichler and
Wallraff [15], and U. Vool [61].

Introducing dissipation

Figure|6|depicts the schematic illustration of a cavity, which is coupled to a microwave
input port on the left-hand side, and to an artificial loss port on the right-hand side.
The cavity is described by the Hamiltonian Hsys, and is illustrated in the form of an
optical cavity composed of two semi-transparent, concave mirrors, that confine the
light inside the volume between the mirrors. However, despite the chosen portrayal,
the cavity might be in place of a superconducting circuit all the same. While the
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Figure 6: Input-output representation of a single cavity. Schematic representation of a microwave
cavity described by the corresponding Hamiltonian I:Isys, which is coupled to a microwave input port
on the left-hand side, and to an artificial loss port on the right-hand side. Referring to quantum optics
experiments, the cavity is depicted in the form of two semi-transparent, concave mirrors that confine
the electromagnetic field inside the cavity. The transparency of the mirrors determines the coupling
rates k¥ and <y to the two microwave ports. For a superconducting circuit, the coupling rate x to the input
port is well controlled by the dipole moment of the circuit, while the coupling rate y to uncontrolled
degrees of freedom is much more difficult to predict and to control. In the vast majority of systems, the
ideal case is y — 0. The field confined inside the cavity, and the propagating fields in the microwave
ports is described by a set of single-mode field amplitude operators. For the two ports, the incident and
outgoing fields are distinguished, and carry a corresponding index.

desired exchange of information is carried out via the input port, the artificial loss
port accounts for the system’s interaction with uncontrolled degrees of freedom. For
that reason, the corresponding coupling rates are referred to as the internal, and
external coupling rate, v and «, respectively. The two coupling rates determine how
fast the field inside the cavity can be excited, and how fast it spontaneously decays
into the two ports.

Each part of the system is associated with a set of bosonic field amplitude operators.
For a single mode cavity, the stationary field inside the cavity is described by a set of
creation and annihilation operators denoted A" and A, respectively, while the fields
in the microwave ports B and C will be separated into incident and outgoing fields,
as indicated by the arrows.

The combined Hamiltonian of the whole arrangement, including the two ports and
the exchange of excitations, is

H= Hsys + Hinput + Hbath + Hint,input + Hint,bathr (45)
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where Hsys is the cavity or system Hamiltonian, as it might describe a quantum
two-level system, Hinput and Hy,, are the Hamiltonians associated with the input
and loss port, respectively, and Hint,input and I:Iint,bath determine the interaction
between the cavity and the input port, and the cavity and the loss modes, respectively.

A convenient and natural choice is to model the input port and the loss port by an
infinite set of independent harmonic modes

Ainput = T / dwB (w)B(w) (46)
0
and o
Foan =t [ deC ()€ () (47)
0
which obey the bosonic commutation relation [b(w),b"(«')] = 6(w — ') and

[¢(w), et ()] = 6(w — w'). Here w and w' are the frequencies of the bosonic modes.
Within the rotating-wave approximation, the interaction Hamiltonians are

Hinginput = \/% /Ooo dwy/x(w) {A*B(w) + B*(w)A} (48)
Hint bath = v~ / dwy/r(w [A E(w +é+<w)A}, (49)

which describe the exchange of single photons between the ports and the cavity.
For simplicity, two-photon interactions, which can be present in nonlinear cavities
[68], are neglected. Referring to superconducting circuits, the given form of the
interaction Hamiltonians reminds of a linear coupling between two harmonic
oscillators, as discussed in previous sections, induced by a shared capacitance or a
shared inductance.

and

The strength of the interaction is given by the generally complex and frequency
dependent coefficients «(w) and y(w). In the Markov approximation, these coeffi-
cients are considered to be constant and independent of frequency, which means
that the port modes interact with the system only in close vicinity of its resonance
frequency (x, v < wy), or in other words, that the state of the cavity as seen from the
input port does not change significantly within one period. Unlike the intra-cavity
field operators, the field operators associated to the ports represent densities of
photons per unit bandwidth.
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Quantum Langevin equation:

In the Heisenberg picture, the time evolution of the observables, in this case the
field amplitude operators, is determined by the Heisenberg equation of motion. For
observables without explicit time dependence, the Heisenberg EOM reduces to [8]

Aty = 1A, A1) (50)

Here, the operator A represents the intra-cavity field, and a similar expression is
found for the port modes B and C. By inserting the Hamiltonian according to Eq.
and using the bosonic commutation relation, the EOM of A becomes

A 1

A =21 dwviB(w) — —— [T dwyat@) 61

- h Var b

The time evolution of the port modes B and C is found by solving their corresponding
Heisenberg EOM [21], and are of the form

HSyS/ A

B(w) = e @) By (w) + — dt e wt=t) Ay 52
(@) @ + 7= [ArvReTDAY), 6
where By(w) is the value of the input port mode at time t( < t. Since t; is a moment
in the past, By(w) plays the role of an initial value. An equivalent expression is found
for the modes of the loss port. Inserting the obtained solutions into Eq.[51]yields

A 1.4 A A A A A
A = [Asys, A(D) = 5A— 24— Vi — 7Cin, (53)

which is the quantum Langevin equation of the intra-cavity field operator. In the
Markov approximation, the interaction with the port manifests in the form of
damping terms of the intra-cavity field at rates x and . The incident modes are
defined as

x
N \

—iw(t—to)éo(w)’ (54)

Bin(t):\/ﬂ 0

and

~

Cin(t) = —iwt=h) &y (w), (55)

V2r Jo
and are the port modes that interact with the intra-cavity field at time ¢. A
complementary or time-reversed quantum Langevin equation can be derived that
relates the time evolution of the intra-cavity field at time ¢ with the solutions of the
port modes at future times t; > t. In analogy to the incident port modes, a set of
outgoing modes can be defined similar to Eq.[54and [55| Comparing the obtained
quantum Langevin equations yields the following boundary conditions

Bout - Bin = ﬁA (56)

158



Input-output formalism

and
Cout — Cin = V74, (57)

which relate the incident and outgoing modes with the intra-cavity mode. In most
cases, the bath of loss modes is considered to be cold, and the modes incident to the
cavity through the loss port are neglected. However, the additional channel increases
the energy relaxation rate of the intra-cavity field.

B.1 Optical phase space

A convenient way to illustrate the time evolution of a system is the phase space. In
classical and quantum mechanics alike, the phase space is spanned by the conjugate
variables of the system, for instance the position and momentum of a mechanical
pendulum, or the flux and charge in an electrical circuit. If the system has a single
DOF, the phase space is a two-dimensional space similar to the complex plane. For
an optical system described by bosonic field operators, a similar representation is
available, denoted the optical phase space. Since the bosonic field operators obey the
bosonic commutation relation, a set of complementary conjugate variables is defined

I= E(ﬁ++ﬁ) (58)
N Py
Q=@ —a), (59)

which are referred to as the quadrature operators, and obey the commutation relation
PN i
L0 == (60)

At this point, I would like to emphasize that there are different possibilities for
the normalization of the quadrature operators. In the given normalization, the
quadrature operators [ and Q represent the real and imaginary part of the field
amplitude operator, respectively,

a=14iQ, (61)
which is a convenient choice since the corresponding variances are given in number
of photons. The normalization affects the result of the commutation relation and the
lower bound for the uncertainty in the quadratures

AIAQ > (62)

I
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where Al and AQ are the variances. However, independent of the normalization, the
fluctuations in the photon number of any bosonic mode are correctly recovered

1

BAPR = (A17 + (40 = 5,

(63)
with the lower bound of half a photon representing the quantum fluctuations, as for
instance present in the ground state of the quantum harmonic oscillator.

The Wigner function

In quantum optics, the different states of light are commonly represented with
the Wigner function W(«), a quasiprobability distribution that maps the quantum
mechanical wavefunction of a state onto a statistical distribution in phase space.
Although the Wigner function is real valued and normalized to unity, since it can take
on negative values for non-classical states of light — indicating quantum interference
— the corresponding distribution represents a quasiprobability only.

Any point « in the two-dimensional optical phase space is determined by its real
and imaginary part
a=1T+iQ. (64)

The quantities I and Q are the real valued eigenvalues of the quadrature operators.
Following this notation, the Wigner function is defined as [28]

1 [ i u u
W(L,Q) = [ due R (14 Zol1 - 3) (65)

where p is the density matrix describing the state of light in this context. In general, a
quantum system can appear as a statistical ensemble if it is coupled to other systems
that are inaccessible for the observer. The density matrix is a classical superposition
of pure states |¥;)

p=2=pi%) (¥l (66)
]

where the coefficients p; are classical probabilities. In this notation, the density
matrix corresponding to a pure state, for instance the Fock state |n), is

p = |n)(nl. (67)

Figure[7| depicts the Wigner function of the Fock state |1) in a two-dimensional
contour plot (left-hand top panel) and in a three-dimensional surface plot (left-hand
bottom panel). In both cases, the region in which the Wigner function becomes
negative is indicated in pink, while the positive values are highlighted in a purple
color tone. Since the Fock state is an eigenstate of the number operator, it is maximally
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uncertain in the phase, and the Wigner function is symmetric around the origin. Fock
states are highly non-classical states of light, and are generally difficult to generate.
Simply applying a period and monochromatic drive with harmonic time evolution
to a quantum harmonic oscillator, will not create a Fock state, but a particular
superposition of Fock states, denoted a coherent state.

Coherent states

A coherent state is a special quantum state of light in an harmonic oscillator, for
which the expectation values of the field quadrature operators oscillate periodically
with time, similar to the classical solutions. By definition it is an eigenstate of the
annihilation operator

Alw) = o), (68)

where the corresponding eigenvalue a represents the complex field amplitude of
the coherent state. Since the annihilation operator and the number operator do not
commute, the coherent state is not an eigenstate of the number operator, but is
distributed in the Fock basis

i) = ezl i 51 |n) . (69)

The probability of a Fock state being occupied follows a discrete Poisson distribution
around the mean value 7 = |a|?, and accordingly, the corresponding standard
deviation of the distribution grows with the square root of the mean value 0, = /7.
Despite the increasing uncertainty in the photon number, the uncertainty in the
quadratures is independent of «

1

o1 =/ (@lPla) — (alfla) = 5 = 0, (70)

and moreover equal to the vacuum fluctuations. Consequently, in the high amplitude
limit, the coherent state approaches the classical limit, and since the time evolution
of a coherent state under the action of the quantum harmonic oscillator Hamiltonian
resembles that of the classical trajectory, it is oftern referred to as the classical state.

Figure[7] depicts the Wigner function W(I,Q) in the optical phase space of the
coherent state |a) = |[v/2(1 + 1)) in the two right-hand panels. Since the coherent
state is not an eigenstate of the quantum harmonic oscillator, it will rotate around the
origin with time at the frequency of the oscillator. In contrast to the solution for the
Fock state |1) (left-hand panels), for which the Wigner function becomes negative in
some regions, it is never below zero for the coherent state. The cross section of the
distribution along the quadratures is a Gaussian, as indicated by the projections.
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Figure 7: Optical phase space: Wigner function representation of states of light. The two top panels
show contour plots of the Wigner function W(a) of the Fock state |1) (left-hand panel) and the coherent
state |a = v/2(1 +1)), plotted in the two-dimensional (optical) phase space. The eigenvalues of the
quadrature operators I and Q, spanning the phase space, are of the same dimension as the field
amplitudes. For the Fock state, the Wigner function takes on negative values (pink regions), which is
the signature of quantum behavior, while the coherent state is always positive (purple regions). Since
the Fock state is an eigenstate of the number operator, the number of photons is n = 1. In contrast, the
coherent state is a superposition of Fock states, with the mean number of photons 7i determined by the
distance to the origin 7 = |a|?. An interesting feature of the coherent state is, that the uncertainty in I
and Q, indicated by the size of the disc, is independent of the mean number of photons. In order to
emphasize the difference between the two states, the two bottom panels show a three-dimensional plot
of the corresponding Wigner functions. The projection of the coherent state is a Gaussian.
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B.2 The damped and driven harmonic oscillator

The methodology of the input-output formalism and its application to circuit
quantum electrodynamics can be demonstrated in many aspects with the aid of
the quantum harmonic oscillator. Although the obtained time evolution is that of a
linear system, the conceptual treatment is the same as for a nonlinear system, with
the main difference, that analytical solutions can be found for the linear system, the
description of a nonlinear system might involve numerical calculations.

For the quantum harmonic oscillator, neglecting the constant term due to the
zero-point fluctuations, the considered system Hamiltonian is

Heys = hwo AT A, (71)
and the quantum Langevin equation of the intra-cavity field is
A oA KA Y A N A
A=—iwA— EA - EA — VxBin — /7Cin. (72)

The presence of the two ports and their finite coupling to the cavity introduces two
damping terms, that cause an exponential decay of the intra-cavity field. In case
a strong drive is applied through the input port of the cavity, the corresponding
incident fields are decomposed into a classical part representing the drive, and a
quantum part representing quantum fluctuations,

A

Bin(t) = Bin(t) + .Bin(t) (73)

where the classical part is indicated by the Greek letter. A very common drive form
is a classical, monochromatic drive with frequency wy,

Bin(t) = Bin cos (wpt + ¢p) , (74)

where By is the amplitude of the drive and ¢y, is its phase, which is not of importance
foralinear system, butbecomes importantin the context of phase-sensitive parametric
amplification with nonlinear cavities. In most cases, the bath of loss modes is assumed
to be cold, and the incident modes Cj, consisting of quantum fluctuations only, are
neglected.

Ring-up and classical steady-state

Similar to the decomposition of the incident field, the response of the intra-cavity to
the drive can be separated in a classical part, which describes the generally complex
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expectation value of the intra-cavity field, and a quantum part, representing the
quantum fluctuations around that expectation value:

A(t) = a(t) +a(t) (75)

The time evolution of the classical part in a frame rotating with the drive frequency
Wp, is
: . K+
(t) = —i(wy — wp)w — T’ya — VxBin - (76)
N——
=0/2

For a monochromatic drive, the last term is a complex number that determines the
effective strength of the drive tone 2 = 2/ fin, and contains the pump phase.

As soon as a drive is applied to the cavity, the state of the intra-cavity field starts
to change. If the drive amplitude is constant, the state of the intra-cavity field will
reach an equilibrium state, denoted the steady-state, in which the excitation due to
the drive is balanced by the dissipation. However, the change of the intra-cavity field
is not instantaneous, but evolves on a characteristic time scale, usually referred to as
the ring-up time. The solutions of the quantum Langevin equation are of the form

(@] A KEY (@]
£ = . iAt— 5"t 77
w(t) (”‘0 iZA—(K—l—’y))e T RA () 77)

where a is the initial state of the cavity at time t = 0, and m is the equilibrium
state, which depends not only on the detuning A = wp — wp between the drive and
resonance frequency of the cavity, but also on the effective drive strength (2 and the
decay rates x and 1.

In some situations, for instance continuous wave measurements for which a
monochromatic drive is applied for a duration much longer than the charac-
teristic time scale associated with the ring up, understanding the behavior of the
classical steady-state & is sufficient to characterize the cavity. For the steady state of
a driven, linear cavity, there is always a unique relation between the incident and the
intra-cavity field amplitude:

VK

& = mﬁin (78)
2

Y A
_\/EiAzj (H%)z

=g(4Ax,7)

,Bin (79)

where A = wp — wy is the frequency detuning between the drive tone and the
resonance frequency of the cavity. In nonlinear cavities, the number of possible
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solutions for the intra-cavity field depends on the drive strength, with the cavity
even entering a deterministically chaotic regime [23]. The derived relation between
the intra-cavity field and the incident field is particularly useful to calculate the
reflection coefficient using the input-output relation of the classical drive

;Bout - ﬁin + \/EIX. (80)

Reflection coefficient

The reflection coefficient I', often labeled Si; in reference to the first entry of the
scattering matrix used in electrical engineering, is defined as the ratio between the
outgoing and the incident field

I'=531= <<B;§ut>> = %O'ut (81)
14V (82)

,Bin .
Although the measured reflection coefficient is time dependent in general, in
continuous wave experiments its steady-state is measured. For a linear cavity, the

reflection coefficient is obtained by inserting the steady-state relation between the
intra-cavity and the incident field, as given by Eq.[79} into Eq.[82]

Y 4iA
2

=+ (:5)
Accordingly, the reflection coefficient is a complex number, which can be represented
in the complex plane. If the detuning is sweeped from negative to positive values (or
vice versa), the reflection coefficient describes a circle in the case of a linear cavity,
and the ratio between the coupling rates can be deduced from its radius, see Fig.[9}
For a reflection measurement, the circle can always be scaled and oriented using the
off-resonant point (1, 0) [20]. In the case ¥ > 7, usually referred to as the overcoupled
regime [51]], the reflection coefficient covers all four quadrants of the complex plane,
and the corresponding phase, conventionally measured from the positive real axis,

performs a full cycle in the range [—7t, 77]. With increasing losses, less information is
encoded in the phase of the reflection coefficient.

F:.Sllzl—K (83)

Free energy decay

The free energy decay of the intra-cavity field is described by Eq.[77| for 2 = 0.
Assuming that the intra-cavity field has been initialized in an arbitrary coherent
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Figure 8: Driven and damped harmonic oscillator: ring-up. Time evolution of the complex expectation
value of the intra-cavity field a = (A) of a harmonic oscillator exposed to a coherent and constant
drive, and finite dissipation at a rate « + 7, calculated according to Eq.[/7} The different colors indicate
different detunings A between the drive frequency w}, and the resonance frequency wy of the oscillator
(A = wp — wy). The constant effective drive strength is (2 = 2/kBi,, which is a combination of the
average incident field amplitude B;,, and the coupling rate x between the input port and the harmonic
oscillator. In the presented case, the effective drive strength is (2 = 2x, and the ratio of the coupling
rates is v/« = 0.1. Depending on the detuning, the intra-cavity field reaches a different steady-state,
and follows different trajectories in the optical phase space (top left panel). The corresponding time
evolution of the real and imaginary part, the quadratures, is shown in the bottom and right-hand panel.
Notably, while the characteristic time scale for the intra-cavity field to reach its steady-state is given
by ~ 1/x, the drive strength € and the loss rate < influence the steady-state amplitude only, but not
the qualitative shape of the trajectory. The uncertainty of the trajectory and the steady state due to
quantum fluctuations is not shown.

state ag by the application of a drive, at time t = 0, the drive is turned off and the
intra-cavity field evolves freely according to the quantum Langevin equation given
in Eq.[76| The temperature of the baths in the ports is zero, and the effect of quantum
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Figure 9: Harmonic oscillator: reflection coefficient. Complex reflection coefficient I' = Sq; as obtained
for a harmonic oscillator in its steady-state, calculated for three different ratios between the external
and internal coupling rates x and 7, respectively. The dashed lines indicate the time evolution of
the reflection coefficient for three arbitrarily chosen detunings A = wp — wp, and the round markers
represent the corresponding steady-state. By changing the detuning A, the reflection coefficient follows
a circle in the complex plane. Depending on the ratio between external and internal coupling, the
circle covers different quadrants. In general, the ratio x /v is encoded in the radius of the circle. The
magnitude of the coupling rates is deduced from the frequency dependence of the phase arg(S11)
and amplitude |S11|, shown in the right-hand panels. Conventionally, the phase is measured from the
positive real axis. If k), the change in phase covers the full range [—7t, 7], while it is [—7, 7] for k < 7.
Cavities of the first category are denoted overcoupled, while the others are denoted undercoupled. The
special case ¥ = v is refered to as critical coupling, for which all incident power is absorbed in the
oscillator, as indicated by the amplitude signal.

fluctuations is neglected. The solution for the intra-cavity field amplitude in a frame
rotating at a frequency wy, is of the form

a(t) = txoe*Ate*Hth, (84)
where the second factor describes the oscillation of the field’s phase at a frequency
determined by the detuning A between the frequency of the rotating frame and the
resonance frequency of the cavity, and the third factor describes the exponential
decay of the field amplitude over time. The characteristic time scale of the exponential
decay is 2/ (x + 7). The energy stored inside the cavity is proportional to the mean
number of photons 7 = ||?, and the respective time evolution is

fi(t) = nge” K+, (85)
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Therefore, while the field amplitude decays at a rate (x + ) /2, the charactersitic
time scale for the exponential energy decay is Ty = 1/ (x + 7).

Outgoing power

The power in the reflected outgoing mode is
Pout = hw <Bgutéout> ’ (86)

where w is the drive frequency, and, according to the input-output relation, is a
combination of two parts: the incident field directly reflected from the cavity, and
the power emitted by the cavity. In the limit of a strong drive, the contribution of the
quantum fluctuations are negligible, and the power is determined by the classical
field amplitudes

Pout ~ hw|ﬁout|2 (87)

Using the input-output relation of the classical part given in Eq.[80/and the relation
between the intra-cavity field and the incident field accodring to Eq.[79} yields an
expression that relates the outgoing power to the incident power

[Boutl? = (1+xlgl2 + V(g* +8) ) |Binl?

Ky 2 (88)
=|1- ﬁ |,Bin|
2+ (57
or to the average number of photons inside the cavity 7 = |a|?
2
+
2 &+ <%) T

|Bout|” = n. (89)

K

Both results show, that if the coupling rates to both ports are identical x = v, referred
to as a critically coupled cavity in electrical engineering, the outgoing power is zero
on resonance A = 0. Another rather surprising result is obtained in the limit x > 1,
or equivalently v — 0, in which the coupling to the second port is negligible. The
outgoing power, again evaluated on resonance (A = 0), is

K
P = —1n
out_ =, Tiwo 7, (90)

which means that, due to the interference between the incident fields arriving at
the cavity’s input port and the intra-cavity fields leaking out, the observed decay
rate in the driven case is x /4 instead of « for the undriven case. This result is crucial
for thecalibration of of the measurement efficiency of the experimental setup (see

Sec.]3.8).
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B.3 The damped and driven anharmonic oscillator

The following sections are an extention of Sec. and discuss the behavior of a
weakly anharmonic oscillator in the limit ¥ >> K, representative for the degenerate
Josephson parametric amplifier (JPA).

The EOM for the intra-cavity field of the denegerate JPA is
A—

A = —iwgA — iKATAA — A — /xBin — \/Yein, 91)

N =X
N[ =2

where By, (t) and &, are the incident signals through the input port and the artificial
loss port, respectively. Similar to the quantum harmonic oscillator, there is a boundary
condition relating the intra-cavity field with the incident and outgoing fields:

Bout(t) = Bir1 + ﬁA/ (92)

and
Cout(t) = &in + V/TA. (93)

The two rates 7y and « reflect the strength of the coupling between the ports and the
JPA, and determine how fast an incident field can drive the intra-cavity field, and,
once excited, how fast the intra-cavity field decays into the ports spontaneously.
Surprisingly, in the case of a driven cavity measured in reflection, the observed
intra-cavity field decay is slower compared to the free decay (see Eq.[90) [22].

