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One of the essential limitations for a physical realisation of topological-qubit based
quantum computing, is the problem of uncontrolled quasiparticle poisoning of the
superconducting charge island. These quasiparticles have been previously reported
as a known limiting factor in most of the superconducting architectures. To this
end, we consider the importance of equilibrium quasiparticle poisoning in hybrid
semiconducting-superconducting systems believed to be able to host Majoranas.

We employed gate-based dispersive sensing by investigating a reflected radio-
frequency (RF) signal from a resonator, which is capacitevly coupled to one of the
gate electrodes of the hybrid double dot realised in an InAs nanowire. This way,
the quantum capacitance of the system can be probed, which in turn reveals charge-
tunnelling processes, and can be used as an indicator of single-electron tunnelling
events. By operating the device in a so-called floating regime, where a double dot
system is entirely decoupled from the leads, external non-equilibrium quasiparti-
cle poisoning events can be exponentially suppressed. By appropriately tuning the
chemical potentials on the quantum dot and the superconducting island, we attempt
to scrutinise the dynamics of the quasiparticles innate to the superconductor. We in-
vestigated the dependence of quasiparticle tunnelling rates on the temperature of
the system, as well as the applied RF power, as both are predicted to increase the
average number of quasiparticles on the island. In both cases, we could find no
observational proof of quasiparticle tunnelling events through the use of our mea-
surement technique. We report an observation of a two-level resonator response,
which we explain using a two-level fluctuator. Analysing telegraph measurements,
we demonstrate the viability of the analysis tool, which allows us to determine av-
erage occupation times of each state. In principle, for processes occurring at rates
slower than the measurement frequency, this technique can be used to convert a
relatively faint difference between the “poisoned and unpoisoned state”, to the sig-
nal of the gate being on coulomb resonance versus on coulomb blockade, which is
a much clearer signal to distinguish. Both, the technique as well as the expected
rates of the physical processes within the island are evaluated in the context of the
experiment.
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Chapter 1

Introduction

QUANTUM COMPUTING is a recent but very promising area of research, which in-
tertwines two of the most significant advancements in science and technology of the
last century - computing and quantum mechanics. A quantum computer relying
on the fundamental phenomena of quantum mechanics such as superposition and
entanglement could solve some classical problems orders of magnitude faster than
any classical computer resulting in faster search and prime factorisation [1, 2] algo-
rithms, as well as provide secure communications channels [3], and simulate quan-
tum systems [4]. The latter is one of the most promising and potentially impactful
applications of quantum computing. Such simulations could be used to simulate the
dynamics of complex chemical reactions, with potentially revolutionary applications
in the fields of pharmacology, material sciences, energy storage and computational
chemistry, to name a few. (For a review see, e.g. ref. [5, 6].)

The fundamental building block of a quantum computer is a quantum bit or a
qubit, which can be represented by any two-level quantum mechanical system. The
central and defining difference is that a qubit can be in a coherent superposition
between two orthonormal states, |0) and |1) (e.g. spin-up and spin-down of an elec-
tron), as opposed to a classical bit which can take either one of the two values, 1 or 0.
A qubit can be realised in a variety of physical systems, with currently the most fo-
cus dedicated towards superconducting circuits, spinful quantum dots, NV centres
in diamond and trapped ions [/, 8]. However, a significant difficulty for nearly all
of the qubit architectures seems to arise from two seemingly contradictory require-
ments. On the one hand, qubits are extremely sensitive to destructive environmental
noise, so to ensure long coherence times, the microscopically small quantum system
should be nearly entirely isolated. On the other hand, to perform measurements
and ensure that the system evolves in the desired manner, the processing unit itself
cannot be perfectly isolated. To battle decoherence, quantum error correction can be
employed, resulting, however, in a much larger number of required qubits [9]. An-
other radically different approach towards circumventing the decoherence problem
is topological quantum computing (TQC).

A topological qubit is based on exotic quasiparticle excitations called non-Abelian

The focus of this thesis is not primarily on topological quantum computing, but an overview of
the field can be found in [10]
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anyons. The main appeal of such qubit comes from its topological protection from
the environmental noise, where the qubit state information is encoded in multiple
spatially separated anyons. Moving one anyon around another, or braiding, can com-
pletely change the state of a system within the degenerate ground-state manifold.
This property can be used to define stable logic gates needed for quantum com-
putation [11], where rather than physically moving two particles, recent efforts have
focused on effective measurement-based braiding, which can be achieved by measuring
the joint occupational parity of a pair of particles [12—14]. Recently, one of the most
investigated candidates of non-Abelian anyons are so-called Majorana zero-energy
modes (MZMs) [15], which are predicted to arise as boundary states of some sys-
tems once they enter a spinless p-wave topological superconducting (TS) phase [16].