For the operation of the system as an amplifier, the energy required to amplify
the quantum signal is provided by a strong drive tone, denoted the pump. Since
the amplitude of the pump tone is orders of magnitude larger compared to that of
the signal, it is treated classically and described by a coherent state with constant
amplitude and phase, while the signal is treated quantum mechanically. In the
spirit of this distinction, the incident, the outgoing and the intra-cavity fields are
decomposed into a classical and a quantum part:

Bia(t) = (Bun() 4 Bin) T, (o4)
Bout(t) = (Eout(t) + ,Bout) _l“’Pt 7 (95)
A(t) = (a(t) 4+ a) " p", (96)

Accordingly, the classical parts are represented by Greek letters, and the quantum
signals are given in Latin letters, with the hat indicating their quantum nature. The
time evolution is harmonic and determined by the frequency of the pump wyp, which
is equivalent to a frame rotating at the pump frequency. The modes of the loss port
are not decomposed, but are treated solely quantum mechanically. This is a valid
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assumption provided the bath is cold kgTp, < Tiwp, with the only virtue of the
bath being the absorption of excitations from the system, without exciting it.

In order to derive expressions for the amplification of the device as a function of the
pump parameters, the pump amplitude and the pump frequency, first, the classical
steady state of the cavity is derived, and from that, the reflection of the quantum
signal is treated perturbatively.

Classical steady-state:

The steady state of the classical intra-cavity field «, satisfying the condition & = 0, is
calculated by inserting Eq.[94}96|into the EOM defined in Eq.91} and keeping the
classical terms only.

i(wp — wp)a + H—T’Va +iKa*a® = \/KBin 97)

Notably, the drive amplitude B;, and the intra-cavity field amplitude & do not have
the same units. By multiplying both sides of the equation with its complex conjugate
yields:

2
K+
@m—ww2+(27) |a|? 4+ 2K (wo — wp ) [a|* + K?[a|® = «|Bin[>.  (98)

For a coherent state, the complex amplitude is proportional to the mean number
of photons, in particular i, = /7iin and a = /7. Therefore, the deduced equation
relates the mean number of incident photons with the mean number of photons
stored in the cavity. Following the procedure of Eichler and Wallraff [15], Eq.98|can
be expressed in scale invariant quantities:

1
(52+4)ﬁ25§ﬁ2+§2f13:1, (99)
where
wp — Wy - al? ~ K B; K|B:i. |2
gm0y g Ve e KlBnl o gg)
K+ |Bin| K+ K+

The first quantity J is the frequency detuning between the pump and the bare
resonance frequency of the cavity, scaled by the total cavity linewidth « + 7. The
second quantity 7 represents the mean number of photons inside the cavity relative
to the incident pump power, which is defined via the dimensionless drive amplitude
Bin- Finally, the effective drive strength x is determined by the product of pump
power and nonlinearity.
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By inserting the boundary condition for the classical pump applied through the
input port, Bout = Bin + V4, the reflection coefficient becomes:

K 1
K+ —is+icn’

Sy =1- (101)

which is Eq.[101]in the main text.

Power gain:

The power gain of the single-port JPA is calculated by inserting the expression for
the field amplitudes, given in Eqs.[94{96} into Eq.[91} the EOM of the intra-cavity
field amplitude, and keeping terms only, that are linear in the quantum part 4(t).

The corresponding quantum Langevin equation describing the time evolution of the
quantum part is

b(t) = i(wp — wo — 2K|af? + iHT’Y)d(t) — K28t (f) + ViBn.  (102)
Although the time evolution of the intra-cavity field is of interest if the device is
operated with microwave pulses, first, a better understanding of the behavior of
the steady state in the frequency domain is particularly helpful. Since the EOM
of the quantum part of the intra-cavity field is linear in 4(t), it can be solved by
decomposing the signal into its Fourier-components [15]:

at) = ,/";;7 [ _dae A, (103)

Here A = (ws — wp)/(x + 7) is the dimensionless detuning between the pump
frequency wp, and the frequency of the weak quantum signal ws. Equivalent
expressions are found for the quantum parts of the field amplitudes of the incident
modes by, and é,. Furthermore, the amplitude of the classical part can be expressed
in terms of the mean number of photons inside the cavity 1, defined by Eq.99, and
the pump phase ¢p: a = \V/7ie'?». Hence, the steady state of the quantum part is
determined by

~ Y .
VK bin,a + ccm,m (104)

0= (i((S — 287+ A) — ;) ay — icne®Peat | 4 p

Apparently, due to the nonlinearity of the cavity, contributions of the intra-cavity
field symmetrically detuned from the pump frequency, with detunings A and —A,
are mixed. The complete relation between the incident and the intra-cavity field is
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most conveniently formulated in a matrix representation of Eq. and its complex
conjugate.

dina \ _ (i(—=0+28A—A)+3 i¢fie 20 aa (105)
df _a) —i¢iie %% i(6—2tm—A)+ 1) \at,

Here, the operator ciin,A = (\/@in,A + /YCin,a)/ (x + ) summarizes the modes
incident to the cavity. Inverting the matrix yields the relation between the intra-cavity
field amplitudes and the new operators dAin,A introduced for the incident modes

i(6—2¢—A)+ 1 - —igne*dr
GA—A_)GA—Ay) ™A T GA=A ) (A= Ay)

Ap = di _a (106)

where the terms in the denominator are defined as

Ay = % +\/(En)2 — (6 —2¢n)2. (107)

With the aid of the input-output boundary conditions which are defined in Eq.[92jand
Eq.[93) a compact relation between the outgoing and the incident field amplitudes is
found:

bouta = gs,abina + giabl 5+ \/ %(gs,A +1)Cina + 4/ %gi,ACAiTLn,fA (108)

Remarkably, the outgoing signal of the pumped nonlinear cavity at a detuning A
does not only contain amplified contributions of the incident signal at the same
detuning, but also from the mirrored contributions at detuning —A. Since there are at
least quantum fluctuations present at this frequency, these additional contributions
are referred to as the idler tone. The coefficients in front of the incident modes
determine the magnitude of amplification and are referred to as the signal and the
idler gain-factors, g5 A and gj a, respectively.

_ Kk i(0—28n—A)+3
80 = Tt A=A (= Ay)

(109)

and )
K —i¢ne*te
S8 =y A — AL)(iA— Ay)
If the coupling rate to the input port is much larger than the coupling to the artificial
loss port (x > 7), the gain factors satisfy

(110)

241, (111)

2= |gi,A

Ga = |85

where G, is the power gain of the amplifier at the signal frequency detuning. In the
high gain limit |gs A |?, |gia|? > 1, the signal incident at the idler frequency is almost
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equally amplified as the signal. Since there are always at least quantum fluctuations
present at every frequency, the simultaneous amplification of contributions from
different frequencies causes the additional noise added by the amplifier. Hence, if
the input port is cold (kT < fiws), the presented implementation of a parametric
amplifier reaches the quantum-limit of added noise.

In analogy to the relation between incident and intra-cavity field amplitudes, there
is a simple matrix representation summarizing the relation between incident and

outgoing signals:
bout,n 8sn  8iA bin,
P = ’ ’ ap (112)
<b2ut,A gi*,fA g:,fA b;n,fA

Saturation power:

The power gain offered by any type of linear amplifier existing is generally limited
to a certain range of incident signal power, referred to as the dynamic range
of the amplifier, above which the gain either starts to decrease, or the relation
between incident and outgoing signal becomes nonlinear. In the first case, due to
the compensation of increasing input signal power and decreasing power gain, the
signal output power approaches a maximal value and therefore saturates. While the
origin of power gain saturation depends on the amplifier’s physical implementation,
for Josephson parametric amplifiers there are two mechanism suspected to cause
the onset of saturation: pump depletion and a signal induced ac Stark shift of the
cavity frequency, as discussed in the main text.

For the derivation of the power gain in the previous section, the strength of the pump
tone was assumed to be constant, or stiff, as the theory experts say. Provided the
incident signal is weak, the amount of pump photons converted into signal photons
is negligible compared to the total number of pump photons inside the cavity.
However, with increasing signal power, a siginificant number of pump photons is
required to generate the output signal, and consequently, the pump tone is depleted.
The reduction of the effective pump strength due to the conversion process, and
with that, the reduction in power gain is referred to as pump depletion [54]. Another
mechanism, which is suspected to be the dominant source of saturation, is the signal
induced frequency shift of the cavity frequency [40]. As discussed in the main text,
for every pump power below the point of bifurcation, there is an optimal pump
frequency at which the observed power gain is maximal. In the presence of a quartic
term («x &%), the resonance frequency depends on the mean number of photons
inside the cavity, and for that reason, the optimal pump frequency shifts to lower
values with increasing pump power, as shown in Fig.[1.24a. If the signal power
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increases, the amplifier is shifted away from the ideal pumping condition, and the
power gain decreases without an adjustment of the pump parameters.

Both effects are included into the discussion by considering additional terms for
the calculation of the mean number of pump photons inside the cavity 7 that are
nonlinear in the signal amplitude 4. As discussed in Ref. [15] and Ref. [48], the next
higher order terms taken into account are 2iK (4*2) « and iK (4?) «*, which are added
to Eq. 7] Consequently, the previously rather slim equation determining the mean
number of pump photons becomes considerably more extensive:

7|62+ 5 —38ad + 58 + 263 | + % (~208 + 588a) + 7. (113)

The effective drive strength due to the signal photonsis captured by &; = Kiiz / (k + 1),
where 71; = (ada) + (4T ,a_,) is the mean number of photons inside the cavity,
evaluated at the signal (A) and the idler (—A) frequency. Notably, the effect of the
relative phase between pump tone and signal is neglected, synonymous to the
assumption that the frequency detuning between pump and signal is (significantly)
larger than the intermediate frequency (IF) bandwidth of the measurement setup [48].
The intra-cavity signal photons 4 and 4_ 4 are related to the input field amplitude
and the mean number of pump photons according to Eq.[106) However, since the
latter depends in turn on the mean number of signal photons, the steady state has to

be calculated self-consistently.

In order to calculate the saturation effect with increasing signal power Ps, first
the intra-cavity field is calculated according to Eq.[106] for the number of pump
photons calculated from Eq.[99] under the optimal pump conditions (§,J), but
without considering the signal-induced ac Stark shift. The effective signal input field
amplitude is determined by the incident signal power |bi,|? = xPs/ (hws[x + v]?),
while the input at the idler frequency is assumed to be zero. Notably, the discussed
treatment does not include the effect of quantum fluctuations, which are present
at all frequencies. For amplifiers with large saturation power, this simplification
introduces minor deviations from the actual situation only. The obtained solutions
for the intra-cavity fields 44 and 4_A are plugged in into Eq.[113} and in turn,
the corrected mean number of pump photons 7 is used to calculate the corrected
intra-cavity fields. This procedure has to be repeated several times for the result
to converge. After the final iteration, the obtained results are used to calculate the
power gain Go(Ps) as a function of the signal power shown in Fig.[1.25|
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C grAl transmon: supplementary information

In the following sections, additional information on the grAl transmon discussed in
Ch.[2in the main text are given, including derivations of mathematical formulas
used to extract information from measurements, finite-element method simulations
of the waveguide sample holder and the grAl transmon circuit design, as well as
details on the measurement setup and the operation of the 2D vector magnet. Similar
information is provided in the supplementary information found in Ref. [65]].

C.1 Resonance fluorescence: reflection coefficient

The reflection coefficient of a qubit given in Eq.2.7| used to fit the resonance
fluorescence spectroscopy measurements (see Fig.[2.2), is derived starting from
Eq.22.5/and following the description in Ref. [9).

First, the expectation value of the lowering operator of the qubit is expressed using
the Pauli operators 0y and 0y

(0-) = ((0x) —i{0y)) /2. (114)

The steady state expectation values (time t — o) for the Pauli operators 0y, 0y, 0z for
a qubit exposed to a continuous drive with amplitude 2 and detuning Aq = wq — w
to the qubit frequency wq, and in the presence of energy relaxation at a rate I7 and
dephasing at a rate I,y = I'1/2 + Iy, (I, : pure dephasing rate) are given by [9]:

1
(0:(Q,Aq)) = T30 (rl(rz*z +A2) +F2*02) (115)
-1
(0,(Q,Aq)) = 14402 (rl (32 +82) + 1"2*(22) (116)
-1
(0:(02,4q)) = =1+ T3 Q% (RT3 + A2) + T3 Q) (117)

Using Eq.[115 and Eq.[116] the expectation value of the Pauli lowering operator

becomes .
1 LIZ;Q—-il[1Aq0

T2p (2 + @)+ 02

(o (118)
By inserting Eq.[118]into the expression for the reflection coefficient given in Eq.2.5,

yields
_ . VEOR NIy — il Aq
2Bin (132 +4A2%) + T3 Ok

511(4q) , (119)
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where Qg = 2 is the Rabi frequency on resonance. As discussed in Sec.[1.1.4} the
generalized Rabi frequency is equal to the drive amplitude (2 only on resonance, but
depends on the detuning between drive and qubit frequency. Although the detuning
is swept during the spectroscopy measurement shown in Fig.[2.2} the value extracted
from the fits and entering the expression for the reflection coefficient is the Rabi
frequency on resonance, i.e. the drive amplitude.

The relation between the Rabi frequency (2 and the expectation value of the bosonic
field amplitude (Bin) = Bin is
Or =2k (Bin) = 2V/%Bin. (120)

In the limit of negligible pure dephasing I, < I7, and using Eq. the reflection
coefficient simplifies to

2K 1+i2Aq/F1

511(Aq) =1— — ,
11(4q) 1+ (24q/11)% +2(Qr/11)?

(121)

which is Eq.2.7)in the main text. The factor in front of the second term of Eq.[121]
is the coupling efficiency « /I3, with I7 = « + . It is a measure of the relative size
of the internal loss rate v compared to the external coupling rate x. At low Rabi
frequencies, for which mainly the two lowest energy levels are populated and the
qubit response closely resembles a circle, the qubit is found in the overcoupled
regime for x > < and in the undercoupled regime for k¥ < -, similar to the harmonic
oscillator (see Fig.[9).

C.2 Numerical calculation of the Kerr Hamiltonian

The observed frequency and power dependence of the grAl transmon reflection
coefficient, shown in Fig.[2.6/and Fig.[2.7} is simulated using a Kerr Hamiltonian
exposed to a coherent microwave drive. In the rotating frame of the coherent drive,
the Hamiltonian is

Hgere /7 = Ajata — gaﬂaz — %(of +a), (122)
where A1 = wj — w is the detuning between the fundamental transition frequency
w; and the drive tone frequency w, a' and a are the bosonic single-mode field
amplitude creation and annihilation operators of the intra-cavity field, respectively,
and (2 is the drive amplitude. The self-Kerr coefficient is K = 27t x 4.5MHz, based
on the value obtained in the experiment.
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Figure 10: Numerical calculations: resonance fluorescence. Complex reflection coefficient Sy plotted
in the complex plane (a), together with the frequency dependence of the real part (b) and the imaginary
part (c), numerically calculated for varying probe frequencies f around the resonance frequency
f1 = 7.4887 GHz of the driven Kerr Hamiltonian (see Eq.[22). For comparison reasons, the input
drive power Pi,, the Kerr-coefficient K = 271 x 4.5MHz, and the decay rates v = 27t x 10kHz and
Kk = 271 X 40kHz, are set to coincide with the experimenal values (see Fig.[2.2). The black lines indicate
least-square fits using Eq.[2.7] The only fit parameter is the Rabi-frequency Qg reported in d. The
linear dependence of the Rabi frequency with drive amplitude and the quantitative agreement with the
measured data shown in Fig.2.2d confirm the validity of the qubit limit and enables the calibration of
the input line attenuation A = 103dB.

In analogy to the reflection coefficient of the harmonic oscillator defined in Eq.[82,
the reflection coefficient of an anharmonic oscillator is [6} 21]
Sii=1+ \/%@. (123)
,Bin
The expectation values of the intra-cavity field (a) are calculated as a function of the
drive detuning A1 and amplitude (2, by solving the corresponding master equation
numerically using Qutip [33,34]. Notably, in order to align the simulation results
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Figure 11: Numerical calculations: energy spectrum. Phase of the numerically calculated reflection
coefficient arg(Si1) as a function of probe frequency f and probe power P, (left panel), reproducing
the measurement results shown in Fig.[2.6] The multi-photon peaks are equally spaced in frequency,
with the difference given by K/2 = 27 x 2.25 MHz (right-hand panel). In contrast to the experiment, a
constant frequency shift K is obtained (orange markers, right hand panel), as expected, because the
Kerr Hamiltonian in Eq.[122) only contains terms up to the 4th order. The green markers indicate the
probe power values at which the individual traces shown in Fig. are taken.

with the measurements and the analytical reflection coefficient of a qubit in EQ.
an additional phase factor e ~""/2 has to be introduced for the calculated expectation
value of the intra-cavity field.

The master equation in Lindblad form in the presence of energy relaxation at a rate
Tl is [39]

) i
ps(t) = — 3 [Hrerr, ps(1)] + I1D[a] (ps(t)). (124)
Here, ps is the system’s density matrix, Hxe,r is the driven Kerr Hamiltonian given
in Eq.{122, and DJa](p) is the Lindblad superoperator introducing single-photon
dissipation
Dlal(ps) = apua’ — 3a'ap, — spua'a. (12

In general, the master equation formalism describes the time evolution of an open
quantum system interacting with its environment. The continuously driven system
will reach a steady-state for t — co, from which the spectroscopy results can be
obtained.

For the numerical calculations, the internal and external decay rates y = 27t x 10 kHz
and x = 27t x 40 kHz, respectively, are set to the values obtained from the experiment
(see Fig.[2.2), constituting a total energy relaxationrate It = « + = 27 x 50 kHz. The
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Figure 12: Numerical calculations: energy spectrum. Three individual traces (left-hand panel) calculated
at distinct drive powers (Pprobe = —121,—106 and —101dBm). Similar to the experimental results
shown in Fig.[2.7, several multi-photon transitions are visible at any given drive power in this
range. With increasing power, the linewidth of the transitions broadens as depicted by the zoom-ins
(right-hand panels) around the 3rd (right, Pprope = —127 to —123 dBm) and 10th (left, Pprope = —105.75
to —104.75 dBm) multi-photon transition. For a better comparison to the measured data, the phase-offset
is removed. Again A, = w — w, is the detuning between the drive and the transition frequency of the
n th multi-photon transition. Notably, the sign for A, is different than the sign of the effective transition
frequency in the driven Kerr Hamiltonian (see Eq.[122) to ensure that drive frequencies below the
respective transition frequency have a negative detuning.

dimension of the Hilbert space is Njgye| = 30. The drive amplitudes 2 = 2/ i, are
chosen to coincide with the values used in the experiment, with fin = \/Pin/ (hw1).
The power values P, are the calibrated values shown in Fig.[2.2ld.

Spectroscopy

Figure[10] depicts the numerically calculated reflection coefficient S1; and the
corresponding least-square fits using Eq.[2.7] The colors are related to the drive
power similarly to Fig.[2.2] The linear fit to the extracted Rabi frequencies shown in
Fig.[10d confirms that the two-level approximation is valid in the parameter space of
the spectroscopy experiment.
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Energy spectrum

The experimental results presented in the main text in Fig.2.6| and Fig.[2.7] are
reproduced in the numerical calculation using the same range of probe frequency
and power.

Figure[11] depicts the phase of the reflection coefficient arg(Sq7) as a function of
the incident power P, and probe frequency f. Similar to the experiment, multi-
photon transitions at frequencies f, = (E, — Ey)/(nh) become visible. From a
linear fit to the multi-photon frequencies extracted from the 2D plot using the
same algorithm as in the main text (see. Fig.[T1| right-hand panel), the self-Kerr
coefficient K = 27t x 4.5MHz assumed for the calculation is recovered, validating
the procedure. Since the Kerr Hamiltonian in Eq.[122|does not contain higher order
nonlinear terms, in contrast with the experimental results, the simulated K(n) is
independent of the level number 7.

For a comparison to Fig.[2.7] shown in the main text, Fig.[12| shows the phase of
the calculated reflection coefficient arg(S11) as a function of the probe frequency
f for three drive powers P, = —121, —106 and —101 dBm. The small qualitative
difference between simulation and measurement is to some degree caused by the
finite frequency dependence of the background phase response in the experiment,
attributable to standing-wave resonances in the cryostat wiring. Moreover, the
simulation does not account for a finite offset charge dispersion or other effects that
potentially broaden the linewidth of the multi-photon transitions.

C.3 3D waveguide sample holder

The same 3D waveguide sample holder design, composed of a hollow copper body
with removable lid shown in Fig.[2.1, was used for the readout of the grAl transmon,
as well as for the readout of the cQED experiment shown in Fig.[1.10| The height,
length and width of the inner volume is 6 mm, 45 mm and 36 mm, respectively,
and the wall thickness of the copper body is 2 mm. To simplify the manufacturing
process, the edges of the hollow space are round. Due to the large aspect ratio of the
waveguide’s cross section, the electrical fields in the center of the waveguide, which
are oriented in the y-direction according to the coordinate system used for the coils,
remain unaffected by the round edges.

The sample readout is performed using a 50 () coaxial microwave port which
couples into the volume of the waveguide via the electrical field. The coaxial cable
has a center conductor with a diameter of 0.51 mm and an inner shield diameter
of 1.68 mm, incasing a teflon dielectric with relative permittivity e, = 2.1. For
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Figure 13: 3D waveguide sample holder. The performance of the microwave ports of two waveguide
sample holders can be deduced at room-temperature, by aligning the copper bodies and measuring the
reflection coefficient at one port. Since the other port is terminated to 50 (), the transmission from one
port to the other will appear as losses in the reflection coefficient. Hence, high losses observed in the
reflection coefficient are indicative for a good transmission and small internal reflections. As shown in
the bottom panel, the observed reflection coefficient is frequency dependent, with a sharp decrease
around 4.5 GHz, denoted the cut-off frequency. Due to the adjustment screw incorporated into the
bottom of the waveguide (visible in Fig.2.1), the frequency dependence can be tuned and adapted to
the frequency range of the experiment.

impedance transformation, the center conductor ends in a cylinder of radius 2 mm
and length 3 mm, with a distance of 1.4 mm to the waveguide ceiling. Additionally,
a screw incorporated into the bottom of the waveguide can be used to adjust the
impedance matching. At room temperature, the performance of the impedance
matching is verified by measuring the reflection coefficient of the input port of one
waveguide, when a second waveguide is attached to its body (see Fig.[13).

In the depicted arrangement, signals that couple into the waveguide and are not
reflected at the input port, appear as losses in the absolute value of the reflection
coefficient |S11|. The comparison between the red and the blue curve shows the
tunability of the obtained spectrum by changing the position of the screws in both
waveguides. After the adjustment was completed for the waveguide used in the
experiment, the screws were fixed using silver paste. The band of the waveguide
is restricted by a lower cut-off frequency (~ 4.5GHz) below which the field is
evanescent, and an upper cut-off frequency (~ 11.5 GHz).
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Two copper stubs integrated into the top and bottom of the outer walls, visible in
Fig.[13| from which one has a thread, are used to align the Helmholtz coil bodies
with the position of the sample.

C.4 FEM simulations

The fundamental transition frequency w; and the external coupling rate x to the
waveguide sample holder are simulated for the circuit geometry (see Fig.[14) using
a commercial finite-element method simulator (HFSS - High frequency structure
simulator). The inductive contribution of the grAl volume is modeled with a
linear lumped-element inductor Lx. Capacitive contributions arising from the grAl
microstructure are not considered. In order to extract the shunt capacitance Cs and
geometric stray inductance Ls of the grAl transmon circuit design, the transition
frequency is simulated for different values of the grAl inductance Ly (see Fig.[15p).

copper

vacuum input port

-/

bfb((\((\

|

sapphire chip

Figure 14: Finite-element method simulation model. For the simulation of the waveguide sample
holder and the circuit geometry, the waveguide and the grAl circuit design are translated into effective,
three-dimensional models. The waveguide model consists of a copper body (light orange) of similar
dimensions as discussed in App.[C.3} which is attributed with a perfect conductivity boundary condition
and filled with vacuum (light red). The adjustment screw entering through the bottom is considered by
a copper rod. The waveguide body hosts a sapphire wafer of thickness 330 pm and relative permittivity
€ = 10 and relative permeability y; = 1, on which the circuit is modeled. The capacitor geometry is
defined by the width and length of the outer electrode bc and /¢, respectively, as well as the gap w.
The gap between the electrodes is g¢, and the bridge connecting them has a length J,,. The width of the
electrode fingers is wy.
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Figure 15: Finite-element method simulations of the linearized circuit. a) Simulated transition
frequency fi of the linearized circuit obtained using the eigenmode solver of a commercial finite-element
method simulator (HFSS), shown in Fig.[14} The grAl volume is substituted with a lumped-element
inductance Ly which is swept from 2nH to 10nH to extract the shunt capacitance Cs = 137 fF and the
additional geometric inductance Ls = 450 pH arising from the design using Eq.[126] As indicated by
the dotted cursors, the measured frequency f; = 7.4887 GHz corresponds to a value L = 2.85nH. b)
Simulated external quality factor Q. as a function of the gap w in the outer electrode for L = 2.85nH.
Similarly to the design of Ref.[53], by closing the gap the external quality factor can be controlled
over a range of three orders of magnitude. The colored dashed lines indicate the design value for the
experiment and the black marker indicates the measured external quality factor Q. = 1.9 x 10° (see

Fig.2.2).

The physical dimensions of the circuit are listed in Tab.[I} The simulated transition
frequencies are fitted to the prediction of an effective lumped-element model

1
271/Cs(Lx + L)

yielding Cs = 137 fF for the shunt capacitance, and Ly = 450 pH for the geometric
stray inductance (see Fig.[15a).

fi(lk) =

(126)

The external quality factor can be varied over three orders of magnitude by changing
the gap w in the outer electrode (see Fig.[2.1b main text and Fig.[15b). Due to the
large aspect ratio of the waveguide body, the external quality factor does not change
significantly with distance x away from the center of the waveguide as shown in
Ref. [65].
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Table 1: Geometrical parameters of the grAl transmon design. Width bc outer capacitor electrode,
height hc outer capacitor electrode, gap in outer electrode w, length of the bridge connecting the
capacitor pads I,, width of capacitor pads wy, gap between capacitor pads g;.

be he w Iy wg 8t
1000pm  800pm 300pm 400pm  100pm 100 pm

C.5 Contribution of the contact junctions

The contribution of the contact junctions, which form between the pure Al shunting
layer and the grAl thin film, to the kinetic inductance and the measured nonlinearity
can be estimated from the fit value for the kinetic inductance of the Al layer
Lx a1 = 200 pH extracted from the field dependence of the resonance frequency
(see Sec.[2.6). Taking into account the typically 15% kinetic inductance fraction
measured in Al thin films [27], and using the geometric stray inductance Ls = 450 pH
obtained from FEM simulations (see App.[C.4), results in 70 pH intrinsic kinetic
inductance and leaves 130 pH to the contact junctions. Hence, according to the energy
participation approach for the Kerr coefficient discussed in Sec.[2.1} the contribution
of the contact junctions to the anharmonicity of the qubit is negligible.

The critical current for each contact junction is I. = 5 1A, corresponding to a critical
current density jo = 0.13mA /um?. The critical current density of the grAl film can
be estimated from the number of effective junctions N ~ 6, and the cross section of
the film Ag ) &~ 10 x 200 nm?

L0 N mA

=0 ~ 04—, (127)
2r LK,grAlAgral sz

Jj c,grAl —

in agreement with the switching current measurements discussed in Sec. for a
film with similar normal-state resistivity.

C.6 2D vector magnet

The waveguide sample holder can be equipped with a 2D vector magnet [65], which
consists of a pair of Helmholtz coils (HH) and a solenoid for field alignment, denoted
compensation coil (see Fig.[2.1a and Fig.[16) . The field direction of the HH coils is
aligned within machining precision with the in-plane direction of the thin films
along the y-axis. The compensation coil symmetry axis is oriented in the z direction,
perpendicular to the Helmholtz axis and out-of-plane with respect to the sample.
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Figure 16: 2D vector magnet a) Photograph of the cryogenic setup used for the magnetic field
measurements in Fig.[2.8] The copper waveguide sample holder equipped with the 2D vector magnet
(highlighted in color) is mounted at the dilution stage of a table-top Sionludi dilution refrigerator
(greyscaled), typically operated at a base temperature Ty,ee < 30mK. The flat copper cylinder visible in
the lower part of the image is the lid of the outer shield (not shown), which consists of successive
copper (Cu) and aluminum (Al) cylinders, similar to Ref. [27]. The Cu shield was used in all three
measurements presented in Fig.2.8] while the Al shield was only used during the "shielded" cooldown.
The inset shows the top view of the copper waveguide sample holder including the 2D vector magnet
(top), and the Helmholtz field By (bottom) numerically calculated according to Eq.for a bias current
Ioii = 1A and as a function of lateral position x. The magnetic field of the two Helmholtz coils is
aligned within machining precision with the in-plane direction y of the thin-films. The B, coil is the
compensation coil used to align the in-plane field in-situ. b) In-plane field component B, according
to Eq.[129] of the HH coil geometry, calculated as a function of position x and y in the plane of the
sample substrate. The horizontal solid black lines indicate the outer dimensions of the waveguide
sample holder, defining the spacing between the HH coils, while the black dashed rectangle indicates
the substrate dimensions. The sample position is highlighted by the solid black rectangle.

All coils are winded with the same type of NbTi, multifilament superconducting
wire with diameter d = 140 pm (Supercon. Inc. 54543). The winding parameters -
the number of layers nj, and the number of windings per layer n,, as well as the
physical dimensions of the coils, i.e. the radius R, length I and vertical distance Ay
(in the case of the HH coils), are summarized in Tab.[2|

From both coil geometries, the relation between the applied bias current I.,; and the
magnetic flux density B() at position 7 is calculated using the Biot-Savart law. For
simplicity, the individual coils are approximated with np, x ny, single wire loops. To
account for the physical dimension of the coils, the loop radius increases with each
added layer R = R + jd, where Ry is the inner radius and j is the number of the layer,
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and the position along the coils symmetry axis depends on the winding number. In
both directions, the step size is given by the wire diameter d. Following the approach
of Caparelli et al. [4], analytical expression for the magnetic field components B, (7)
in radial direction (parallel to the loop plane xz), and B, (7), oriented perpendicular
to the loop plane, are derived from the Biot-Savart law:

B, (7) ‘uOIcollR Z( 1)k+1 erk_l —2(k+1)

2 2kk!
k=0 (k)2 , (128)
20k +1)F <k+1 k+ Rz)
y
SR2 &®
By(?): Holeoin R Z( 1) (ktl) | |—(2k+3)
2 5 (2kKk!1)2
(129)

3 R?
I'2(k+1)]2F kt 5 k+2,2— 7))

Here, 5 F; is the hypergeometric function, R is the loop radius, . is the bias current
magnitude and I' is the mathematical gamma function (not to be confused with an
energy relaxation rate). Notably, the wire loops lie in the xz-plane and the field By is
perpendicular to this plane. Notably, for the calculation of the field coils, the infinite
sum is truncated after 20 terms.

Figure[16a (bottom right) depicts the numerically calculated magnetic flux density
of the HH coils as a function of the lateral position x for a bias current I, = 1 A and

Table 2: 2D vector magnet: coil dimensions and winding parameters. Values for the physical
dimension, i.e. the inner coil radius Ry and length I, and the total number of windings Ny, determined
by the number of layers ny, and the number of windings per layer 7, for the pair of Helmholtz coils and
the compensation coil. The lateral separation between the Helmholtz coils is Ay. Numerical calculations
based on the coil parameters yield predictions for the flux densities by and b, per ampere at the position
of the sample.

Helmholtz Compensation

Rp (mm) 10 30
I (mm) 5 10
Ay (mm) 10 -
n 30 32
My 35 70

Ny = np X nyw 1050 2240
by (mA/T) 80 -
b. (mA/T) - 50
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y = 0mm. The center of the waveguide is the origin for x and y as indicated by the
black dashed lines (top right panel). Since the magnetic flux density B, changes by
only 3% in the region where the sample chip is mounted (—5mm < x < 5mm), the
value b, = 80mT/A is taken to convert the HH bias current I into a magnetic
flux density. For the compensation coil a conversion factor b, = 50mT/A is found
using the same procedure.

Figure[l6b depicts the magnetic in-plane field B, as a function of the position (x, y)
in the plane of the sample, numerically calculated for a bias current I.o;; = 1 A. The
horizontal black lines indicate the outer walls of the waveguide sample holder, which
define the distance Ay between the HH coils. Moreover, the diced chip containing the
sample is indicated by the dashed black rectangle, while the position of the sample
itself is indicated by the small black rectangle. The field homogeneity in the area of
the sample is emphasized by the uniform grey color scale and the low density of
(colored) contour lines.

C.7 Magnetic field alignment

Due to large aspect ratio between the lateral size of the circuit components and
the film thickness, the grAl transmon like most other superconducting circuits is
significantly more susceptible to out-of-plane components of the magnetic field. As
discussed in App.[C.6 the magnetic field applied to the sample can be aligned with
the in-plane direction by using the compensation field of the 2D vector magnet.

For the alignment of the field, the compensation current is determined for which
the transition frequency of the grAl transmon is maximal and the dependence
on the compensation field is symmetric around this value. Fig.[17] depicts three
measurements performed with a double triangular current bias around different
mean values for the compensation field (bottom panels). While the first and the
second curves are asymmetric, the symmetry in the third measurement is indicative
for a compensation field close to optimum.

Since the behavior of the sample becomes hysteretic in small out-of-plane fields, as
exemplarily demonstrated in Fig.[18) the HH current is gradually increased with a
step size of 50 — 100 mA, which translates into 4 — 8 mT using the conversion factor
by listed in Tab.[2] For each value, the ideal compensation current is determined in
the same way as shown in Fig.[T7, After the calibration, the currents through the
HH and the compensation coil are tuned always at the same time, preventing the
application of large out-of-plane fields in the ideal case. Moreover, the sample is
reset in a thermal cycle by reaching temperatures well above the critical temperature
of the film (T > T. = 1.9K) after the calibration procedure.
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Figure 17: grAl transmon: magnetic field alignment. In order to align the magnetic field in-plane with
the grAl transmon, the compensation field B, is swept in a closed loop around a mean value. From
the symmetry of the obtained trajectory of the transition frequency, the ideal compensation field is
determined. The top panels show the phase of the reflection coefficient in the range (—0.3rad, 0.3 rad)
represented by the grey scale color map, measured for different compensation currents Icc, as shown
in the bottom panels. The mean values for the compensation current are 1mA, 2mA, and 1.5mA,
indicated by the black dashed lines. While the first and the second value are too small and too large,
respectively, resulting in an asymmetric response, the third value is close to the ideal value.
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Figure 18: grAl transmon: out-of-plane field dependence a) Fundamental transition frequency and b)
internal quality factor Q; = w /7 as a function of the applied out-of-plane magnetic field B,. Starting
from effective zero-field (black arrow), the measurement cycle is indicated by the colored arrows. In
both parameters f; and Qj, a hysteretic behavior was observed, which is more pronounced in the
frequency domain at positive magnetic fields.
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C.8 Overview Measurement runs

The grAl transmon was measured in seven measurement runs, summarized in Tab.
which were performed in three different cryogenic setups. The spectroscopy (run
#2), time-domain (run #7), and two-tone measurements (run #1) were obtained in
two commercial blueFors cryostats of similar type and wiring (see App.[G.§). In
all three runs, the sample was surrounded by the full outer magnetic shielding.
The magnetic field dependence was measured in a custom-made table-top Sionludi
dilution refrigerator [57], with different configurations for the outer shielding, but
always without an outer p-metal shielding.

The measurement outcomes are illustrated and summarized in Fig.[19in form of the
fundamental transition frequency f; as a function of the applied magnetic in-plane
field By, and the corresponding external quality factor Q. = wj/x as a function
of the transition frequency. Although the external quality factor shows a different
frequency dependence than expected from the FEM simulation (black dashed line),
the measurement outcomes obtained in different measurement runs align, validating
the similarity of the fitting procedure.

(a)7.8

~—~—
~~an

(b)
—_ %W o ~~e
:,El 7.61 \ S
S lgsssaaa., X2 ¥,
~— ... AA
T4 St | © o
0 50 100 73 74 75 76 7.7
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$run#l & #2 4 #3 e #4 o #5 2 #6 ) #7

Figure 19: grAl transmon: measurement run overview. The grAl transmon was measured in a total of
seven measurement runs, for which the obtained fundamental transition frequencies f; are shown in
panel a) as a function of the applied magnetic in-plane field By, and the corresponding external quality
factors Q. in panel b) as a function of the transition frequency. In run #1, #2 and #7, no magnetic
fields have been applied, and the markers align with zero-field. The black dashed line in panel b
indicates the result obtained from the FEM simulations of the sample and the waveguide sample holder
(see App.[C4). The deviation from the prediction at frequencies below 7.5 GHz could be explained by
standing waves inside the waveguide, caused by imperfections not captured by the simulation, or a
different setting for the adjustment screw. As shown in Fig.[I3] the coupling into the waveguide does
vary with frequency and the position of the screw significantly.
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Table 3: Summary of the grAl transmon parameters obtained during different measurement runs:
fundamental transition frequency f;, qubit anharmonicity «, external quality factor (zero-field) Q.,
internal quality factor (zero-field) Q;, external coupling rate (zero-field) x, internal decay rate (zero-field)
v, outer shielding configuration.

run#l run#2 run#3 run# run#5 run#6 run#7
f1 (GHz) 7.6790 7.4887 7.5156 7.4778 7.672 7.7292 7.4749

a/2m (MHz) 3.90 4.48 - - - 3.35 4.5
Qc(x10°) 1.7 1.9 1.8 1.5 1.9 1.9 1.5
Qi(x10%) 900 750 95 100 130 51 750

/21 (kHz) 45 40 42 50 40 40 51

v/2m (kHz) 8.5 10 78 75 58 150 10

Outer shield:

Cu yes yes yes yes yes yes yes
Al yes yes no yes no no yes
p-metal yes yes no no no no yes

Magnetic field no no yes yes yes yes no

C.9 Fabrication recipe

The structures of the grAl transmon are patterned in a resist double-stack composed
of two postive direct write electron-beam resists [37]: copolymer PMMA /MAA
(E1-13), 13% solids dissolved in ethyl lactate and a 950PMMA (A-4), 4% solids
dissolved in anisole. Since the resists are spin-coated on an insulating, epipolished
sapphire substrate (diameter: 2 inch, thickness: 330 um), an antistatic Au layer of a
few nanometer thickness is evaporated on top of the resist stack. The total resist
stack has a height of ~ 1 — 1.1 pm.

After the e-beam write and right before the development, the antistatic gold layer
was removed using a Lugol solution, a mixture of potassium iodide and iodine (2:1),
dissolved in water. The development was performed by placing the written sample
in a mixture of IPA and H,O (3:1 volume fraction), for about 120 s, while carefully
shaking the sample at a frequency of ~ 1 Hz (118 oscillations) using a tweezer. The
outcome of the development process was assessed under an optical microscope,
as shown in Fig.[20a, with the undercut in the bottom resist visible as bright halo
around the main features. The central strip appears connected to the leads due to
optical interference effects.

Following the development process, the sample was installed in a commercial Plassys
e-beam evaporator to perform a three-angle shadow evaporation. The load lock of
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Figure 20: grAl transmon: fabrication. a) Optical microscopy image of the sample after the development.
The undercut in the bottom resist is visible as bright halo, while the zoom-in shows the region which
later forms the grAl volume. Due to interference effects, the structures appear connected. b) Pressure
in the load lock pyy, of the evaporator as a function of the oxygen mass flow V. /t in sccm under
simultaneous vacuum pumping.

the evaporator was pumped for three hours (pr = 1.9 x 10~7 mbar). First, resist
residuals were removed in a cleaning step for 2 : 30 min using an oxygen/argon
(10 sccm /5 scem) plasma with a beam voltage 200V and a beam current 10 mA.
Subsequently, the pressure in the evaporation chamber was further reduced by
employing a Ti gettering to reach 4.9 x 10~8 mbar.

For the metal deposition, first a 10nm grAl film was evaporated at zero angle. The
average aluminum evaporation rate was r5; = 0.286 nm/s, calculated from the film
thickness, which is confirmed by AFM measurements (see Fig.[2.1), and the duration
of the evaporation 35s. The partial oxygen pressure during the evaporation was
po, = 2.25 x 107> mbar, which is controlled by the injected oxygen mass flow Vo /t
and the delivery rate of the turbo pump, as shown in Fig.20p. Subsequently, an
argon milling [27] was used for 105, followed by a double-angle evaporation of two
40nm pure Al thin films under £35°. However, I would like to point out that the
effect of the Ar milling on the contact resistance between the grAl layer and the Al
layers was not investigated. An overview on the individual fabrication steps is listed
in Tab.l4land Tab.[5l
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Table 4: grAl transmon: electron-beam lithography fabrication recipe — resist application and
development.

Resist application

substrate

1st resist layer
2nd resist layer

acceleration
spin speed
spin time
HP temp
HP time

antistatic layer

C-plane sapphire, double-sided epipolished

El-13 (thickness: 700 — 800 nm, positive)
A-4 (thickness: ~ 300 nm, positive)

1000 rpm/s
2000 rpm
100s
200°C
300s

Au

e-beam writing

acceleration voltage

50kV

Development

Au remover
time

rinse
developer
time

rinse

Lugol solution

10— 15s

destilled H,O

IPA and H,O (3:1)

120s

destilled H,O + Ny blown-dry
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Table 5: grAl transmon: electron-beam lithography fabrication recipe — thin film evaporation.

thin film deposition and lift-off

cleaning
mass flows
beam parameters

O, /Ar (10 sccm /5 scem)
Upeam = 200V, Iyeam = 10mA

Ti gettering

duration 2 min (active) and 3 min (passive)
pressure 4.9 x 10~8 mbar

grAl-layer

thickness 10nm

rate 0.286 nm/s

O, pressure 2.25 x 107> mbar

angle 0°

Ar-milling

Ar mass flow 4.0scem

beam parameters
duration

Upeam = 400V, heam = 15mA
10s

Al-layers

thickness 40nm

rate 1nm/s

angle +35°

lift-off

solvent NMP or NEP

time 2.5h

temperature 90 °C (preheated)

rinse acetone + ethanol + N, blown-dry
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D grAldc SQUIDs: supplementary information

In the following sections, the switching dynamic of an ideal JJ is discussed to provide
a basis for the switching current measurements of the grAl SQUIDs.

D.1 The Resistively-Capacitively-Shunted-Junction-model

In the resistively-capacitively-shunted-junction (RCSJ) model, the static and dynamic
properties of the gauge-invariant phase difference y across a Josephson junction
is derived from an effective circuit model, that captures the dc transport of a
non-resistive supercurrent, as well as the finite dissipation in the presence of
quasiparticles.

The circuit diagram of the RCS] model is depicted in the left-hand panel of Fig.2Th,
and consists of a parallel circuit of an ideal JJ (cross symbol), with critical current I. and
sinusoidal current-phase relation, which is shunted by a capacitor with capacitance
C, and a resistor with resistance R. The shunt capacitor accounts for the geometric
capacitance arising between the electrodes, while the shunt resistor introduces
finite dissipation induced by the tunneling of normal-conducting quasiparticles.
Although the dynamics of the quasiparticles are generally quite complex, requiring
the resistance to be a nonlinear function of the voltage drop V across the junction, it
is nevertheless, for the sake of simplicity, considered to be constant.

Provided a finite bias current I, the total current through the effective circuit is the
sum of the currents through the three branches

. 1% dv
I = Isin(y) + g+ Cﬁ’ (130)

with an identical voltage drop V across each branch. The voltage V and its time-
derivative can be eliminated in favor of the phase difference v by means of the
second Josephson equation, resulting in a second order differential equation in y

d>y  1dy . I

where T = wpt is a dimensionless time variable. The frequency wy, is the plasma

frequency of the JJ
[2el
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Figure 21: Josephson junctions: phase dynamcis. a) Effective circuit diagram of a Josephson junction
according to the resistively-capacitively-shunted-junction (RCSJ) model, devised to describe the
dynamics of the superconducting phase difference across the junction . The model consists of a
parallel circuit of an ideal junction with critical current I. and sinusoidal current-phase relation (cross
symbol), which is shunted by a capacitor with capacitance C, and a resistor with resistance R. The
shunt capacitor accounts for the geometric capacitance arising between the electrodes, while the shunt
resistor introduces finite dissipation induced by the tunneling of normal-conducting quasiparticles.
b) The left-hand panel depicts the washboard potential U = —Ej(cos(7) + I/ 1) arising in the RCS]J
model, normalized by the Josephson energy E; = ®yl./(27), as a function of the phase difference 7 for
three different bias currents I/I. € {0,0.2,0.9}. As long as the phase particle, which represents the
phase difference v, is trapped in one of the local minima, a non-resistive supercurrent flows across the
junction. Once the bias current exceeds the critical current I/I. > 1, the phase particle starts moving
along the potential, entering the running state. Since the phase changes with time, the junction becomes
resistive with a finite voltage drop across it. The escape of the particle can be premature, even before
I/1. > 1, either triggered by thermal activation (TA), or by macroscopic quantum tunneling (MQT), as
indictaed by the right-hand panel. In both cases, the escape probability is related to the remaining
barrier height Up.

which can be identified as the self-resonance frequency of the equivalent junction
circuit. The quality factor Q is a measure of damping and depends not only on the
resistance, but also on the capacitance

Q = wpRC. (133)
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A better understanding of the dynamics described by Eq.[131] can be gained by
mapping the differential equation into the equation of motion of an effective phase
particle moving in a one-dimensional potential. In this analogy, the phase difference
7 becomes the position variable of the particle, and the time derivative ¥ becomes
its velocity. By introducing the mass of the particle m = h2C/ (4¢?), the effective
potential U becomes

U = —Ej(cos(y) + Iv/1I.), (134)

where Ej = ¢pl./(27) is again the Josephson energy. Due to its shape, the potential
is referred to as the washboard potential.