Although the leading appeal behind Majorana-based quantum computers is the
topological protection from decoherence, Majorana qubit dephasing can still occur
via incoherent exchange of parity due to insufficient separation of the two MZMs
[17] or via uncontrolled relaxation of single-electron-like excitations known as quasi-
particles ' (QPs) into the Majorana subspace, also called quasiparticle poisoning (QPP)
of the Majorana qubit [15]. Quasiparticles are present in any realistic physical super-
conductor, and their effects have been explored in the context of superconducting
[19-22] as well as semiconductor-superconductor hybrid devices [23-25]. The latter,
in particular, are more susceptible to poisoning as the induced superconducting gap
is reduced, and subgap states might appear.

Quasiparticles may originate from different mechanisms; they can be created
within the island by an external (even cosmogenic) environmental radiation, they
can be thermally excited within the Majorana qubit system, or they might be located
in one of the non-topological subgap states. While the external non-equilibrium
quasiparticle poisoning can be suppressed for a system decoupled from the leads
[26], experiments show that at low temperatures quasiparticle concentrations in the
system are not exponentially suppressed, as suggested by theory [27]. Instead, QP
density saturates to a constant value [19, 21], as the rate of QP recombination into
Cooper pairs becomes exponentially slow for decreasing densities of the QPs [25].
Although much experimental work has been dedicated to protection from quasipar-
ticle poisoning, it remains a critical limiting factor. It is estimated that in the presence
of quasiparticles, the Majorana-based qubit lifetime ranges between 10 ns to 0.1 ms
[23], which might be problematically low for some qubit gate implementations.

To investigate QPP rates, we attempt to measure single-quasiparticle tunnelling
events from a superconducting island by employing gate-based resonator sensing.

Also known as Majorana bound states (MBSs)

Commonly the term "quasiparticle" is used to describe a variety of emerging phenomena. For
most cases in the thesis, Majorana quasiparticles will be referred to as "Majoranas" or "Majorana zero
modes", while the trapping of excess unpaired electrons on the superconductor as "quasiparticle poi-
soning".
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Using reflectometry we monitor changes in the average charge of a device by scruti-
nising its quantum capacitance, 9(Q) /0V,, using an LC resonator capacitively cou-
pled to one of the existing gate electrodes defining the double dot [14]. In a disper-
sive limit ' this measurement technique enables high-fidelity readout for both super-
conducting [29] and Majorana qubits [14]. It allows for the measurement of an elec-
tron tunnelling rate, which is an indicator of the state of the system - different qubit
states will impart different dispersive shifts on a resonator. This readout technique
offers several advantages such as reducing the number of on-chip components as
well as the ability to probe the system locally within the Coulomb blockaded region.

Although relatively well explored, the investigation of quasiparticle poisoning
was mostly performed in systems kept in contact with the leads, which are in itself
a big source of quasiparticles [26]. With recent advances in the dispersive read-
out, the requirement for the leads is alleviated, with some proposals for Majorana
qubit architectures allowing the systems to be operated and probed without any
need for the leads [13, 14]. Thus we feel motivated to further explore quasiparticle
poisoning processes happening within the island itself. The experiment described
in this thesis is the first time time-resolved quasiparticle poisoning is investigated in
a superconductor-semiconductor hybrid system that is completely decoupled from
the leads. It allows for all detected quasiparticle poisoning events to be associated
with the processes related to the SC itself.

1.1 Outline

The goal of this thesis is to introduce the theory of mesoscopic systems composing of
a charge island and a quantum dot, elucidate the working principles of gate-based
resonator sensing and use it to perform time-resolved measurements of quasiparti-
cle dynamics on the SC island. In Chapter 2, the theoretical background of quantum
dot theory, superconductivity and gate-based reflectometry sensing is introduced. In
Chapter 3, the experimental setup is outlined, starting from the large scale refrigera-
tors down to the smallest units of few pm in scale, the double dot device. Chapter 4
contains the core of the experiment, where we investigate quasiparticle dynamics by
intentionally inducing poisoning events, either by increasing the power of the read-
out signal or by increasing the temperature of the device. Additionally, we attempt
to provide the reasoning for the observations. The main results are summarised in
the final Chapter 5, where we once again review the experiment and its possible
improvements and extensions in the future.

As we will explain later in the thesis, experimentally we are interested in the reflection coefficient
of the resonator (S11), which is measured indirectly via the transmission coefficient (Sp;) of the feedline
circuit.