The right-hand panel in Fig.2Tb depicts the normalized washboard potential U as a
function of the phase difference 7y for three different bias currents I/I. € {0,0.2,0.9}.
For small bias currents, the particle remains trapped in one of the local minima,
which corresponds to the zero-voltage state of the junction. According to the
Josepshon equation, the immobility of the phase particle describes the flow of a finite
supercurrent across the junction without dissipation. However, with increasing bias
current, the potential is tilted towards increasingly negative slopes. As soon as the
bias current surpasses the critical current (I > I..), the derivative becomes negative
at all positions, and the particle starts to move downbhill, in some occasions referred
to as the running state. Since the velocity of the particle is non-zero, a finite voltage
drop occurs across the junction and the JJ switches into the normal-conducting state.

Notably, due to the second term in Eq.[I31} the particle is subject to fricition directed
opposite to the direction of motion. Depending on the amount of friction, the phase
particle can be retrapped after it has been escaped, and the motion of the particle
can be diffusive rather than ballistic.

Escape dynamics

In contrast to the classical and ideal scenario, in which the particle escapes from
the local minimum it is trapped in not before the bias current reaches the critical
current (I/I. > 1), an escape can be triggered prematurely by two effects: Thermal
activation (TA) and macroscopic quantum tunneling (MQT). While the first effect
can be understood classically, the existence of the second effect unambiguously
implies, that the macroscopic phase describing the superconducting condensate is a
quantum mechnanical observable [44].

Figure21p (right-hand panel) shows a magnification of one of the minima for a
bias current close to the critical current (I/1. = 0.9). Since the phase particle is a
quantum object with a finite uncertainty between position and momentum, the
energy eigenstates of the particle in the potential wells are discrete and anharmonic
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[43,!44], indicated by the horizontal pink lines. Even in the energetic ground state,
the phase particle (black dot) is not resting, but constantly in motion, signified by
the pink arrows. The frequency of this motion wy is determined by the curvature of
the potential around the minimum, and is therefore similar to the plasma frequency
wp, but generally bias current dependent:

1\ 1/4
wo(I) = wp (1 - Ic> (135)
The oscillation frequency of the particle is closely related to an attempt frequency,
which is on the order of gigahertz typically, and determines the characteristic time
scale of the switching event.

The probability that an escape occurs depends on the thermal energy of the particle
and the remaining barrier height Uy, as indicated in the right-hand panel of Fig.2Tb.
For a sinusoidal current-phase relation, and assuming that the switching occurs for
bias currents close to the critical current only, the remaining barrier height is well
approximated by

I 3/2
Up(I) ~ (1 - 1) . (136)

In general, the relation between the barrier height and the bias current depends on
the shape of the current-phase relation.

At finite but low temperatures (kT < Ej), the escape rate over the barrier due to
thermal activation I'4 is a simple Arrhenius law

[ra(T, 1) = bt“’giff) exp <—LII{0B(;)) ) (137)
———

Io

where the temperature dependence of the attempt frequency Ij is captured by
a thermal coefficient b; [63]. With decreasing temperature, thermally activated
escapes of the phase particle are suppressed exponentially. At the so-called crossover
temperature T* = hiwg / (27tkg), the remaining switching events start to be dominated
by macroscopic quantum tunneling through the barrier [24]. Although the escape
dynamics due to MQT are generally very rich, the resulting escape rate can be
estimated within a Wentzel-Kramers-Brioullin approximation. However, a simpler
and mathematically more convenient approximation can be found by substituting
the physical temperature T in Eq.[I37with a fixed temperature Tesc

Tvor (1) = (1) exp <_kuBOT(eIs)c) , (138)

representing the temperature independent tunneling process.
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Escape probability:

Another consequence of the premature switching into the resistive state of a J] is, that
the maximal bias current extracted from transport measurements is not necessarily
the critical current, but, in particular for small JJs, a significantly smaller value. In
order to distinguish between the two quantities, the measured value is referred to
as the switching current ;. Under some conditions, the deviation between the
measured value and the actual critical current of the junction can be significant. A
series of repetitive transport measurements will result in an asymmetric distribution
of switchting currents around a mean value Iy, with a finite width g, similar to a
standard deviation.

Following the description of Kurkijdrvi et al., summarized in Ref. [36], the switching
current probability distribution as a function of the bias current I is derived from
the thermal activation of a particle above a barrier. Although the model theory was
initially developed for thermal processes only, the introduction of a temperature
Tesc extends the theory to MQT.

The probability W(t) that an escape has not yet occured after time ¢, is given by

W(t) = exp (— /Ot FSW(T,I{t’})dt’) . (139)

Here, I, is the switching rate at which the junction switches into the resistive state,
or, in the picture of the mechanical analogon, the phase particle enters the running
state. In case every escape event triggers a switching, the switching rate is identical
to the escape rate. However, in the presence of friction and retrapping, both rates
can differ significantly.

Since the bias current is often swept at a constant rate, which is much slower than
the attempt frequency (I < I), the time dependence can be substituted with a bias
current dependence, and the probability becomes

W(I) = exp (—i /01 T (T, I’)dI’) . (140)

The probability P(I) for the particle to escape, or equivalently for the junction to
switch into the resistive state at a given bias current I, is given by the derivative of
Eq.[140]

dW(I)  TLsw(T,I)
dr g
According to Eq. the switching probability is the product of two probabilities: The
probability that the junction switches in the bias current interval I + dI, determined
by the first factor, and the probability that the junction has not yet switched. In

P(I) = W(I). (141)
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order to calculate P(I), Eq. has to be solved numerically due to the nonlinear
bias current dependence of the remaining barrier height Uy given in Eq.[136/for a
sinusoidal current-phase relation. However, an analytical, and hence more convenient
expression with only three free parameters can be found by assuming a linear
dependence between Uy and I [2]:

P(I) = Aexp (I _bfsw —exp [1 _bfsw}> (142)

As previously mentioned, Ly is the bias current at which switching occurs with
the highest probability, while the parameter b is related to the width o5, of the full
distribution defined by Eq.[141] The third parameter A is a scaling parameter that
determines the amplitude of the distribution, as it is not normalized in the presented
form.

Figure[22a depicts the switching current distribution P(I) of an ideal J] with sinusoidal
current-phase relation, as a function of the bias current I, numerically calculated
according to Eq.[141} The switching rate [y is assumed to be a combination of
escapes that are triggered by thermal activation and by macroscopic quantum
tunneling:

Isw = I'ta + Imort- (143)

Again, the underlying consequence of this assumption is, that every escape triggers
a switching into the resistive state. The temperature T of the JJ is assumed to be low
compared to the critical temperature T/ T, = 0.02, which, in the presented case is
that of thin film aluminum T, = 1.4 K. In order to account for MQT, a finite escape
temperature Tesc = 0.3 Kis considered, similar to the value reported in Ref. [63]. The
resulting switching current probability function has a characteristic, asymmetric
shape, with a slower rise below I, and a steeper descent above it. The width of the
distribution oy gives insight into the dynamics of the escape. The white dashed
line is a fit to the calculated data according to the analytical expression given in
Eq. from which sy and oy are extracted. The junction parameters entering
the calculation are the critical current I. = 5pA, the value of the shunt capacitance
C = 1fF and the (constant) bias current sweeping rate [ = 200 nA/s.

In Fig.[22p, the switching current distribution is plotted for different temperatures
T/T. € {0.02,0.32,0.52,0.62,0.72,0.82}. With increasing temperature, the critical
current of the JJ] decreases, causing a reduction of the amplitude of the washboard
potential Ej, and with that, the barrier height Uy, as well as a decrease of the plasma
frequency wyp. As a result, the bias current with the highest switching probability
appears at lower values, alongside with a broadening of the switching current
distribution. The extracted values for L, are depicted in panel ¢ as a function of
temperature, and are normalized by the critical current.
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Figure 22: Josephson junctions: escape dynamics. a) Switching current distribution P(I) of an ideal JJ,
numerically calculated according to Eq.[I41]as a function of the bias current I. The distribution is plotted
around the switching current with highest probability I, normalized by the critical current I. = 5 pA.
While the physical temperature of the JJ is assumed to be low compared to the critical temperature
T/T. = 0.02, macroscopic quantum tunneling (MQT) is taking into account by considering a non-zero
escape temperature Tesc = 0.3K (see Eq.[I38). The shunt capacitance is C = 11F, the critical temperature
is T. = 1.4K and the bias current sweeping rate is I = 200pA /second. The white dashed line indicates a
fit to the distribution using the analytical expression given in Eq.[142] b) Switching current distributions
P(I) as a function of normalized bias current, calculated for different physical temperatures T. With
increasing temperature, the critical current is suppressed alongside with the plasma frequency wy, of the
JJ. Consequently, the escape happens at lower bias currents and the increasing thermal energy causes a
broadening of the distribution. ¢) Normalized switching current I /I as a function of temperature T,
extracted from fits to the calculated distributions similar to panel a and b. The color of the scatter points
indicate the physical temperature, and the black dashed line indicates the BCS temperature dependence
of I. [60]. For the J] with larger critical current I. = 100 pA (pentagons), the switching currents are
very close to the critical current, while for the smaller JJ I. = 5pA (crosses), a significant premature
switching is observed. The offset at low temperatures is due to quantum tunneling.d) Normalized
standard deviation of the switching current distribution cs, as a function of temperature. At low
temperatures, MQT dominates, and oy, remains constant. With increasing temperature, thermally
activated escapes start to dominate and the distribution width increases. The decrease at temperatures
close to T¢ is due to the strong temperature dependence of the critical current.
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The same numerical calculations were performed for two JJ, that differ in their
critical current only, with I. € {5pA,100 nA}. For the JJ with larger critical current,
the extracted switching currents are very close to the BCS temperature dependence
of the actual critical current, indictaed by the black solid line. Since the energy scales
corresponding to TA and MQT are low compared to the Josephson energy Ej, a
bias current close to the critical current is required to reduce the barrier height Uy
sufficiently. As opposed to this, the switching current of the JJ with smaller critical
current deviates from the critical current significantly. At low temperatures, the
deviation is caused by the presence of MQT, until thermally activated escapes start
to dominate the switching.

The competition between MQT and TA becomes particularly evident in the tempera-
ture dependence of the distribution width, depicted in Fig.22d. Atlow temperatures,
the width remains constant, indicating a constant escape rate due to the temperature
independent MQT. Hence, in the absence of MQT, the width would decrease further
with decreasing temperature. The transition into the regime in which the escape
is dominated by TA occurs around the assumed and fictional escape temperature
Tesc = 0.3 K associated to MQT. Since the temperature is normalized by the critical
temperature, I would like to emphasize that the size of the constant plateau depends
on the choice of the critical temperature. At temperatures close to the critical temper-
ature, the distribution width decreases again since the critical current approaches
zero. Similar to the asymmetry of the switching current distribution, caused by the
upper bound given by the critical current, the distribution is squeezed from below.

D.2 Device overview

The critical current density of superconducting grAl films, as shown in Fig.[1.T9, was
obtained from switching current measurements performed on various dec SQUIDs.
The parameters of the film, i.e. the film thickness t and the normal-state resistivity
Pn (measured at room temperature), and the dimensions of the two geometric
constrictions, i.e. the widths w; and w», as well as the lengths I; and [y, are listed in
Tab.l6l

The rather large fluctuations in the measured switching currents, even for devices
with almost identical constriction dimensions, suggest, that the switching dynamics
are strongly influenced by the film microstructure. Although not significant, there
seems to be a trend in the data indicating a slight decrease of the switching current
with the length of the geometric constriction. A possible explanation could be an
increase in the statistical probability of finding an increasingly weaker inter-grain
coupling between two (effective) grains.
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Table 6: Device parameters for the grAl dc SQUIDs from which the critical current densities are
extracted (shown in Fig.. The parameters are: film thickness t, normal-state resistivity p,, measured
switching current in zero-field I, (0), geometric dimensions of the two constrictions width w; and
length I; (i € {1,2}).

t On Liw (0) w1 wy I I
device (nm) (nQcm) (nA) (nm)  (nm) (nm) (nm)

305 250+40 4744+05 655 43+£5 57£5 61L5
523+05 73£5 815 65£5 62&£5
632+06 845 80£5 635 59+£5
409+04 77£5 77£5 154+£5 150&£5
204+02 57£5 64+£5 150+£5 149+£5
222+02 805 78x5 236Ex5 2355
471+£05 775 75£5 248+£5 239&£5
206+02 58£5 62+£5 2465 245+£5

X 3O Ul WIN -

9 205 1520+£200 4.01£004 795 79£5 705 61+£5
10 294+£0.03 9945 105£5 905 100x5
11 320£0.03 8 +5 84+5 158+5 148+5

12 205 3200720 091+0.01 54+£5 575 1705 165+£5
13 1.10£001 765 76£5 257+£5 258+£5
14 093+£0.01 765 74+£5 261+£5 258+5

15 305 5550+£450 1.1+£001 80+£5 785 68+£5 67%£5

16 079+0.01 765 80+5 65+£5 69&£5
17 057001 36*x5 44+£5 675 58%5
18 024+£0.01 535 55£5 160£5 160+5
19 0.68+0.01 735 73£5 1655 164+5
20 0.17£0.01 56*x5 59+£5 256£5 254+5
21 086+0.01 705 73£5 2655 261+5
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E Superconducting Quantum Interference Devices -
SQUIDs

In a Superconducting Quantum Interference Device (SQUID), two physical effects
find a combined application: The Josephson dynamics of a weak link as described
in the previous section, and the quantization of the magnetic flux enclosed in a
superconducting loop in number of the magnetic flux quantum @y. As a consequence,
the response of a SQUID becomes a periodic function of the flux @ enclosed in its
loop, which itself is related to the external magnetic field, rendering SQUIDs among
the most sensitive magnetic field detectors existing [7]]. The arising periodicity is
attributed to an interference effect between the two loop branches, and the circulating
current induced by the application of an external magnetic field, resulting in an
interference pattern similar to that of an optical double slit experiment.

The physical implementation of a SQUID comes in two ways, either with a single JJ or
two JJs embedded in a superconducting loop. Historically, the two implementations
are distinguished nominally by the readout scheme used to measure the magnetic
flux, with devices containing a single JJ labeld radio frequency or rf SQUIDs [16,55],
and devices with two JJs labeled direct current or dc SQUIDs [32,59]. In the first
case, the SQUID used to be inductively coupled to a resonant tank circuit, with the
response of the SQUID altering the transition frequency of the auxiliary system,
while in the latter case, the information about the enclosed magnetic flux used to
be extracted from switching current measurements as discussed in the previous
section.

Depending on the application, SQUIDs are operated in the resistive or in the
nonresistive state. Similar to a single JJ, the SQUID enters the resistive state above a
critical bias current in case of a dc SQUID, or a critical circulating current in case
of an rf SQUID. However, the main drawback of this state of operation is the loss
of quantum coherence due to dissipation. With every measurement, the prepared
macroscopic quantum state of the superconducting condensate is obliterated. In the
framework of cQED, the nonresistive state of operation is therefore favored, which
enables the implementation of non-destructive readout schemes [29].

At a first glance, a dc SQUID is quite similar to an effective JJ with a nonconstant,
flux dependent critical current. Analogously, the Josephson dynamics of the two
weak links give rise to a nonlinear kinetic inductance, which can be tuned with the
external magnetic field. Embedded into a tank circuit, the resonance frequency of the
circuit becomes a function of the external magnetic field, and similar to an rf SQUID,
the information about the magnetic flux is encoded in the resonance frequency
of the device when used as detector for magnetic fields. In quantum information
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processing with superconducting circuits, where various circuits are connected to
a processor, a precise control over the frequency detuning between the different
components of the circuit is an essential prerequisite. Therefore, the flux tunablity
offered by a dc SQUID is used in superconducting quantum circuits.

From the perspective of transport measurements however, the SQUID contains
more degrees of freedom, and the switching dynamics are more complicated, and
generally sensitive to perturbations close to the plasma frequency. Although the
critical current is a measure of the maximal direct current the superconductor can
carry without resistance, the switching into the resistive state is a dynamical process,
and contains information about the properties of the superconducting material the
SQUID is made of, as well as about the electro-magnetic environment, as discussed
in Ref. [18].

E.1 Magnetic flux quantization

The superconducting wavefunction has to be unambiguous and single-valued in
every point in space and time. Therefore, the change of phase within one cycle
around a loop made from a superconducting material has to be an integer multiple
of 27r. The very consequence of this constraint is the quantization of the flux
inside a superconducting loop in integer numbers of the magnetic flux quantum
dp ~ 2.068 x 10~ Wb [10, 14], similar to the quantization of the electron’s orbital
angular momentum in the potential of an atom.

In the absence of a J] in the loop, the external magnetic field is expelled by a circulating
current induced in the loop, and the enclosed magnetic flux remains zero. However,
in the presence of a JJ, quanta of magnetic flux @ can tunnel into the loop. As soon
as the flux enclosed in the loop reaches half a flux quantum, the induced screening
current changes its orientation since it becomes energetically favorable to increase
the external flux rather than to expel it.

E.2 direct current SQUIDs

A direct current superconducting quantum interference device (dc SQUID) consists
of two Josephson Junctions (J]), embedded in parallel in a superconducting loop, see
Fig.[23] In analogy to a single JJ, the supercurrent across the de SQUID is related to
the phase difference y between the superconducting electrodes connected to the
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Figure 23: Direct current superconducting quantum interference device. The top part shows the
artistic portrayal of a dc SQUID, consisting of two JJs (grey regions) embedded in a superconducting
loop. The leads connect the SQUID loop in such a way that the JJs are connected in parallel, and are
colored in different shades of red to emphasize the potential difference in phase of their macroscopic
wavefunctions. The external magnetic field is indicated by the black arrows piercing through the loop
from below. In the lower part of the image, an effective circuit model is depicted, based on which
the static and dynamic properties of the SQUID are derived. Each JJ is modeled individually by a
parallel circuit of an ideal JJ with critical current I ;, a capacitor C;, and a resistor R;, similar to Sec.[D.]]
Additionally, the inductance of the loop itself is accounted for by an inductor with inductance L; in
each of the two SQUID branches. The penetration of the loop area by an external magnetic field induces
a screening current | in the loop wires. In case the loop inductance is significant compared to the
kinetic inductance of the JJs (L/Lj > 1), screening effects start to dominate the flux modulation of the
critical current.
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loop. However, to the contrary, the effective critical current of the dc SQUID I is not
constant, but a periodic function of the magnetic flux @ enclosed in the loop.

I = I.(P)sin(y) (144)

To the same effect the critical current of a single J] is related to its kinetic inductance,
the kinetic inductance corresponding to the dc SQUID is a function of its critical
current, too, and, hence becomes a function of the magnetic flux.

Dy

bsa = 371.(@) (145)

Therefore, a better understanding of the flux modulation of the critical current is
vital for a better understanding of the applicability of a dc SQUID in the context of
cQED and other fields of research.

The flux modulation of the critical current is derived from an effective circuit model,
shown in Fig. The circuit model consists of two JJs, both modeled in the spirit of
the RCSJ-model, described in Sec. with critical currents I ; and I, junction
capacitances Cj; and Cjp and junction resistances Ry and R;. While the junction
capacitances and the resistances are irrelevant for the derivation of the critical current,
they become important quantities for the description of the switching dynamics of
the SQUID into the normal-conducting state. The loop wires contribute with an
additional inductance in each branch, denoted L; and L,. For materials with low
normal-state resistivity, for instance pure aluminum, the loop inductance is mainly
geometric, and therefore neglectable. However, it contributes significantly in case
of superconducting materials with high intrinsic kinetic inductance, for instance
granular aluminum, or niobium.

Critical current flux modulation:

The supercurrent I across the SQUID is the sum of currents in both branches, denoted
I 1 and 12
I = Lysin(71) + Lasin(72). (146)

In agreement with Eq.[1.13} 91 and 7, are the gauge invariant phase differences
across the JJs. The application of an external magnetic field induces a circulating
screening current | inside the SQUID loop, which is given by half the difference of
the currents flowing in the SQUID branches

L-D

J =15 (147)
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Due to the circulating current, the phase differences y; and 7, are not independent,
but are related via the magnetic flux enclosed in the loop.

71— 72 =211/ D (148)

The magnetic flux @ is a combination of two contributions: The applied external
magnetic flux @eyt, and the magnetic flux induced by the currents I; and I, flowing
through the effective loop inductances L] = Ly — M and L}, = L, — M, where M is
the mutual inductance between the SQUID branches.

I
@ = Dext + L] + L7 (149)

Here, L = L’1 + L’2 is the total inductance, and 77, with 0 < < 1 is a parameter
that takes a finite asymmetry between the loop inductances into account (not to be
confused with the measurement efficiency).

L= (1-1) (150)

Ly=(1+7)

| =N

151
- (151)
In analogy to the asymmetry in the loop inductances, a finite asymmetry between the
critical currents of the JJs is considered by introducing a critical current asymmetry
parameter «:

(1-a) (152)
c(1+a), (153)

Ic,l
IC,Z
where I is the critical current mean value. Inserting Eqs.[149]to [153]into Egs.[146]to
[148] yields expressions for the total current I, and the screening current |

I/Ic= (1—a)sin(y1) + (1 +a)sin(y2) (154)
2]/1Ic = —(1—a)sin(y1) + (1 +a) sin(72) (155)

and an expression for the relation between the phase differences

P Ji I
= —2 - = — = 1 6

as a function of the asymmetry parameters « and 7, and the screening parameter
B = 2LI./ ®y. Notably, in some publications, the screening parameter is expressed
in terms of the maximal critical current of the SQUID I. max = 21, instead of the
mean critical current I of the individual JJs.
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Negligible screening: § = 0

In case the loop inductance is small compared to the Josephson inductance of each
junction (L < Ly), according to Eq.[T49} the external magnetic flux and the total flux
are identical in good approximation. The induced screening current | inside the
loop changes its direction every time the external magnetic flux increases by half
integer multiples of the flux quantum @y, which is expressed in a simplified relation
for the single junction phase differences

o
71—72:271( eXt+s> ,s€N. (157)
@y
Inserting Eq.(157) into Eq.[146, and identifying the average phase difference ¢y =
(71 + 72) /2 as the phase difference across the SQUID in the spirit of Eq.[144} yields

an analytical expression the flux dependent critical current I (Dyt)

D, D,
cos <7T¢)§Xt) ’ \/1 + a2 tan? <7T(pz)(t> (158)

Figure (a) depicts the periodic flux modulation of the critical current as a function
of the critical current asymmetry parameter « € (0,0.2,0.4,0.6). While the maximal
value max(I.) = 2L is independent of a., the asymmetry limits the minimal value
found at half a flux quantum, reaching zero for symmetric devices only. Inserting
Eq.[158|into Eq.[145]yields an expression for the flux dependent kinetic inductance
of the SQUID

I ((Dext) = 2I_c

L]’O

2 7
‘cos (n%g‘) ’ \/1 + a2 tan (n%gt)
with the zero-field inductance Lj o determined by the critical currents of the individual

IIs

(159)

L] ((I)ext) =

P

Ly = Wzol) (160)
Suppressing the critical current by means of an external magnetic field increases
the corresponding kinetic inductance, until it reaches a maximal value at half a
flux quantum of enclosed flux. According to Eq.[I59} the consequence of the critical
current asymmetry is a reduction of the critical current modulation depth and,
therefore prevents the divergence of the corresponding kinetic inductance at half a
flux quantum enclosed in the loop.
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Figure 24: Critical current flux modulation of a dc SQUID. Normalized critical current of a dc SQUID
I./ L. as a function of the applied external magnetic flux in number of magnetic flux quanta @ext/ Pp,
numerically calculated for different values of a) the critical current asymmetry «, b) the screening
parameter 3 = 2LI./ Py, c) a variable critical current asymmetry and a fixed screening parameter f = 1,
and in d) a fixed screening parameter B = 1 and an asymmetry 5 between the loop inductance in both
SQUID branches. In general, the modulation depth decreases with a and B, but with a significantly
different slope around the minimum at half a quantum of external flux. For a combination of a finite
screening B = 1 and critical current asymmetry, the position of the minimum shifts to lower flux values
with increasing «. Depending on the relative size of a and f, the shape is either rounded or sharp at the
minimum. In case of an increasing asymmetry in the loop inductance 7, the position of the maximum
shifts more significantly than that of the minimu.
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Finite screening: § # 0

In the presence of considerable screening of the external magnetic field due to the
loop inductance L, and, especially in case of an asymmetry #;, between the inductance
in the two SQUID branches, a numerical calculation of the critical current flux
modulation is necessary. Following the detailed description presented in Ref. [59],
the screening current J is first eliminated in Eq.by inserting the expressions for
the total current and the screening current given in Eq.[154and Eq.[155] respectively:

o q)ext ,B
T2 =71 27 2 (

1+17) +7T,B(1 — &) sin 7. (161)

The critical current of the SQUID is calculated for every value of the magnetic flux
Doyt individually, by finding the roots of the function

I .

F(lm) =7 — (1 —ac)siny — (1 +a)siny (162)

C
For a given set of values for the bias current 0 < I/I. < 2 and phase difference
0 < 91 < 27, the maximal bias current max(I) at which the function F possesses
a root in 7 still, necessarily is the critical current. Consequently, the extracted
combination of I and 71 will satisfy 0F /91 = 0 at the same time, with the derivative
given by

aF(I/ r)/l)

oy =—(1—a)cosy; — (1+a)[1+ 7B(1 —a)cosy1] cos vz. (163)
1

Figure[24b-d show the critical current modulation with external flux in the presence
of finite screening B # 0, for a symmetry SQUID (¢« = = 0) in panel (b), as
well as in combination with a critical current asymmetry (« # 0, , = 0) in panel
(c), and an asymmetry in the loop inductance (¢« = 0, # # 0) in panel (d). In all
combinations of SQUID parameters, the critical current reaches a maximal value
21 determined by the sum of the critical currents of the individual JJs. Similar to
the reduction of the modulation depth AL, the difference between the minimal and
the maximal critical current, with increasing critical current asymmetry «, depicted
in Fig.24a, the modulation depth decreases with increasing screening parameter
B, too. However, while the shape of the minimum is round for « > 0, it remains
sharp for all values of B, which is the main characteristic to distinguish between
both cases. For combinations of finite screening and asymmetry, the position of the
minimal and maximal critical currents with respect to the applied magnetic flux
shift, as indicated in panel (c) and (d).
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Figure 25: Critical current modulation depth. a) Normalized critical current of a dc SQUID I./I. as a
function of the applied external magnetic flux in number of magnetic flux quanta ®ey/ Py, numerically
calculated for a critical current asymmetry a = 0.4. The modulation depth of the critical current Al
is defined as the difference between the minimal and the maximal value. b) Relative critical current
modulation depth Al./(2I.) as a function of the critical current asymmetry parameter «, and the
screening parameter B. The values are extracted from numerical calculations, as shown in a), by either
varying « or B while keeping the other equal to zero. The loop inductance asymmetry is neglected
(7 = 0) in both cases. While the modulation depth decreases linearly with «, eventually approaching
no modulation for # = 1, it decreases slower with increasing screening parameter . The solid black
line indicates the power law according to Eq.[T64] which is in good agreement with the numerical
calculation.

Provided the screening due to the loop inductance dominates over the critical current
asymmetry, the relative modulation depth is related to the screening parameter j

= Al 1
c ~

o0 ST (164)
and the inductance of the loop L can be inferred from the measured modulation
depth. Figure[25|depicts the definition of the modulation depth with the aid of the
critical current calculated for &« = 0.4 in panel (a), and the dependence of Al. on
the parameters « and p in panel (b). With increasing critical current asymmetry,
the modulation depth decreases linearly (red curve), until it vanishes for « = 1. Of
course this limit is only theoretical, since it requires one of the critical currents to
become either zero or infinity. The dependence on the screening parameter (blue
curve) is a power law, in agreement with Eq.[164, which is indicated by the solid
black line for comparison reasons. Despite the different dependence on « and g, I
would like to point out, that the relation between f and the circuit parameters (L and
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L) is linear, while it is nonlinear in case of « (I. 1 and I.»). For that reason, plotting
the modulation depth against I.», which I assume to increase in order to change
the value of «, instead of plotting it against «, would result in a similar power law
dependence.
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F Josephson Junction and SQUID arrays

A Josephson junction array (JJA) or, alternatively a SQUID array (SQA), is an
electrical network formed by the interconnection of multiple (N > 3) Josephson
circuit elements of the same kind [60]. Although the term array does not constrain
the dimensionality of the network, in the scope of this thesis I will use the term
synonymously and solely to describe one-dimensional chains of JJs or SQUIDs.
However, even in the one-dimensional case, the potentially large number of degrees
of freedom can give rise to rich many-body phenomena [52].

Since JJs and SQUIDs are quantum objects in general, the dynamics of JJAs can be
either semi-classical, provided the Josephson energy of a single element dominates
over the charging energy (Ej > E.), or quantum mechanical in the opposite case
(Ey < Ec). Since charge and phase are conjugate variables in a supercondutor,
the suppression of charge fluctuations can induce a superconductor-to-insultator
transition [[17,|58]]. The applications of JJAs are manifold, but are highly dependent
on the parameter regime. Classical arrays are used for the implementation of large
inductors, denoted superinductors if the corresponding impedance of the array
is larger than the resistance quantum (Z > Rq) [42,45], or alternatively as weak
sources of nonlinearity in superconducting parametric amplifiers [5} |66} 68], while
quantum arrays are utilized to investigate the Coulomb blockade of Cooper pairs
[30], the formation of charge solitons [1,|11]], and quantum phase slips [50].

Similar to the phonon spectrum present in a crystalline solid state, the number of
independent degrees of freedom N determines the total number of eigenmodes of the
circuit. The dependence of the eigenenergies E,;, or alternatively the corresponding
frequency of the eigenmodes w,, on the mode number m is referred to as the dispersion
relation of the array. In general, the dispersion relation is nonlinear and depends not
only on the parameters of the circuit elements, the Josephson energy Ej and charging
energy E, but also on the boundary conditions. In contrast to the solid state, the
boundary condition on both ends of the array can be determined deliberately, either
by a capacitive or a galvanic coupling to the environment. The choice of coupling
will determine the standing-wave pattern of current and voltage along the array.

For long arrays (N >> 1), the circuit topology gives rise to low-frequency eigenmodes,
for which the effective wavelengths are much larger than the distance between
neighboring circuit elements, and, hence the modes are similar to the acoustic
harmonics of a string. Although the eigenmodes of a JJA are generally nonlinear in
power, the otherwise much larger phase fluctuations across single JJs is diluted over
many elements, which reduces the nonlinearity of the mode significantly [15]. In the
context of cQED, the control of this nonlinearity is used to enhance the saturation
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power of Josephson parameteric amplifiers, which is discussed in more detail in
Ch.3l

Despite the exact application, first and foremost, a mathematical description of the
array based on an effective circuit model is required, which is introduced in the
following section. The eigenmodes are calculated from the linearized Lagrangian of
the circuit model, while the nonlinearity arising from the cosine potential of the JJs
is introduced perturbatively, with only the first order nonlinearity being considered.
Besides the microwave properties of the closed system, the external coupling rates
to a microwave input port are of interest provided the eigenmodes of the JJA are
readout directly.

E1 Dispersion relation

The dispersion relation or eigenmode spectrum of a one-dimensional array of JJs, or
equivalently dc SQUIDs, is calculated numerically from the linearized Lagrangian
of an effective circuit model, which is based on the quantum-phase model [17].
The circuit model consists of N junctions with assigned critical current I.; and
corresponding Josephson energy Ej; = ®yl.;/(2m) for the ith element, and is
shown in Fig.[26f. The junction capacitance Cj; arising between the superconducting
electrodes is in parallel with the nonlinear inductive contribution for each Josephson
element. The interconnections between the Josephson elements are described as
superconducting islands with capacitance Cp to ground. For simplicity, the inductive
contribution of the islands is neglected. For a quantum mechanical treatment, the
node charges and phases associated to the superconducting islands, Q; and ¢, are
conjugate variables (see App.[A).

In case of dc SQUID-junctions with small loop inductance and screening parameter
(B < 1), the critical currents and corresponding Josephson energies become functions
of the external magnetic flux @ext, but apart from this, the treatment is identical.
Hence, I use the terms JJA and SQA interchangeably throughout my thesis.

Although identical circuit elements are desired in the scope of my thesis, which is
why I will drop the node index i for the circuit parameters, an intentional periodic
variation of the circuit parameters can induce band structures into the dispersion
relation similar to photonic crystals [31], which has recently been exploited to build
travelling wave parametric amplifiers based on SQUID arrays [49].
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Figure 26: Josephson junction arrays. a) Schematic circuit diagram of a one-dimensional chain of N
identical Josephson elements (crossed box). As indicated by the grey box, the Josephson elements
represent either single JJs with constant Josephson energy Ej = ®gl./(27) and ideal current phase
relation (cross), that are shunted by the junction capacitance Cj with charging energy E. = ¢2/(2Cj), or
flux tunable de SQUID junctions. Provided the screening parameter of the SQUID is small (8 < 1), the
SQUID behaves similar to a JJ with flux dependent critical current (see App.[E). The island connecting
the Josephson elements exhibit a capacitance to ground Cy. The boundary condition on both ends
of the array depends on the coupling mechanism, and is either galvanic (top panel) or capacitive
(bottom panel). In the latter case, the coupling capacitors are Ci, and Coyut. b) Numerically calculated
dispersion relation of a short (N = 180, blue) and long (N = 1800, red) array. The eigenfrequencies w,
are normalized by the plasma frequency wp| ~ /8E|E,, the self-resonance frequency of each Josephson
element. The capacitance ratio is Cj/Cp = 2500. For the short array, most eigenmodes accumulate close
to the plasma frequency, while the long array exhibits an almost linear dispersion relation for the first
few modes, indicated by the black dashed line.
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Boundary conditions:

The boundary conditions on both ends of the array depend on the coupling
mechanisms, which can be either capacitive or galvanic, resulting in an antinode of
the voltage or the current at these locations, respectively. Provided the coupling is
galvanic on both ends, the Lagrangian is

N—1 —

L=Y" (;0 &7 + (;J (i1 — ;) — Epcos(¢iin — ) (165)
i=1 i=0

Here, ¢; is the superconducting phase of the i th island, which is related to the node

flux @; = Py¢;/ (27) introduced in Sec.[1.1.1] Since the voltage is related to the time

derivative of the node flux, and has to vanish for a galvanic coupling, the boundary

condition translates into ®y = @ = 0. For a capacitive coupling at both ends, the

Lagrangian is

Cout

((Dof(l) )2+ <(bou’t*d)N)2

(166)
+ > 5 (iq — q>) — Ejcos(¢it1 — ¢i).

Here, Ci, and Coy; are the coupling capacitors at the two ends of the array. In the
absence of a voltage drive, the coupling capacitors are grounded (Pin = Pout = 0).

Linearized Lagrangian:

In the limit of small circulating currents with respect to the critical current of the
junctions I < I, the phase drop ¢;;1 — ¢; across each junction becomes small even
in regions of maximal current, and the Lagrangian is linerized by approximating the
nonlinear cosine potentials with harmonic potentials. The corresponding coefficients
are the linear Josephson inductances Lj as introduced in Sec.[1.1.2]

1

3 2 (P — D)2 (167)
; ( i+1 — ) ZL] i+1 i) -

Co
L=) 5%

Mz

1

Il
-

Since the linearization does not affect the role of the capacitive contributions,
the Lagrangian of a capacitively coupled array given in Eq.[166|can be linearized
analogously. In order to solve for the eigenfrequencies of the system, the linear
Lagrangian given in Eq.[167]is expressed in a more compact form by introducing the
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node flux vector & = (Py, ..., Py ), as well as the inverse inductance and capacitance
matrices L ™! and C, respectively. The matrix representation of the Lagrangian is
Leraz  lzrio1g

L= E@ Co— ECD L™ . (168)
The matrices contain the information about the distribution of the circuit parameters
along the array, and are of dimension (N — 1) x (N — 1) and N x N depending on
the coupling mechanism. For the galvanically coupled array, the capacitance matrix
in its simplest form is

2C] + Co —C] 0 o
_ -G 2C+ G -G o ...
C= 0 -G 2G+C -G 0 ... ’ (169)

and the inverse inductance matrix is

2 1
i " Y
5 E 5 0
=1y 4 22 1 (170)

While the inverse inductance matrix reflects the reality of nearest neighbour inductive
coupling, the capacitance matrix is a simplification. In experimental realizations of
JJAs, especially in microstrip geometries where the distance to the ground is much
larger than the distance between neighboring elements, the ground can mediate
long-range Coulomb-interactions between the charges on the superconducting
islands. A more complete picture is discussed in Ref. [35], which potentially results
in a quantitatively better agreement between the experimental observation and the
model prediction.

Diagonalization:

Starting from Eq.[168} the eigenenergies E;, of the system can be calculated either
by deriving the Hamiltonian by means of a Legendre transformation introducing
the canonical momenta Q; = % = Cl-jfibj first, before it is diagonalized, or by
diagonalizing the Lagrangian diréctly. While the Hamiltonian is

OTL 1P, (171)
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the diagonalization of the Lagrangian is realized by performing a coordinate
transformation of the form
Y = CV23, (172)

where C1/2 is the square root of the capacitance matrix satisfying C1/2 . C1/2 = C.
The transformed Lagrangian in matrix representation is

=

L= %?TY - %YTC—l/Zi—lé—“zY, 173)

from which the energy eigenvalues E;; = fiw,, and the corresponding eigenvectors
‘f’m are found by solving the eigenvalue problem [64]

CV2[-1C 129, — W29, (174)

N ——
O
Since the matrix (2 is orthogonal, implying QT = (7!, the resulting eigenvectors
¥, are orthogonal, too, and the eigenvalues are real. In the case under consideration,

the eigenvectors ‘?’m are related to the node flux eigenvectors of the array, CBm, via
the capacitance matrix and the eigenfrequencies

N1
—_ bé 17
Zwmc " (175)

Dy =
and describe the (classical) standing-wave pattern of each mode along the array.
Since the current I through, and the voltage drop V across the i th circuit element
is related to the gradient of the magnetic flux A®; = &; 1 — ®; and its derivative
A®, respectively, the magnetic flux eigenvectors give insight into the standing-wave
pattern of current and voltage.

Until now, the description of the array was classical. In the quantum mechanical
case, as discussed in more detail in Ref. [64], the flux eigenvectors are promoted
to operators, which can be describe in terms of pairs of bosonic single-mode field
amplitude creation and annihilation operators 4}, and 4, respectively,

Hoatoe
ey, (ﬁm + a;) . (176)

q;; =
" 2wy

Hence, the entries in the eigenvectors can be thought of as the zero-point fluctuations
of the flux, or equivalently the phase across each JJ. The node flux vector ®, as
introduced in context of the matrix representation of the Lagrangian in Eq.[173} can
be expressed as the sum of these

Dol

- (177)

i-y
m
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By inserting Eq.[I77] into Eq.[171} the linear Hamiltonian expressed in second
quantization is

H=Y_ hwnihin. (178)

Energy spectrum:

Two examples for the dispersion relation of a JJA are given in Fig.26b, showing
the eigenenergies wy, of the first twenty eigenmodes, normalized by the plasma
frequency wpy, for a shorter array with N = 180 (pink) and a longer array with
N = 1800 (cyan) JJs. Notably, due to the additional capacitance to ground Co, the
plasma frequency of the array is reduced
wp| = ! , (179)
Ly (C] +Co/4)

although the change is significant only if the capacitance to ground is comparable
to the junction capacitance. For the arrays studied in this thesis, the capacitance
to ground is at least two orders of magnitude smaller, and its contribution to the
plasma frequency is negligible.

The dispersion relation of the longer array exhibits an almost linear regime at
the beginning, with an approximately equidistant detuning between the modes,
becoming appreciably nonlinear only after the sixth eigenmode. By comparing this
results with the shorter array, it becomes evident that the number of modes in this
linear regime, as well as the frequency detuning between them, depend on the total
number of Josephson elements N. Moreover, the slope of the linear regime, indicated
by the black dashed line, is controlled by the ratio of junction capacitance to ground
capacitance, which is C] /Cp = 2500 in the given examples. Hence, in case C] > Cp
and in the light of the large number of degrees of freedom, it is legit to state that the
vast majority of eigenmodes accumulate close to the plasma frequency, while a few
eigenmodes are addressable individually only.

Standing-wave pattern:

Figure depicts the first four eigenvectors Q_Sm (m € {0,1,2,3}) as a function
of the node number i, numerically calculated for a JJA with N = 180 elements
and symmetric capacitive coupling on both ends (Ci, = Cout < Cj). Due to the
boundary conditions, the voltage exhibits an antinode on both ends for all modes,
with the fundamental mode being a A /2 mode. Neighboring voltage antinodes are
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Figure 27: JJA: capacitive vs. galvanic coupling. a) Magnetic flux eigenvectors &,, normalized by the
magnetic flux quantum @ for the first four eigenmodes of a capacitively coupled JJA with N = 180
elements, plotted against the node number i as defined in Fig.26a (bottom panel). The coupling
capacitances on both ends are identical and assumed to be small compared to the junction capacitance
(Cin = Cout < (). Since the current I and voltage V are proportional to the gradient of the magnetic
flux and its derivative, respectively, the standing-wave patterns of the eigenvectors give insight into
the modal distribution of I and V. Therefore, voltage antinodes are located at the positions of the
maxima, while current antinodes are located at the roots of the distribution. The effective wavelength
Aetim Of the mode is given by the standing-wave pattern and the physical length of the JJA. For a
long array, the lowest frequency modes resemble the harmonics of an accoustic system with open
boundary conditions (A/2, A, 31/2,...). b) Magnetic flux eigenvectors of a galvanically coupled JJA. In
contrast to the capacitively coupled array, the first eigenmode is a dc mode and all eigenmodes with
standing-wave pattern exhibit current antinodes on both ends. ¢) Dispersion relation of a capacitively
coupled array as a function of the ratio between input and junction capacitance. Again Cin = Cout, and
the eigenfrequencies are normalized by the plasma frequency wp,. With increasing coupling capacitance,
the capacitively coupled array effectively turns into a galvanically coupled array, as indicated by the
standing-wave pattern of the second eigenmode shown in d).
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separated by a current antinode, with the total number of voltage antinodes given
by m + 2. Hence, while the even modes exhibit a maximum of the current in the
center of the array, the odd modes exhibit a voltage maximum. The amplitude of the
standing-wave pattern decreases with increasing mode number m. As opposed to
this, for a galvanically coupled array, shown in Fig.27b, current antinodes are located
on both ends, and the fundamental mode is a dc mode with linear standing-wave
pattern and zero frequency w;, = 0.

The transtition between the two coupling regimes is indicated in Fig.27c with the
aid of the eigenenergies of the first six modes of a JJA, plotted against the coupling
capacitance Cj,. With increasing coupling capacitance, the energy spectrum transits
from the dispersion relation of a capacitively coupled JJA into that of a galvanically
coupled array. As indicated by the black solid line, the fundamental mode approaches
zero-frequency, although it will never actually reach zero. The transition occurs in
the region in which the frequency dependent impedance of the coupling capacitance
is larger than that of the junction capacitance, but smaller than that of the ground
capacitance. The parameter induced change of boundary conditions is further
emphasized in Fig.27d, by a comparison between the standing-wave patterns of the
second overall mode for the two extremal conditions indicated by the black circles
in panel c. The previously A mode turns into a A /2 mode.

E2 Kerr coefficients

The nonlinearity in JJAs arises from the cosine potential of the individual Josephson
elements. Since the nonlinearity of a single J] depends on the phase fluctuations
across the junction, the nonlinearity in a JJA is much lower in magnitude in general,
and is therefore treated perturbatively

H = Hy+ Ay, (180)
where Hj is the linear Hamiltonian given in Eq. and the perturbation term is
= o B2 NS A4
2*] 2 (Piv1 — = 241 (h) Y (P —B) . (181)
i=0 i=0

By inserting the expression for the node flux operators

h
=Y G5 (aj+4af), (182)
2G5 i (4]
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into the nonlinear Hamiltonian given in Eq. and applying the rotating-wave
approximation yields the nonlinear Hamiltonian

N-1 h N-1
ot A st ot a ata ata
H= ) hwudy,in+ > Ko om gl + ) > Kingombydmiidy, — (183)
m=0 m, k=0
self—Kerr

cross—Kerr

given in Eq.[3.1)in the main text. Notably, the terms considered describe interactions
between two modes at most, even though the nonlinear Hamiltonian in Eq[181|gives
rise to further interactions. The terms neglected describe the interaction of two
modes via a third one, and the pairwise creation and annihilation of photons in four
different modes [64].

The coefficients in front of the second and the third term are referred to as the self-Kerr
and the cross-Kerr coefficients, respectively. As mentioned during the introduction,
the two effects describe the frequency dependence of the m th eigenfrequency on the
average photon number occupying the same mode m or another mode k, respectively.
The Kerr coefficients are identified as

2h7T4E]77mmmm
Kum = ——F5——, (184)
o PiClw,
and .
4ht*E n kk
Kk = =gz o CZJ mnikk (185)
0 ]wmwk

where 77,k is @ numerical factor that takes the standing-wave pattern into account.
In particular, the higher the mode number, the larger is the average phase fluctuation
across each JJ, and the larger the nonlinearity is, as can be seen from panel a and b in
Fig.27| The numerical factor is

N 2
ik =CF Z; (2 ( 12 ¢ 11/,]2> ‘f’]m>
1=

(186)

N 2
1/2 _ A-1/2
X (Z (C i G ) YJ’*)
j=0

Here ¥, is the jth entry of the m th eigenvector ¥, and ijl/ 2 is the entry in the
i th row and the jth column of the square root of the inverse capacitance matrix.
Generally speaking, the Kerr coefficients increase with increasing mode number m,

but saturate as soon as the dispersion relation approaches the plasma frequency.

222



Josephson Junction and SQUID arrays

(i)\ 751 OO“MNNNNNO (Ijl N = 1000 “M““
N N ¢
:EE/ 50 Ooo 00000 eeeeeeeeee \Jx_:/ 101 00""...0"'
= 00 & k=m+1 & o’.'
N N 5 ¢ °
X251 o * k=m = 0st ¢ k=m+1
e S
o —
x N = 100 < 0_088 *

01¢ , :
0 10 20 0 10 20
mode number m

C
L) 102{ 8 m
N Pl 10
T (‘\8 g 9
X 101 %5008 . 8
= Voossghy o
S Watesed s
~ 10°! ‘1:1}:631%0? 5
g PO TN S S
© NN
N
10714 RN 1

0 500 1000

Figure 28: JJA: Kerr coefficients. Self-Kerr and next neighbor cross-Kerr coefficients |K|,» (circles)
and |K|;, 41 (diamonds), respectively, numerically calculated as a function of the mode number m
for an array with N = 100 (panel a) and with N = 1000 JJs (panel b). Both arrays are assumed to be
galvanically grounded on both ends. The Josephson inductance is Lj = 50 (pH), the junction capacitance
is Cj = 1pF and the capacitance to ground is Cy = C;/2500. Similar to the dispersion relation of the
short array shown in Fig.[26p (blue), the Kerr coefficients quickly saturate and accumulate close to a
maximal value for m > 4. For the longer array, the saturation is slower, and the overall magnitude of
the coefficients is lower. ¢) Self-Kerr coefficients of the first 10 eigenmodes, expect for the fundamental
(dc) mode, as a function of the total number of Josephson elements N. The other circuit parameters
remain again fixed. With increasing length, the self-Kerr coefficients decrease. In shades of pink and
purple are the solutions presented in panel a and b, respectively. The dashed lines indicate curves of
the type ~ 1/N¢€, with € € [1,3]. The comparison to the numerical solutions emphasizes the much
stronger decrease in nonlinearity for the first mode. d) The ratios between the self-Kerr coefficients and
the corresponding eigenfrequencies |K|y,m/wy, show, that the reduction in frequency is faster than
the reduction in nonlinearity. Furthermore, the small magnitude of the ratios for the given circuit
parameters justify the perturbative treatment of the nonlinearity.
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Scaling with the array length N:

The frequencies w;, and the Kerr-coefficients K, ;, and K, ;. of the eigenmodes are
essential variables when designing experiments involving JJAs. Since they are not
independent, but are both controlled by the circuit parameters and the length of the
array, a compromise might has to be found if one or the other underlies experimental
constraints. If an overall low nonlinearity is desired, which is a common condition
in Josephson parametric amplifiers and superconducting qubits, the natural choice
seems to be an increase of the array length. Despite the following discussion, a
detailed analysis on the scaling of the nonlinearity with N, even in circuits containing
additional linear inductive elements, can be found in Ref. [56].

Figure[28/panel a and b depict the self-Kerr and next neighbor cross-Kerr coefficients
|K|m,m and |K|y, 11, respectively, as a function of the mode number m for two arrays
with identical circuit parameters Lj = 50pH, Cj = 1pF, and Cy = (;/2500, but
different total number of Josephson elements, N = 100 (panel a) and N = 1000
(panel b). Similar to the comparison of the dispersion relation of a relatively short
to a much longer array in Fig.226b, the Kerr coefficients saturate much earlier in
terms of the mode number in the short array, while the absolute values are much
lower for the long array. In Fig.panel ¢, the self-Kerr coefficients of the first 10
modes, except for the fundamental (dc) mode, are plotted on a log scale for arrays
with increasing total length N. The dependence clearly shows that the reduction in
nonlinearity is the strongest for the first mode (m = 1), by more than two orders of
magnitude between the shortest (N = 100) and the longest (N = 1000) array. With
increasing mode number, the reduction with length is less pronounced. The dashed
lines indicate curves of the type ~ 1/N¢, with € € [1,3], in order to emphasize the
scaling of the nonlinearity with length.

Besides the reduction in nonlinearity, the frequency of the corresponding mode
decreases with length, too. Fig.[28d shows the ratio between the self-Kerr coefficient
and the corresponding eigenmode frequency. As can be seen, the frequency of the
modes decreases faster with N than the nonlinearity. Therefore, if a certain resonance
frequency needs to be met, the scaling of the nonlinearity is actually much weaker
than the fast decrease with ~ N?° shown in Fig.. Although in principle the
choice of the eigenmode is free, and, so far, has an implication on the reduction of
the nonlinearity only, the coupling to a microwave input port is affected by the mode
number and array length, too. Especially in the context of standing-wave parametric
amplifier concepts, for which the coupling rate determines the bandwidth of the
amplifier, a sufficiently strong coupling needs to be ensured.
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E.3 External coupling

In order to complete the picture of JJAs from the perspective of (quantum) electrical
engineering, the reamining property, the coupling rate « to a microwave input
port needs to be examined. Similar to the previous treatment, the coupling rate is
determined based on a numerical calculation method.

The linear microwave response of a JJA can be predicted from an effective circuit
model by calculating the corresponding reflection coefficient I'(w), or denoted
S11(w) in the context of electrical engineering, as a function of probe frequency
w. Provided the eigenmodes of the array are sufficiently detuned in frequency
compared to the linewidth of the mode Aw,, = wy;+1 — Wi > 1, the microwave
response of each eigenmode can be examined individually in terms of its resonance
frequency wy, and external coupling rate x;,. In analogy to a single resonance and
in the absence of microwave losses, the phase of the reflection coefficient arg(S11)
undergoes a phase roll of 27t in close vicinity to the resonance frequencies w;,. From
a fit of the numerical data to the theoretical prediction based on a simple resonator
model, wy, and x,;, are determined for each mode.

Transmission matrix approach:

In a reflection measurement of an electrical circuit, the reflection coefficient I' is
determined by the input impedance of the circuit Z;, as seen from the respective port,
and the charactersitic impedance Z of that same port [51]. However, since it is rather
cumbersome to calculate the input impedance of a JJA and its frequency dependence
analytically, a much more convenient approach is to numerically calculate the
reflection coefficient I" from the S11 entry of the scattering matrix of an effective
two-port network, based on a transmission matrix approach [51]. In case only a
single physical port is connected to the JJA, the second port of the transmission
matrix is grounded.

Generally speaking, the transmission matrix T of a two-port network relates the
current and voltage of the first port, denoted I; and Vj, respectively, to the current
and voltage of the second port, denoted I, and V, accordingly.

Vi A B V2
= 187
N——r
T
The scattering and transmission matrix representation of a two-port network are
shown in Fig.[29] Since both representations describe the same physical system, the
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Figure 29: Scattering and transmission matrix. Scattering matrix (cyan) and transmission matrix
(purple) of a two-port network. The entries of the scattering matrix are defined as the ratios of the
voltages S;; =V, / Vj+ incident to the jth port, and outgoing through the i th port, while the incident
voltage on all other ports is zero V,” = 0(k # j). Therefore, the entry Sy; is the reflection coefficient
measured from the first port. The entries of the transmission matrix relate the current and voltage of
the first port, I; and Vj, respectively, with those of the second port, denoted I and V;. The relations
between the two ports are V; = AV, 4+ Bl and I} = CV, + D1Ip.

entries of both matrices are related. The reflection coefficient measured from the
first port is [51]

_ A+B/Zy—CZy—D
 A+B/Zy+CZy+D’
where A, B, C and D are the entries of the transmission matrix, which are complex
and frequency dependent in general, and Z is again the characteristic impedance of
the input port.

S11 (188)

The convenience of this approach in the context of JJA arises from the fact,
that the whole JJA can be represented by an effective two-port network with
corresponding transmission matrix T, which is calculated from the transmission
matrices T; representing each circuit element individually, simply by subsequent
matrix multiplications of these matrices:

. (A B
T,:( - D) (189)

The reflection coefficient as seen from the input port connected to the array is then
calculated from the four entries of the transmission matrix using Eq.

T:

=z

i=1

According to the effective circuit model shown in Fig., the JJA can be broken
down to a unit cell composed of three elements: a Josephson element represented by
a parallel LC circuit, with junction capacitance Cj and generally tunable inductance
Lj(®Peyy) to account for the flux tunability of SQUIDs, as well as the capacitance to
ground Cp and stray inductance L of the superconducting island connecting the
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Figure 30: JJA: External coupling. a) Linear circuit model of a one-dimensional Josephson junction
array. The unit cell of the array is composed of three circuit elements connected in series: a Josephson
element represented by a parallel circuit of a tunable inductance Lj(®Pext) = Lyo/|cos(m@ext/ Po)|,
shunted by the junction capacitance Cj, and a superconducting island with capacitance to ground Co,
and linear stray inductance Ls. The input port is taken into account by a semi-infinite transmission
line with characteristic impedance Zj, while the other end of the array is connected to ground. b)
Phase of the complex reflection coefficient arg(Si1), numerically calculated using a transmission matrix
approach as a function of the probe frequency w = 27tf and the external magnetic flux ®@ey; in numbers
of the magnetic flux quantum @y. The circuit parameters plugged in into the calculation are N = 1000,
Lyo = 50pH, Cj = 1pF, Cy = (5/2500, and Ls = 10 pH. The individual modes are clearly visible due to
the sharp phase roll-off which occurs on the order of the linewidth. Since the microwave losses are
zero, the linewidth is equal to the external coupling rate x. The right-hand panel depicts the frequency
dependence of the phase extracted at zero external flux, as indicated by the black dashed line in the
left-hand panel. The dashed lines are the results of individual fits to the complex reflection coefficient
in close frequency vicinity of each mode according to Eq.@ used to extract the external coupling rate.
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Josephson elements. Notably, in this approach it is much simpler to include the stray
inductance into the model. The transmission matrices for the three elements are

- (1 [(jwny) ™" +jwd| _1)

0 1

= _( 1 0 . (190)
TCO_(ijO 1)

- [1 jwLs

As mentioned at the beginning, in order to recover the relfection coefficient as
measured from a single port network, which is different compared to the case of a
network with two physical ports, the second port has to be grounded. If the JJA is
galvanically connected to ground, the voltage needs to vanish at the end node. The
transmission matrix representing this termination is

= 00
T, = . 191
term (0 1) (191)

Summing up the calculation procedure, the transmission matrix of a JJA from which
the reflection coefficient is calculated according to Eq. is

N-1
T = ( T]TCOTLS> T Trerm. (192)
i=1

Figure[30b depicts the phase of the reflection coefficient arg(S11), numerically
calculated as a function of the probe frequency f, and the external magnetic flux ®ex;
in number of flux quanta. The flux dependence of the variable inductance considered
for the calculation is that of a symmetric dc SQUID Ly = Lj /| cos(mPext/ Pp)|. The
transition frequencies of the individual modes of the array are identified by the
relatively sharp phase roll-off, and the characteristic sinusoidal flux dependence.
For the given set of parameters, N = 1000, Ljo = 50 pH, C; = 1pF, Cy = C;/2500,
and Ls = 10 pH, the three eigenmodes falling into the frequency domain between 1
and 10 gigahetz are well separated from each other. The right-hand panel shows a
vertical slice along the probe frequency around zero-field, as indictaed by the black
dashed line in the 2D colorplot. The characteristic phase roll-off by 27 is visible for
the first six modes, and emphasized by the color gradient. In contrast to the 2D plot,
the black dashed line(s) in panel b represent the solutions of the least-square fits to
the theoretical reflection response of a single mode given in Eq.[82}
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Table 7: JJA: Circuit parameters. Values for the circuit parameters of the linear model of a JJA, as
shown in Fig., used for the numerical calculation of the reflection coefficient, as shown in Fig..

Length  Josephson junction capacitance stray characteristic
inductance capacitance  to ground inductance  impedance
N Lo G Co Ls Zy
1000 50pH 1pF 1/2500 pF 10pH 500

The fits are performed for each mode individually, and the reflection coefficient in
close frequency vicinity of the m th eigenmode of the array is approximated by

Ty = LelPrefon(=eon), (193)

where sy, is a finite background slope in the phase of the reflection coefficient caused
by the presence of the other array modes, and ¢y, is a finite offset value of the
phase. The comparison between the black dashed lines representing the fits and the
calculated data shows good agreement.

Parameter scaling;:

With the transmission matrix approach at hand, the dependence of the external
coupling rate on the circuit parameters can be determined. For each given set
of parameters, the zero-field response is calculated in form of the frequency
dependent reflection coefficient. Since the available parameter space is relatively
large, I will focus on two parameters: The array length N and the impedance
of each Josephson element Z; = /L;joCj. While increasing the array length is
particularly interesting for parametric amplifiers to reduce the nonlinearity in the
modes, the effect on the coupling rate can be negative, for instance by reducing
the available instantaneous bandwidth of the amplifier. On the other hand, the
junction impedance is representative for constraints on the fabrication process.
Experimentally, the achievable parameter space for the reliable fabrication of tunnel
contacts is limited, in particular, usually a certain critical current density jo = I./ A
cannot be deceeded without risking the appearance of galvanic shorts through the
barrier. If the critical current density is fixed and the junction size is varied, the
plasma frequency of the junction remains constant, while its impedance changes
linearly with A.

Figure[Blh depicts the external coupling rate x;, of the first seven modes of a JJA,
except for the fundamental dc mode, as a function of the corresponding transition
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Figure 31: JJA: External coupling. a) Numerically calculated external coupling rate «;, for the first
seven eigenmodes m € {1,..,7} of a JJA, which is galvanically coupled to a 50 — () semi-infinite
transmission line on one end, and terminated to ground on the other end. The values for x,, and the
corresponding resonance frequency wy, are extracted from individual fits to the calculated reflection
coefficient according to the theoretical prediction of a single resonant mode given in Eq.[T93] With
increasing array length N, from N = 100 (cyan) to N = 1000 (pink), the resonance frequencies decrease
as well as the coupling rate. Around wpl/ 2, the coupling rate exhibits a maximum for all modes. The
black dashed lines are guides for the eye. The circuit parameters are identical to the calculation shown
in Fig.[30] b) Product of the coupling quality factor Qcm = wy/#m and the inductance participation
ratio vy, = Ljo/(Lj + Ls). In order to guarantee convenient operation conditions if the array modes are
used for parametric amplification, the product needs to be much larger than 1 [41]. ¢) External coupling
rate of the first mode x; for different array lengths N and junction impedances Zj = /L;/Cj. The
plasma frequency remains fixed LjCj = const., which reflects the case of a constant critical current
density j., and a variable junction size Aj. With increasing junction impedance, the maximal coupling
rate reduces, as well as the frequency at which the maximum occurs. For all combinations, the prodcut
7.Qc,1 remains well above 1, as shown in d).
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frequency wy, for various array lengths N € [100, 1000]. The information about the
length of the array is endoded in the color of the data points, from cyan (100) to pink
(1000). With increasing length, both, the transition frequencies and the coupling
rates decrease. For the given set of circuit parameters, which is identical to the set
used in Fig.[30p, a critical length N & 300 is required to reach the frequency range
below 10 gigahertz. Interestingly, the coupling rates of all modes exhibit a maximal
value around wp, /2, with the magnitude decreasing with the mode number. Hence,
the lower the mode number the stronger the coupling to the input port.

Especially in the context of parametric amplification with superconducting resonant
circuits operated close to a critical point at which the circuit enters a regime of
multistability, the behaviour in vicinity of this point is crucial for the performance
of the amplifier. A figure of merit for the behavior of the system in this regime, is
the product between the coupling or external quality factor Qcn = wi /%, and
the kinetic indutance participation ratio vy, = Ljo/(Ljo + Ls). For a convenient
operation, the product is required to be much larger than 1 [41]. Figure[31p depicts
the product 71 Q¢ calculated from the data shown in panel a. For all modes, the
calculated ratio is at least above 10.

In addition to the length of the array, in Fig.[31k the junction impedance is varied
as well, while the product Lj(Cj, which is proportional to the plasma frequency of
the junction, remains fixed. Again, this particular choice of sweeping the circuit
parameters resembles the scenario of a constant critical current density j. and a
varying junction size. With increasing junction impedance, the external coupling
rate k1 of the first mode x; decreases for most array lengths. Only for the shortest
array (N = 100, cyan colored), the coupling rate slightly increases. The effect on the
transition frequencies is rather weak, since the plasma frequency remains fixed and
the change in Cj primarily increases the slope of the linear regime of the dispersion
relation.

The change of the coupling rate can be understood qualitatively from the change in
characteristic impedance of the array. The characteristic impedance Zgjja of the JJA,
calculated according to the linear circuit model shown in Fig.[30a, is

L Ls
Z T s 194
opa (@) \/ Co(1 — LiGw?) e (154)

At frequencies well below the plasma frequency of the junction L;Cjw? < 1, the
impedance is rather constant and given by the sum of the inductive contributions
Ly and Ls, and the capacitance to ground Cy. As soon as the frequency becomes
close to the plasma frequency of the Josephson elements, the impedance increases
rapidly until it diverges at the plasma frequency. Since the external quality factor
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Qext,1 is proportional to the ratio of the characteristic impedance of the array and the
characteristic impedance of the input port

ZojA
Qext1 ~ ~50, (195)
0
the external coupling rate is
Z
K1 ~ W . (196)
Zoja

According to this relation, the dome-like shape of the external coupling rate as a
function of the array length owing to the competition between an increasing transition
frequency with decreasing length, and an increasing characteristic impedance close
to the plasma frequency. Moreover, comparing the maximal values of the coupling
rate between different modes, reveals a scaling with the inverse of the mode number
m, and the coupling rate of the m-th mode is

wm Ly

. 197
m ZO,]] A ( )
When designing parametric amplifiers from JJA, the scaling of the external coupling
rate and the nonlinearity with the array length has to be considered.

A very efficient tuning knob is the capacitance to ground. By increasing the
capacitance to ground, not only the slope of the linear regime of the dispersion
relation decreases, and, hence more modes are in the desirable frequency domain
between 1 and 10 gighertz, but also the characteristic impedance of the array
decreases at the same time, which increases the coupling strength to the input port.
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DJJAA: Supplementary information

G DJJAA:Supplementary information

The following sections give additional information about the DJJAA devices discussed
in the main text, for instance how the circuit parameters are estimated from additional
room-temperature measurements and how the results compare to the prediction
of a linear transmission matrix model, as well as a discussion about the cQED
system composed of a conventional transmon qubit coupled to a dedicated readout
resonator used to calibrate the noise performance of the DJJAA and the measurement
efficiency of the setup.

G.1 Capacitance and inverse inductance matrices

For the DJJAA design with an in-plane center capacitance, the capacitance and
inverse inductance matrices introduced in Eq. C and L~! respectively, are
G -G 0 ..
/
-G G -G 0
/
o - G -G 0

¢ = 198
0 —C. C. -G 0 (198)
0 -G ¢ -G o0
0 - ¢ -G
!
0o -G ¢
and
2 1
i 5 0
1 2 1
ZRR TR TR
0 - & -4 0
Ly L Ly
o -+ L o0 o0
1= OL’ 8 1 1 . (199)
L I
1 2 1
0O -5 § -1 0
1 2 1
0 -4 4 g
o -1 2
Ly L
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For reasons of clarity, I introduced the effective capacitances Cf = 2C;+Cp and
C¢ = Gy + Cc + Cj in the representation of the capacitance matrix. The contributions
due to the center capacitance are highlighted in ruby.

G.2 Kerr coefficients

For the antisymmetric modes (even mode number 1), the jump in the node flux
distribution, which occurs from negative to positive values at the position of the
center capacitance, causes unphysical results for the dimensionless factors #mmm
and, as a consequence, artificially large self-Kerr coefficients. Therefore, the self-
and next-neighbor cross-Kerr coefficients are calculated by symmetrizing the node
flux eigenfunctions, which does not alter the physical interpretation but avoids the
numerical error.

By sym = By, - S (200)

Here, the diagonal matrix S is

§ = diag(1,1,..,1,1,-1,-1,.., —1,—1), (201)

Table 8: Eigenfrequencies, self- and cross-Kerr coefficients wy, |K|mm and |K|y,mt1, respectively,
predicted by the circuit model introduced in Sec.[3.2 using the circuit parameters of sample A and D

listed in Tab.

N 1200 1300
m ﬂ |K m,m |K|m,m+l Wl ‘K|m,m |K|m,m+l
27T 27 27T 27T 27 27
(GHz) (kHz) (kHz) (GHz) (kHz) (kHz)
0 2.123 0.2 0.6 1.881 0.2 0.5
1 2.539 0.4 14 2.227 0.3 1.1
2 6.539 2.8 5.9 5.773 2.3 4.8
3 7.252 3.4 6.5 6.400 2.8 5.3
4 10.530 7.6 15.2 9.359 6.3 12.5
5 11.064 8.2 13.0 9.860 6.8 10.8
6 13.525 12.7 25.0 12.153 10.7 21.0
7 13.848 13.1 18.9 12.473 11.0 16.1
8 15.591 17.0 33.3 14.152 14.6 28.6
9 15.777 17.2 23.7 14.345 14.8 20.5
10 16.988 20.2 39.8 15.546 17.6 34.6
11 17.096 20.3 27.4 15.661 17.7 24.0
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Table 9: Eigenfrequencies, self- and cross-Kerr coefficients wy,, |K|mm and |K|ym,11, respectively,
predicted by the circuit model introduced in Sec.[3.2] using the circuit parameters of sample B and C

listed in Tab‘

N 1600 1800
m ﬂ |K|m,m |K|m,m+1 % |K m,m |K|m,m+1
27 27 21 27 21 27
(GHz) (kHz) (kHz) (GHz) (kHz) (kHz)
0 1.160 0.1 0.3 0.916 0.1 0.2
1 1.380 0.2 0.6 1.093 0.1 0.4
2 3.580 1.3 2.7 2.836 0.9 1.9
3 4.015 1.6 3.0 3.199 1.2 2.2
4 5.927 3.6 7.3 4.737 2.7 53
5 6.320 4.1 6.5 5.085 3.0 4.8
6 7.911 6.6 12.9 6.407 4.9 9.6
7 8.196 6.9 10.2 6.675 52 7.7
8 9.459 9.5 18.4 7.765 7.3 14.1
9 9.650 9.7 13.6 7.955 7.5 10.5
10 10.622 12.0 23.4 8.827 9.4 18.3
11 10.746 12.1 16.5 8.957 9.6 13.1

where the sign change occurs at the entry with index j = N /2 + 1. Subsequently, the
eigenvectors ¥, are calculated by inverting Eq. Notably, directly symmetrizing
the eigenvectors ‘f?m does not prevent the numerical error. The self-Kerr and next
neighbor cross-Kerr coefficients |K|,» and |K|, 41 are listed in Tab. and Tab.E]
for the four decives discussed in the main text. For all dimers used for parametric
amplification, the obtained Kerr coefficients are on the order of a few kilohertz,
which is in agreement with the observed saturation power (see Sec.[1.3.4/and Sec.[3.7).

G.3 Sample holder

The DJJAAs are fabricated on sapphire wafers with a physical dimension of
7.5 x 3.6mm?, and are attached to a dedicated copper sample holder using silver
paste. For the microwave connection between the 50 () Al transmission line patterned
on the wafer and the SMA connector serving as the input port, a printed circuit
board (PCB) containing a 50 () microstrip transmission line is used.

The PCB has a copper cladding of thickness fcopper = 35 pm on both sides, enclosing
a low loss dielectric TMM10i (e; = 9.9) of thickness t = 635num, supplied by
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Rogers Corporation. The height difference between the PCB and the sapphire wafer
(t = 330 um) is compensated by a small copper post below the wafer (not shown).
The PCB transmission line is patterned by removing half of the top metalization on
one side, sparing a strip of 0.618 mm width, which is directly soldered to the center
conductor of an SMA connector, and wire bonded to the on-chip transmission line
using at least two Al bonds. The other half of the PCB remains copper cladded and
serves as the ground reference. For that reason, the top and the bottom metalization
are galvanically connected using vias, and again, the amplifier is connected to the
PCB ground using Al wire bonds. Notably, for some devices, the coupling to lossy
resonant modes hosted by the sample holder and the on-chip metalization has
been observed, causing a significant decrease in the amplifier performance in the
corresponding frequency range. A solution was found by using silver paste instead
of multiple Al wire bonds to ground the amplifier.

Each amplifier is equipped with a superconducting bias coil integrated into the lid
of the sample holder, and a commercial circulator directly mounted to the SMA
input port, to avoid low-frequency standing waves (see. Fig.[32b).

Figure 32: DJJAA: sample holder. a) Copper body of the DJJAA sample holder (without lid), hosting
a printed circuit board (PCB) and a 7.5 x 3.6mm? sapphire wafer. For the exchange of microwave
photons, the PCB contains a 50 — () microstrip transmission line, soldered to the center pin of an SMA
connector on one end, and wire bonded to the 50 — ) on-chip microstrip transmission line of the
amplifier on the other end, using at least two Al bonds. In order to ground the DJJAA, half of the PCB
has a top metalization, which is galvanically connected to the bottom metallization with vias. The PCB
is glued with silver paste and kept in place with four additional brass screws, the wafer is only glued
with silver past. b) Closed sample holder. A superconducting bias coil is integrated into the lid, and a
commercial circulator is directly mounted to the SMA connector of the input port to separate incident
and outgoing fields.
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G.4 Linear device characterization

Although the amplification of microwave signals is only possible due to the
nonlinearity of the DJJAA modes, a closer look at the linear response of a device
gives already vital insight into the expected performance. Moreover, comparing the
obtained results with the design parameters helps to enhance the accuracy of the
model prediction.

The device parameters are extracted from the measured reflection coefficient
(see Fig.[3.6), as well as complementary measurements discussed in the following
paragraphs. The only parameter which is fixed by design is the number of total
SQUIDs N, i.e. the possibility of shorted JJs is neglected.

Critical current

The critical current of a single SQUID is estimated from room temperature transport
measurements, and the Ambegaokar-Baratoff formula [60], which relates the critical
current of a JJ to its normal state resistance R, right above the critical temperature
T, and the energy gap A in the superconducting state.

_ nA(T) A(T)
I(T) = 2eR. tanh (szT) . (202)

At temperatures well below the critical temperature T, the formula simplifies to

(T = 0) = 7-21({? (203)

The energy gap of the pure aluminum films is estimated from the BCS relation
between the energy gap and the critical temperature of a supercondutor A = 1.76kg T,
with T, = 1.4K. Since the normal-state resistance is measured at room temperature,
there is a phenomenological correction term R, = 1.15R,, gt based on experimental
observations taken from other experiments performed in our group. Another
correction arises from the contribution of the pure aluminum wires connecting the
JJs to the measured resistance. As deduced from the design geometry, a total of
six sheets of pure aluminum has to be considered per SQUID. The resistance Rgg
attributable to the SQUIDs is

Rsq = Rnrr — 6NR( a1, (204)

where N is the total number of SQUIDs, and R o] = 1.1/ is the sheet resistance
of the pure aluminum film measured at room temperature.
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In the design with an in-plane capacitor in the center, as presented in Fig.[3.5, the
total resistance of the array cannot be measured in a single transport measurement,
but only the resistance from the input port to the center capacitor Ry, i, and from
the center capacitor to ground Ry out- However, from the difference in resistance,
potential gradients in the critical current along the array can be deduced, which is
expressed in the resistance asymmetry parameter

Rn,in - Rn,out (205)

Masym = .
Y Rn,in + Rn,out

Junction capacitance

The junction capacitance Cj is estimated from the overlap area Aj extracted from
SEM images, similar to the example given in Fig.[3.5, and the capacitance per unit
area cj ~ 50fF/ pum?.

C] = C]A] (206)

The SEM images are taken from different devices fabricated in the same run, in
order not damage the actual sample. For a dc SQUID, the total capacitance is twice
the capacitance of a single JJ. The fabrication procedure is relatively reproducible,
since the feature size is well above the resolution limit of the resist, and the obtained
overlap area is around

A} =10.5+0.4pm?, (207)

which results in a junction capacitance of
Gy = 1050 £ 40 fF (208)

per SQUID. The value used for the calculation of the dispersion relations shown in
Fig.[3.7)is about 15% larger, which could be explained either by a different capacitance
per unit area, or a smaller critical current, since the junction capacitance is adjusted
such that the measured plasma frequency is reproduced.

Center capacitance

The capacitive contributions of the center capacitance, C. and C(’J, are deduced
from finite element method simulations performed with Sonnet. While the in-plane
capacitance C is controlled by the number of fingers and their length, and is adjusted
according to the total length of the device, the capacitance to ground due to the
capacitor plates remains unchanged. In the presented geometry, it is C}, ~ 33 fF.
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For the three samples the total number of SQUIDs is N = 1200, 1600, and 1800 (from
left to right), and the critical currents per SQUID are I. = 7.0nA, 3.5pA, and 2.7pA.
The center capacitances are C. = 30fF, 40fF, and 45 fF. Finally, the capacitance
to ground Cy remains the only free fitting parameter, and is extracted from the
dispersion relation.

Capacitance to ground

The capacitance to ground Cy attributed to each superconducting island remains
the only free parameter in order to align the measured dispersion relation at the
flux sweet spot with the model prediction. The eigenfrequencies of the DJJAA are
either extracted directly from the measured reflection coefficient, or from a two-tone
spectroscopy after the flux sweet spot has been determined.

The extracted value Cy = 0.4 fF stated in the main text can be compared to a value
estimated from the circuit design. For a microstrip geometry, the capacitance to
ground per unit length is

€
C(w) = T— (209)
60co In (5 + @)

where ¢ is the speed of light in vacuum, & ~ 330 pm is the substrate height, and
w = 4 pm is the wire width. The effect of a finite film thickness is neglected, which is
justified by its relative size compared to the substrate height. Since the electric fields
are only partially confined inside the substrate, the effective relative permittivity

eeffis
er+1+er—1 1

€eff = .
2 2 J1+128

For the used sapphire substrates, the relative permittivity is e, = 9.3 for electric
fields oriented perpendicular to the crystalline C-axis (hexagonal crystal structure).
Instead of a capacitance per unit length, a more convenient representation is a
capacitance to ground per square

(210)

Co = C(w)w ~ 0.131F, (211)

with w = 3 pm. Accordingly, the value Cy = 0.45 {F extracted from the dispersion
relations (see Fig.[3.7) corresponds to around N = 3.5 per SQUID on average, which
is in agreement with the DJJAA design shown in Fig.[3.5|
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Stray inductance

Estimating the additional stray inductance due to the pure aluminum wires
connecting the SQUIDs is important, as it influences the dynamics of the circuit
under strong pumping, and since it determines the reliability of the lumped-element
circuit model, which does not account for additional linear inductances. In general,
the stray inductance contributes in form of a geometric inductance related to the
wire geometry, and a kinetic inductance related to the superconducting condensate.
Although these contributions cannot be distinguished in the experiment, it is possible
to predict them based on the circuit design and on room temperature transport
measurements.

For the given microstrip geometry, the geometric inductance per unit length Lg
depends only weakly on the wire width w, and is calculated from standard microwave

theory [47]]
60 8h w pH
= — — 4+ — | = 14— 212
Lg coln(w+4h) 14pm' (212)

where ¢ is again the speed of light in vacuum, i ~ 330 pm is the substrate height,
and w = 3 um is the wire width. Similar to the capacitance to ground, the geometric
inductance per unit length is translated into a inductance per square
_ ~a0PH
Lgo = Lg(w)w =~ 4.0 am (213)
The kinetic sheet inductance is estimated from the measured sheet resistance
R a1 = 1.1Q)/00 and the Mattis-Bardeen formula:

pH
—.

Combining both contributions, and using the same number of squares as extracted
from the capacitance to ground, the stray inductance per SQUID is

Lxo~13 (214)

Ls = N (Lgo + L) ~ 19pH. (215)

Notably, the obtained result is only a rough estimate, and should be appreciated as
an orientation only. Experimentally, the flux modulation of the DJJAA modes can
give insight into the kinetic inductance participation ratio, from which the stray
inductance can be calculated and compared to the calculated value.

Magnetic flux calibration and Josephson inductance participation ratio

The modulation of the resonance frequencies contains information about the external
magnetic flux, and the ratio between the kinetic inductance of the SQUIDs and the
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stray inductance, which is expressed in the kinetic inductance participation ratio .
Both quantities are extracted from the measured data by comparing the observed
frequency modulation to the prediction of an effective lumped-element model.

In the experiment, the magnetic flux enclosed ®ext inside the SQUID loops is set by
the application of a bias current I, to a superconducting field coil integrated into the
lid of the device, as shown in Fig.[32l The conversion between the bias current I,, and
the magnetic flux Pext is possible due to the periodic modulation of the resonance
frequencies. As discussed in previous sections, but especially in Sec.[E.2} the action
of a dc SQUID in a circuit is that of a nonlinear inductance, which depends on the
magnetic flux enclosed in the SQUID loop. Since the loop inductance is negligible
for the SQUIDs of the presented DJJAA design, as is experimentally validated from
the almost complete suppression of the resonance frequencies, the applied magnetic
flux is equal to the magnetic flux inside the loop. Therefore, the suppression of the
resonance frequencies occurs at half a flux quantum @yt = 0.5P.

The flux modulation of each mode can be mapped onto an effective lumped element
circuit model. Since the field spectra are measured at low microwave powers, a linear
circuit model is sufficient to capture the features related to the flux modulation. The
model consists of a flux dependent (kinetic) inductance L ¢ff(Pext) in series with a
constant, magnetic flux independent stray inductance Lg ¢¢r, which are shunted by a
capacitance Cft, as shown in Fig.[33| The resonance frequency of the fundamental

mode is 1
o (Pext) = . (216)
f ( ¢ t) 27—5\/C [Ls,eff + LK,eff(O)/ |COS (7T(Dext/©0) H

The external magnetic flux @y is due to the bias current I, applied to the
superconducting field coil. In the simplest case, the flux created by the bias current
is linear

Pext = Ip (Ip + Ioftset ) (217)

where [}, is an unknown conversion factor related to the coil geometry, e.g. the coil
dimensions and the number of windings. Additionally, a potential dc offset field
is accounted for by an offset bias current I ;. The physical interpretation of this
assumption is, that the offset field is homogeneous on the length scale of the array.

By introducing the resonance frequency in effective zero-field

1

0(Pext =0) = ,
f - 27T\/C [Ls,eff + LK,eff(q)ext = 0)]

(218)
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Figure 33: DJJAA: magnetic flux calibration. a) Effective lumped-element circuit model to describe
individually the characteristic modulation of the DJJAA modes with the external magnetic flux. The
model consists of two inductors in series, out of which one accounts for the constant stray inductance
Lg eff, while the other for the tunable SQUID inductance L eff(Pesf). The inductors are shunted by an
effective capacitance Cog to form a resonant circuit. b) Fundamental resonance frequency fo(®ext) of
the circuit as a function of the external magnetic flux ®.y, normalized by the frequency in effective
zero-field f;(0), for different inductance participation ratios v = L eff(0) / (Li eff(0) + Lgefe). If the
tunable inductance dominates (blue color tones), the shape of the curve is round and sinusoidal. With
increasing stray inductance, a noticeable change of the resonance frequency occurs close to half a flux
quantum only. ¢) Measured resonance frequencies f; _ (grey markers) and f; ; (black markers) of the
pair of modes forming the dimer with dimer index n = 1 for the sample with N = 1200 SQUIDs. The
frequencies are from the field dependent reflection coefficient shown in Fig.[3.6] The blue solid lines
indicate individual fits to the model prediction according to Eq.219} From the fit parameters, the bias
current I, is converted into an external magnetic flux ®ey (top x-axis), and the kinetic inductance
participation ratio is determined 1, = 0.65.
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Table 10: DJJAA: normal-state resistance and kinetic inductance participation ratio. Normal-state
resistance measured at room temperature, from the input port to the center capacitance Ry in, from
the center capacitance to ground Ry out- The resistance asymmetry between the two array sections m
is calculated according to Eq. Kinetic inductance participation ratio g extracted from a fit to
the frequency modulation with the applied magnetic flux (see App.[G.4), and calculated according to
=L/ (L + Ls).

sample A B C D
N 1200 1600 1800 1300
Rnin (kQ)  29.03 7096 10225 324
Roouw (kQ) 2841 713 10291  32.38

m 1022 0995 0994  1.001
VLt 0.65 087 09242 -
7" 071 083 087 074

and using the conversion between the bias current and the external magnetic flux,
and the kinetic inductance participation ratio 71, the resonance frequency of the
effective circuit model can be expressed as

f(ly) = fo(0) . (219)
\/1 + 7L {1 + |COS (ﬂlb(lb + Ioffset)|_1}

Although the information contained in the flux dependence of the resonance
frequency is not sufficient to determine all values of the effective circuit elements, it
is sufficient to extract the kinetic inductance participation ratio ;, the conversion
factor I,, and the offset flux. Notably, due to the small modulation period, the offset
flux is only determinable within (—0.5®y, 0.5P).

Figure[33| depicts the expected flux modulation of the fundamental frequency of the
effective lumped-element circuit model according to Eq.219} calculated for different
inductance participation ratios . If the flux dependent inductance dominates
vL =~ 1 (blue colors), the observed modulation is similar to the flux modulation of
the critical current, to be exact the square root of the critical current. With increasing
stray inductance, the curves increasingly deviate from the ideal modulation, up to
the point at which the contribution of the flux tunable inductance is noticeable close
to half a flux quantum only.
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G.5 Energy decay rates and dimer detuning

For the later use of the DJJAAs as parametric amplifiers, especially the external
and internal coupling or decay rates of the modes take a special role. While the
first determines the instantaneous bandwidth of the amplifier, the latter potentially
degrades the noise added by the amplifier. The third characteristic quantity is the
dimer detuning, and in particular, how it compares to the external coupling rate.

The eigenfrequencies wy, of each mode, together with the corresponding coupling
rates x;; and 7y, are extracted from fits to the frequency dependence of the reflection
coefficient. Although the DJJAA modes remain coupled due to the non-zero cross-
Kerr coefficients, the reflection coefficient of the DJJAA measured at low probe
powers can still be approximated by a combination of independent and linear modes,
as the Kerr coefficients are small by design. Since the two modes of a dimer belong
together conceptually, the response in the immediate frequency vicinity of a pair of
modes is fitted by the response of two linear modes, while the contribution of all
other modes is neglected. The corresponding reflection coefficient of the n th dimer
is

T(w) = T, Iy 4 eiP0e(@=@), (220)
which accounts for a finite offset phase ¢y and a finite background slope s in the
phase response, additionally. The frequency @ = (wy,— + wy,+)/2 is the average of
the two dimer frequencies. The other fitting parameters are the external coupling
rates k- and «;, +, and the internal decay rates 7y, — and <, +. The corresponding
dimer detuning 2], is defined as the frequency difference between the two modes

2]p = W4 — Wp,—. (221)

The applied simplification is particularly justified in the linear regime of the
dispersion relation, in which the inter-dimer detuning (w;1,— — wy,+) is much
larger than the intra-dimer detuning 2J,, while the the two dimer modes are still
well separated from each other at the same time (J;, =~ x,,—, k5,4 ).

Recalling the results of the discussion about nondegenerate parametric amplifiers
(see Sec.[3.6), the gain-bandwidth product is determined by the effective coupling
rate of the device, which is a combination of the coupling rates of both modes

_ Kn,—Kn,+
Ky =2—————. 222
" Kn,— + Kn,+ (222)

Figure[34a depicts the field dependent response of the sample with N = 1200

SQUIDs, identical to Fig.[3.6|(left-hand panel), as well as the frequency dependence
of the phase and the amplitude of the reflection coefficient, arg(S11) and |S11],
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Figure 34: DJJAA: Fitting the complex reflection coefficient. a) Phase of the complex reflection
coefficient arg(S11) as a function of the probe tone frequency f and the external magnetic flux Pey (see
Fig [3.6a), measured at low microwave powers. For each value of the applied external flux, the frequency
dependence of the reflection coefficient is fitted to the prediction of an effective model composed of
two linear cavities. b) Phase arg(S11) (top panel) and amplitude |Sq1| (bottom panel) of the reflection
coefficient measured at the flux sweet spot of the device, as indicated by the black solid line in panel a.
From the fit to the model prediction (black line), the resonance frequencies w11/ (27) = 5.874 GHz and
w1/ (2m) = 6.568 GHz, the external coupling rates «; /(27r) = 168 MHz and «, / (27r) = 207 MHz, as
well as the internal decay rates 1 /(271) = 7MHz and 7,/ (271) = 13 MHz are extracted.

respectively, measured at the flux sweet spot shown in panel b. Notably, the position
of a jump in the phase response is not necessarily the position of the resonance
frequency. The black solid line indicates a least-square fit to the data according to
Eq.220} from which the following device parameters are extracted:

w,_/(21) = 5.874GHz wy+/(21) = 6.568GHz
x> /(2m) = 168MHz Ks4/(27) = 207MHz
Yo,/ (2m) = 7MHz Y2,+/(2m) = 13MHz

Once again I would like to mention that the fundamental dimer # = 1 is not visible
in the measured spectrum due to its low resonance frequencies. As a side note,
an enhancement of the fitting accuracy is obtained by removing features in the
reflection coefficient that are unambiguously attributable to the measurement setup.
The region around half a flux quantum of effective flux, where the DJJAA response
is fully suppressed, serves as the reference.

245



Appendix

A similar fit to the reflection coefficient is performed at different values of external
magnetic flux in order to extract the flux dependence of the device parameters,
as exemplarily shown in Figure[35, The same procedure is applied to the other
devices. For comparison reasons, the parameters are extracted from two neighboring
modulation periods.

The external coupling rates and the dimer detuning show a characteristic flux
dependence, which is similar to the one observed for the resonance frequencies. In
the whole range investigated, the dimer detuning is more than twice as large as the
external coupling rates, which is not the ideal condition for pumping.

The obtained internal decay rates give insight into the electromagnetic environment
of the device. Many different types of mesoscopic systems are known to induce
losses to superconducting circuitry, for instance adsorbates or organic residuals
from the fabrication process, defects present in the non-stoichiometric oxide of the
J] barrier and other interfaces, non-equilibrium quasiparticles, magnetic vortices,
and lossy modes in the sample holder. Although the exact origin in our DJJAA
devices remains unknown, measurements on samples with less JJs but identical
fabrication procedure pinpoint into the direction of defects in the JJs. Independent
of the origin, the observed internal decay rates are still sufficiently low compared to
the external coupling rates to enable an operation of the devices as amplifiers close
to the quantum limit.

External and internal quality factor

While stating the energy decay rates is convenient from the perspective of quantum
optics, another common way of expressing energy decay in the context of electric
circuits are the external and internal quality factors Q. and Qj, respectively. The
quality factors are calculated as the ratio between the resonance frequencies and
the decay rates, and are therefore a measure on how many oscillations the system
performs until the energy has decayed to e~ ! of its initial value, or in other words,
how much energy is dissipated within one cycle. Following the established notation,
the quality factors of the i th mode of the n th dimer of a device are

Wh,i

Qeni=—= (223)
Kn,i
w.

Qimi = —=. (224)
Kn,i

’,

Figure[36| depicts the external and internal quality factors calculated from the
extracted device parameters shown in Fig.[35 Since the comparison between the
two periods reveals a very similar behavior, only the data from the left period
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Figure 35: DJJAA: External and internal coupling rates, and dimer detuning. Field dependence of the
external coupling rates x _ and xp 4 (top panel), the dimer detuning 2], = w> 4 — wy,— (central panel),
and the internal decay rates v, and 72,4+ for the DJJAA sample A with N = 1200 SQUIDs (see Fig.[3.6]
left-hand panel). Similar to the corresponding resonance frequencies shown in Fig.[33] the parameters
associated with the lower mode (-) are indicated by grey markers, while the parameters of the higher
mode (+) are indicated by black markers. The effective coupling rate &y = 2k k24 /(ko,— + Ko, 4 is
calculated from the extracted values and plotted with blue markers. In the whole range, the dimer
detuning is roughly twice the effective coupling rate. The observed change with flux in both parameters
is due to the change of the resonance frequencies, and is expected for the presented design, i.e. a
galvanically coupled DJJAA with in-plane center capacitance. The possible origins for the internal decay
rates are manifold, ranging from organic residuals of the fabrication process, to uncontrolled degrees of
freedom residing inside the JJs” oxide barriers, to interactions with lossy modes in the electromagnetic
environment, for instance the sample holder.
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Figure 36: DJJAA: External and internal quality factor. External and internal quality factors Q. 1, and
Qi1,i, respectively, as a function of the external magnetic flux ®ex; (left-hand panels) and the resonance
frequency (right-hand panel). The external quality factor steadily increases away from the flux sweet
spot, as the impedance of the array increases due to the increasing kinetic inductance of the SQUIDs.
However, there are several ripples visible in the frequency dependence, which could be caused by a
frequency dependent characteristic impedance of the input port, for instance due to standing waves.
The behavior of the internal quality factor is less intuitive, as it can be affected by a variety of different
external perturbations. For both modes, the internal quality factor is minimal around the flux sweet
spot and close to half a flux quantum of external flux. However, this observation could be coincidence
only. As the frequency dependence reveals, the two modes are exposed to a common electromagnetic
environment, which is itself frequency dependent. Therefore, the drop of the internal quality factor
towards higher and lower frequencies could indicate the presence of lossy modes in the sample holder.

(Pext/ Pg € [—0.5,0.5]) is plotted. Around effective zero-field, the region where the
characteristic impedance of the array is the smallest, the external quality factor is
largest, and for both modes around Q. ~ 30.

Plotting the quality factors versus the extracted resonance frequencies reveals
frequency dependent features both modes are affected by. In the external quality
factors oscillations are observed, which could hint at standing waves in the input
port, or more generally, the frequency dependence of the input port’s characteristic
impedance. In the internal quality factors several peaks and dips are observed that
occur at the same frequencies for both modes. However, as the modes are hosted by
the same array and possess a comparable standing-wave pattern, the coincidence of
such features is not surprising.
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G.6 Comparison to circuit model

Similar to the discussion about the external coupling rate in JJA, discussed in Sec.[F.3
the parameters of the DJJAA devices is predicted using the transmission matrix
approach. The information about each dimer is extracted by fitting Eq.[220]to the
numerically calculated frequency dependence of the reflection coefficient.

Figure[37|shows the results obtained at the flux sweet spot for the three devices
presented in Fig.[3.6, using the circuit parameters listed in Tab.[3.2} and assuming an
additional stray inductane of Ls = 19 pH per SQUID. The agreement between the
linear circuit model and the measured dimer parameters is satisfying, especially
given the fact that no frequency dependence of the input port impedance was
assumed, and no remote ground model [35].
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Figure 37: DJJAA: Measurement vs. prediction. The three panels depict the comparison between the
measured and the predicted external coupling rates &, (blue diamonds) and dimer detunings J, (red
pentagons) for the three devices A, B, and C shown in Fig‘ a) N = 1200 b) N = 1600 ¢) N = 1800.
The measured values are highlighted by a black fringe. The corresponding circuit parameters are listed
in Tab.3.2} and the additional stray inductance is Ls = 19 pH per SQUID.

G.7 dcfield gradients and ac flux noise

The DJJAA sample holder discussed in Sec.|G.3|is made of copper and does not
provide an efficient shielding against dc and ac external magnetic fields. In this
section, two perturbative effects of the external magnetic field created by the
environment are discussed: a finite dc gradient along the array, and a global ac field.
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Magnetic field gradient:

In particular for the DJJAA devices with a center capacitance interrupting the array,
a magnetic field gradient along the array can have a strong effect on the dimerization
of the DJJAA modes, as can be seen in Fig.[3.6¢. The effect of a magnetic field gradient
can be investigated by using a position or node dependent kinetic inductance in the
effective circuit model used for the transmission matrix approach (Sec.[F3).

Figure[38| depicts the comparison between the numerically calculated and the
measured reflection coefficient for sample C (see Fig.[3.6f). The external flux in the
i th SQUID is assumed to follow a quadratic dependence

. 2
Poss = Posx (5 ) (225)
where @y N = 0.165Py is the offset field at the position of the N th SQUID as seen
from the microwave input port. Although the assumption on the magnetic field
gradient does not consider the design of the DJJAA devices in form of meanders, the
numerical calculation does recover the main features observed in the measurement,
and confirms a finite field gradient as the origin of the misalignment between the
modes.

205 00 05 —05 0.0 05

cbext / CDO d)ext / d)O

Figure 38: DJJAA: magnetic field gradient. Comparison between the phase arg(S11) of the numerically
calculated (left-hand panel) and the measured (right-hand panel) reflection coefficient (see Fig.@).
The calculations are based on the transmission matrix approach discussed in Sec. and consider a
node dependent magnetic field to reflect the presence of a finite magnetic field gradient, together with
a critical current asymmetry m = 1.007 between the parts of the array to the left and the right of the
center capacitance.
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Mitigating such detrimental effects is crucial for the operation of an amplifier. For
the suppression of out-of-plane magnetic field components, a cylindrical outer Al
shield has been build, which is anchored at the base plate of the cryostat.

ac flux noise:

In contrast to a finite magnetic field gradient, which mainly influences the dimer-
ization and limits the achievable gain tunability, a finite alternating magnetic field
threading the SQUID loops enhances the noise measured at room temperature. Time
variations in the resonance frequencies translate into an fluctuating detuning of the
device from the initial point of operation, and as a consequence, the observed power
gain becomes a function of time.

While every SQUID is exposed to a local electromagnetic environment, caused by
magnetic adsorbates and residuals from the fabrication process, there are magnetic
fields which can be considered homogeneous on the length scale of the amplifier.
Examples for such global and alternating sources are fluctuations in the bias current
applied to the superconducting field coil, and sources residing at distant locations
outside the measurement setup like pulse tubes and cellphones.
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Figure 39: DJJAA: ac flux noise. Maximal power gain Gy (top panels) and phase of the reflection
coefficient arg(S11) (bottom panels) measured with a fixed frequency probe tone as a function of time
t. The comparison between the data obtained at the flux sweet spot ®ext/ Py ~ 0 (left-hand panels) and
the flux bias point @exi/ Py ~ —0.2 (right-hand panels) demonstrates the increase in flux noise due
to the increasing flux dependence of the resonance frequency of the amplifier modes. The data was
measured with the higher frequency mode of the third dimer 3 associated to the sample shown in
Fig.[3.8 using an IF bandwidth of 10 Hz.
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Figure[39|depicts the long-time stability of the power gain Gy and the phase of the
reflection coefficient measured with a VNA at the flux sweet spot @Pext/ Py ~ 0
and another flux bias point @ext/ Py ~ —0.2. The IF bandwidth of the VNA was
set to 10Hz during the measurement. At the flux sweet spot, the power gain is
stable within AG = 0.1 dB, while there appears a distinct periodic modulation with
period 107 s away from the sweet spot. Besides the increase in noise associated to the
increasing susceptibility of the modes to flux noise away from the flux sweet spot,
the decrease in bandwidth discussed in Sec.[3.6lfurther enhances the observed noise.

G.8 Transmon qubit: cryogenic microwave wiring

The microwave wiring of the cryogenic setup — a commercial, dry >He /*He dilution
refridgerator — used for the experiments on the conventional transmon qubit to
calibrate the noise performance of the DJJAA (see Sec.[3.8), is shown in Fig.[40] In order
to reduce the signal level and the thermal noise seen by the samples, the signal input
port and the pump port are equipped with a total of 70 dB of attenuation, from which
60 dB stem from commercial attenuators mounted at different temperature stages of
the setup, and 10 dB are attributed to the stainless steel coaxial cables. Notably, not all
temperature stages of the commercial cryostat are shown. Furthermore, commercial
low-pass filters and custom-made infrared (IR) filters are mounted at the base plate
to suppress high frequency noise and irradiation.

The signal is guided to the sample using a commercial, cryogenic circulator. In
order to protect the transmons and the readout resonators from the magnetic stray
fields, a combination of different outer shieldings surrounds the waveguide sample
holder, which is similar to the one shown in Fig. Reflected from the readout
resonator, the signal was combined with the DJJAA pump tone using a commercial
power combiner, which added at least 3 dB attenuation to the signal path. Similar to
the qubit sample, the incident and amplified outgoing sample reflected from the
DJJAA are separated using a circulator. In the output line, additional filtering and an
isolator suppress irradiation from higher temperature stages. The outgoing signal is
further amplified at 4 K using a HEMT amplifier, and again at room temperature.
The noise temperatures, as certified by the manufacturer, are Ty ypmt = 2 — 3K and
Tnrr = 127K
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Figure 40: DJJAA: Experimental wiring for the noise performance measurement in Sec.[3.8| The
input line and the pump line of the DJJAA are equipped with 60 dB of attenuation in form of commercial
attenuators, distributed along the lines at different temperature stages. For thermal isolation of these
stages, the microwave wiring in both lines are based on stainless steel coaxial cables, which add another
~ 10dB of attenuation to each line. In order to filter high frequency noise, two low-pass filters are
added to the input line, with an upper cut-off frequency 7.2 GHz. The pump line is only equipped
with a single low-pass filter with a cut-off at 12 GHz. The signal is guided to the samples, i.e. three
pairs of transmon qubits (blue) coupled to dedicated readout resonators (red) hosted in a waveguide
sample holder, using a commercial circulator. As indicated by the open cylinders, the sample holder is
surrounded by a combination of three different (magnetic) shieldings: copper (Cu), aluminum (Al),
and a p-metal. The signal reflected from the readout resonator(s) is combined with the DJJAA pump
tone using a commercial power combiner, which attenuates the signal by at least 3 dB. The amplified
outgoing signal, reflected from the DJJAA, is further amplified by a HEMT amplifier mounted at
4K and a room-temperature amplifier. An isolator and additional filtering protect the samples from
radiation coming from the output line. Depending on the measurement, the input and the output line
are either connected to the microwave ports of a commercial VNA (gain measurements) or the ports of
a custom-made microwave interferometer (quantum jumps). For the noise visibility measurement, only
the output port is connected to a spectrum analyzer. The dc line for the superconducting field coil of
the DJJAA contains a copper powder filter.
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G.9 Transmon qubit: time-domain setup

The time-domain setup used to measure the quantum jump traces of the transmon
qubit (see Fig.[3.14) is a custom-made, heterodyne microwave interferometer similar
to the one used in Ref. [26]], with its schematic shown in Fig. The I and Q
quadratures are determined from the time-varying difference between a signal path
SIG(t), which has been passed through the cryostat and therefore interacted with
the sample, and a reference path REF(t), which has not interacted with the sample:

to-+Tim /2

I(ty) = / SIG(t)REF()dt (226)
ty—Tm /2
to+Tm/2

Q(ty) = / SIG(t)REF(H—Z)dt. (227)
to—Tm/2

Here, t( is the moment in time in the center of the integration window of length
Tm, referred to as the integration time in the main text (see Sec., and T = 16ns
is the period of the intermediate frequency (IF) 62.5 MHz. Due to the calculation
procedure for I and Q, the integration time Ty, has to be an integer multiple of
T(1+1/4) = 20ns. Both microwave tones are generated using the channels of a
two channel microwave source, and, since both paths are downconverted to the IF
using the other channel as the local oscillator (LO), the calculated quadratures I and
Q become insensitive to drifts of the individual carrier channels.

The pulse sequences for the readout and the manipulation of the transmon are
synthesized by mixing the respective carrier tone with the (rectangular) pulse shape
supplied by an arbitrary waveform generator (AWG). Since the process is heterodyne
and single-sideband (SSB) mixers are used for the conversion, the carrier frequencies
are shifted to higher frequencies by an amount determined by the IF. Both, the
readout and the qubit manipulation tone are combined at room temperature. The
strength of the tones is controlled by the voltage amplitudes of the AWG and the
power of the carrier signal.

The output signal coming from the cryostat is first filtered using a custom-made
cavity bandpass filter adjusted to the resonance frequency f to filter out the strong
DJJAA pump tone applied at f, = 5.509 GHz, the filter function is shown in Fig. 41|
in form of the transmission spectrum |Sy; |, and subsequently downconverted to the
IE. Several room-temperature amplifiers are used to increase the signal strength
to a level well beyond the resolution of the analog-to-digital converter (ADC). The
sampling rate of the ADC is 1250 MHz, corresponding to a time resolution of 0.8 ns.
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Figure 41: DJJAA: Time-domain setup. Schematic of the microwave interferometer — the time-domain
setup — used to decompose the signal of the readout resonator into the I and Q quadratures. At the
center of the interferometer are two paths denoted the signal (red) and the reference (blue). For the
readout tone of the resonator, the continuous microwave tone of a two channel microwave source (2
channel LO), is mixed with the desired pulse shape synthesized by an arbitrary waveform generator
(AWG) using a single-sideband (SSB) mixer. The signal is split into two paths, from which one serves as
the local oscillator (LO) of the reference tone, and the other is guided to the fridge. The readout power
is roughly adjusted by a step attenuator, and fine-tuned by the voltage amplitude of the waveform.
Before the readout signal reaches the microwave input port of the cryostat (see Fig.[40] for microwave
wiring), the qubit manipulation drive (green path) is combined with the signal. The signal coming from
the cryostat is filtered with a custom-made cavity band-pass filter to remove the DJJAA pump tone
applied at fp = 5.509 GHz. The transmission spectrum around the signal frequency f; = 5.8224 GHz is
shown. For the downconversion of the signal to the intermediate frequency (IF) 62.5 MHz, the second
port of the microwave source (2 channel LO) is used. In that way, drifts in the two channels appear in
both, the reference and the signal path. Several isolators (circulators with 50 Q)-terminations) are used
to reduce unintended crosstalk between both paths.

G.10 Transmon qubit: circuit parameters and energy spectrum
The circuit parameters of the transmon qubit, the charging energy Ec q and the

Josephson energy Ej 4, as well as the coupling rate g to the readout resonator are
extracted by comparing the energy spectrum predicted by the full qubit-resonator
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Figure 42: Transmon: spectrum. The transmon spectrum is measured by performing a two-tone
spectroscopy. The response of the readout resonator is monitored with a constant and continuous probe
tone applied on resonance wpope = Wy, While a drive tone is applied in vicinity of the fundamental
transmon transition frequency wq. The two Lorentzian curves By sweeping the drive tone frequency
Wrive and power Pyyiye, Various transitions in the transmon become visible. The measured transmon
spectrum is shown in the right-hand panel. At low power, the fundamental transmon frequency appears
at wq = 27 x 4.505 GHz, while a second transition appears at w; = 4.244 GHz when the drive power is
increased, corresponding to the transition between the first excited state and the second excited state.
This observation is due to a finite population of the excited state, as discussed in Sec.[3.9] From the
difference of both transitions, the qubit anharmonicity aq = —27 x 256 MHz is extracted. Additionally,
several multi-photon transitions are visible, for instance the (|0) — |2))/2 transition.

Hamiltonian expressed in the charge basis for the transmon and the Fock-basis for
the readout resonator |N, n;)

H:Ni (4B = Ng)? IN) (] = 1N (N -+ [N+ 1) (N ) + e ) G
+thi NIN) (N| iox/m(|nr+l>(nr|+|nr> (e + 1)),

(228)

with the results obtained from the quantum optics Hamiltonian given in Eq.[T.44][38].
The qubit parameters entering the quantum optics Hamiltonian are extracted from the
energy spectrum of the transmon shown in Fig. 42} yielding the fundamental transmon
transition frequency wq = 27t x 4.505 GHz and the anharmonicity of the spectrum
aq = —27 x 256 MHz. The remaining parameters are the resonator frequency
wy = 27 % 5.8224 GHz (see Fig. and the dispersive shift 2yq, = 271 x 480kHz

(see Fig. and Fig.3.12).

The results obtained by aligning the energy spectra are Ej q/h = 12.5GHz, E¢q/h =
225MHz (Ejq/Ecq = 56) and ¢ = 271 x 39 MHz, in good agreement with values
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extracted from finite element simulations of the circuit geometry (charging energy
and coupling rate) and the normal-state resistance of the J] Ry = 10.3 k() measured
at room temperature.

G.11 Transmon qubit: coherence

By applying a squared-envelope manipulation pulse of duration ¢ to the transmon on
resonance with its fundamental transition frequency fq, continous Rabi-oscillations
between the transmon’s ground and first excited state are observed, shown in Fig.[43a
(top panel). Using a relatively weak drive strength, the duration of the 7-pulse
tr =~ 1.43 ps is calibrated by fitting the data (blue) with a periodic cosine function
with exponentially decaying envelope (red).

Energy relaxation measurements were performed by exciting the qubit to its first
excited state using the calibrated 7r-pulse, and gradually increasing the time interval
T between the end of the excitation pulse and the beginnig of the readout pulse.
From an exponential fit (red) to the data (blue), shown in Fig. (bottom panel),
the energy relaxation time is found to be T; ~ 8.8 ps.

(a)
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©

T1i8.8}15
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Figure 43: Transmon: quantum coherence. a) Rabi oscillations of the transmon (top panel) and energy
relaxation measurement (bottom panel) following a r—pulse, both encoded in the phase response
of the readout resonator. The m—pulse duration of 1.5pus corresponds to the first minimum of the
measured Rabi oscillations. From the exponential energy decay (red solid line), an energy relaxation
time of T} = 8.8 pis is deduced. b) Ramsey fringes experiment with the pulse sequence depicted in the
lower right-hand corner. Two oscillations were observed with similar frequency f} = 1.03MHz and
f2 = 1.19MHz, with a characteristic decay time Tj = 6.5 ps.
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The transmon’s coherence time T; ~ 6.5 us was extracted from a Ramsey fringes
measurement. As shown in Fig.[43b, two superposed oscillations with different
frequencies were observed. In the case of two distinct Ramsey frequencies, an
extended fit function ¢(7) is used to fit the measured time evolution of the phase of
the reflection coefficient.

o(t) = exp_T/Tf (Aq cos [2mt(fr1T) + Po1]

(229)
+ Az cos [27t(fr2T) + ¢o2]) + @o-

Most probably, the two Ramsey frequencies fr1 and fgr; arise from two distinct
transmon frequencies, which could be caused by the coupling to mesoscopic system(s)
residing in the environment of the transmon. However, the origin remains unknown.

G.12 Transmon qubit: Photon number calibration

The photon number inside the readout resonator 7, of the transmon used for
the calculation of the measurement photon number (see Sec.[3.8) was calibrated
for a number of voltage amplitudes Vv set for the readout drive tone at room
temperature. Notably, for readout and manipulation performed on the readout
resonator and the qubit, square-envelope pulses were used. The integration time of
the readout tone is T, = 300ns, and the pulse duration for a 7r-pulse is T = 57 ns.

Figure[4a depicts the calibrated photon number as a function of the squared voltage
amplitude, which is proportional to the average drive power Py jye Vgrive, and
increases linearly with the drive power, as expected. The change in the Ramsey
frequency fr and the reduction in coherence time T, with increasing resonator
population is illustrated in Fig.[44b for two different drive amplitudes. Notably, the
decrease in coherence results from an increasing distribution of the coherent state
in the Fock-basis causing measurement-induced dephasing, which is proportional
to Virive [19] (see Sec.. The measured Ramsey fringes are fitted with an

exponentially damped cosine
¢(1) = e~/ T2 Acos 271 (frT) + o] + 0. (230)

Here 7 is the time the qubit state evolves between the 77/2 pulses, T, is the coherence
time, A is the oscillation amplitude, f is the Ramsey frequency, ¢y is the offset phase
of the cosine oscillation and ¢y is the global offset phase.

258



DJJAA: Supplementary information

—~
oV}
N—r
~
=3
N—"

0.6

Cy,.. 5 =368 Virive = 0.02V

w
o

0.4+

—~~
O
T
P -
N—r
—~~

- = 0.2
Virive readout w
N—
o0
P
(3]

Photon Number n,
N
o

].0 t 00'
0 . . _02L \_I/drive - 024\/
0.0 05 1.0 0 1 2
derive (V2) T (llS)

Figure 44: Transmon: photon number calibration a) Photon number calibration of the readout strength

proportional to the squared voltage amplitude Vgﬂve of the readout pulse. The pulse sequence used

in the experiment is depicted in the lower right corner. In-between two (71/2)y pulses applied to
the transmon (pink), an additional tone was applied to the readout resonator with varying voltage
amplitude Vg,ive (purple). After this pulse sequence, the qubit state was inferred from the response of
the readout resonator. From the change in frequency fr observed in the Ramsey fringes (see panel b)
with respect to the undriven case f = | fqdrive — fql, and using the dispersive shift xqr [see Fig.,
the photon number i, was calibrated as a function of the applied drive power Pyive & V2 .. b) Two
examples of measured Ramsey fringes with Ve = 0.02V (blue) and Ve = 0.24V (red) visible in
the phase response of the readout resonator. Besides the change in the frequency fr, the measured
coherence time T, decreases also due to measurement-induced dephasing.

G.13 Fabrication recipe

The DJJAA samples are based on a simple, fast and reproducible positive optical-
lithography fabrication, summarized in Tab.[11|and Tab.[12] The design is split into
two consecutive fabrication steps, as emphasized in Sec.[3.3, using a dedicated soda
lime glass based chrome mask for each step.

Firstly optical resist (S 1805) is spin coated onto a doubly polished sapphire wafe
with the coating parameters summarized in Tab.[T1} The sapphire wafers are either
cleaned in the so-called piranha solution, a mixture of sulfuric acid, water, and
hydrogen peroxide, or used directly from the supplier. However, no unambiguous
difference has been observed in the quality of the amplifiers. After the resist has
dried on a hot plate for 60, it is exposed for 4 s with light of wavelength A = 365nm
emitted by a 500W Xe lamp. Subsequently, the exposed parts of the resist are
dissolved using a 25 — 30 s bath in a commercial MF 319 developer, followed by a

! CrysTec

259



Appendix

rinse in destilled water. Since the developer contains TMAH, which is a known Al
etcher, the development time for the second step does not exceed 30s.

The pure Al films are deposited in a PLASSYs electron beam shadow evaporator.
Typically the transfer chamber (load lock) is prepumped for around ¢ ~ 1h
(first step) and t =~ 3h (second step) giving values for the pressure of around
prL &~ 2 — 5 x 1077 mbar. Before the first aluminum layer is deposited the wafer is
cleaned with an oxygen/argon (10 sccm /5 sccm) plasma under a beam voltage 200 V
and a beam current 10 mA for 2 : 30 min. Subsequently around 30 nm of aluminum
is deposited at 1nm/s.

For the junction fabrication the intrinsic oxide layer on-top of the first Al layer is
removed by an Ar milling process (flow rate: 4.0 sccm, 400 V, 15mA) for 2 : 30 min
before the insulating barrier is grown under controlled conditions, determined by
the combination of oxygen pressure and time - the exposure. In order to increase
the barrier quality the pressure inside the main chamber is further reduced by Ti
gettering (pr ~ 5 — 6 x 1078 mbar). The second aluminum layer is slightly thicker
(40nm) to ensure a good contact.

For lift-off, the samples are stored in a preheated (T = 90 °C) NEP bath for a couple
of minutes. Especially after the second step, a low power (power not calibrated)
ultra sonic bath is used to ensure the lift-off of the metal parts in the SQUID loops.
Subsequently, the wafer is rinsed in an acetone and ethanol bath (in this order),
before it is finally blown-dry with N,-gas.
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Table 11: Optical-lithography fabrication recipe: Resist application, exposure and development.

Resist application

resist 51805 (thickness: 500 nm, positive)
acceleration 500rpm/s
ramp speed | 500 rpm
ramp time 5s
spin speed 4500 rpm
spin time 60s
HP temp 115°C
HP time 60s
exposure

mask type soda lime glas based chrome mask
dose 13 mW /cm?
wavelength 365nm
contact mode | hard
time 4s

Development
developer MF-319
time 20 —-30s
rinse destilled H,O + N; blown-dry
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Table 12: Optical-lithography fabrication recipe: Aluminum evaporation.

Aluminum evaporation: layer 1

cleaning O,/ Ar

parameters 10scem /5 scem, Upeam = 200V, Ipeam = 10mA

thickness 30nm

rate 1nm/s

angle 0°

lift-off

solvent NMP or NEP

time 5 — 10 min

temperature 90 °C (preheated)

US-bath 2 X 4min at lowest power

rinse acetone + ethanol + N blown-dry
Argon milling and oxidation

cleaning Argon milling

parameters 4.0sccm, Upeam = 400V, Ipeam = 10mA

time 2 : 30min

partial pressure
time

10 mbar
2 — 7min

Aluminum evaporation: layer 2

thickness
rate
angle

lift-off
solvent

time
temperature
US-bath
rinse

40 nm
Inm/s
OO

NMP or NEP

5 —10min

90 °C (preheated)

2 X 4 min at lowest power

acetone + ethanol + N, blown-dry
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