Regime where the detuning between the resonator and qubit transition frequency is much larger
than the interaction strength



Chapter 2

Theoretical Background

This chapter presents the theoretical background behind some of the key concepts
used in the thesis. First, an overview of charge islands and quantum dots is offered,
followed by a crash-course in superconductivity. Lastly, a theoretical model behind
gate-based sensing is presented.

2.1 Quantum Dots

Treatment of the systems dealt with in this thesis starts with charging physics of
artificially fabricated sub-micron structures in semiconductors, allowing for inves-
tigation of electron transport features. In such structures, electrostatic interaction
between electrons can give rise to essential phenomena called Coulomb blockade,
which can be utilised to construct single and double quantum dots (QD and DQD,
respectively) - the central structures investigated in this thesis.

2.1.1 Electron Tunnelling

Consider several electrons, N, on an isolated conductor small enough, so that the
energy cost needed to add another charge is significant due to the electrostatic re-
pulsion between the electrons at the Fermi level. Such a conductor then acts as a
charge island for electrons. The charge on such islands is quantised and equals to Ne,
and if electrons are allowed to tunnel to and from the island, the total charge changes
by a multiple of the elementary charge e. Conveniently, the change of the Coulomb
energy due to tunnelling can be expressed in terms of the capacitance C of the island.
If an extra charge e is added to the system, the electrochemical potential changes by
the charging energy Ec = ¢?/C. In order to resolve single-electron tunnelling events,
two main conditions must be met due to the discrete nature of charges; firstly, the
island must be coupled to a terminal, but not too strongly. This connection is called a
tunnel junction, and by relating typical timescales on which tunnelling events occur
with the Heisenberg’s uncertainty relation, the limit for its resistance can be estab-
lished. Secondly, the energy due to thermal fluctuations should be much smaller
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FIGURE 2.1: (a) A schematic depiction of a single quantum dot coupled via tunnel barriers
to the source and drain terminals. By applying voltage on the source, drain and gate voltage
Vs, V4, Vg, chemical potentials of source, drain and the quantum dot can be tuned, allowing
for the tunnelling to occur, or be suppressed. (b) A density of states energy representation
of the system in part (a). The difference in chemical potentials of the source and drain leads
defines a bias window. If states of quantum dot are available within such window, the
current is non-zero. Arrows represent the path of electrons tunnelling.

than the charging energy. The two conditions can be summarised as [30]

R < h/e* ~ 129 kQ (2.1a)
e2/C > kgT (2.1b)

The first condition is met by weakly coupling the island to the source and drain ter-
minals and the second one by reducing the total capacitance of the charge island (for
example by moving the gates further from the island) and lowering the tempera-
ture. The devices presented in this thesis have charging energies on the order of few
100 peV, implying cryogenic sub-kelvin working temperatures to prevent thermal
excitations.

2.1.2 Single Quantum Dot

If the charging island is small enough, and the orbital electronic energy spacing be-
comes significant, a quantum dot is formed. Quantum dots allow for circuit-based
investigation of quantum mechanical phenomena, through single-electron transport
on and off the island. The most straightforward implementation of a quantum dot
is a single dot coupled to the source and drain contacts, as well as a third gate, used
to adjust the amount of charge on the island. A schematic representation of such a
device is given in Fig 2.1a.

To calculate the total energy of the system with N electrons on the island and
source, drain and gate terminal voltages V;, V;, V, respectively, one can make use of
a constant interaction model, where all capacitances are assumed to be fixed [30,

I. The resulting (ground state) energy is then given by [37]

This assumption is justified if the size of a quantum dot is much larger than the average screening
length, i.e. there are no electric fields inside the dot.
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—(N = Np)le| +CsVs + C,V, + C; V52 N
u(N)z[( 0)lel et “]+2Ep, 2.2)
p=1

with Ny the number of electrons intrinsically present on the island without any volt-
age applied to either of the electrodes, and C = C; + C¢ + Cy, the total capacitance
of the island . The first part of the equation above is the purely classical electrostatic
contribution of a capacitor, whereas the second term includes the ground energy
of the p electrons in the dot at zero temperature, resulting from the quantum me-
chanical confinement, as the sum over the single particle energies E,. As mentioned
earlier, this extra energy is the reason we refer to the charge island as a quantum dot.
A more interesting quantity in electron transport however, is the electrochemical po-
tential #(N) of the states in the dot, defined as the minimum energy cost for adding
the N-th electron to the dot

u(N)=U(N) —U(N —1)
—=En + Ec(N = No = 1/2) = = (CsVs + CgVg + CaVi), 23)

with an Ey the ground state orbital energy of the Nth electron state . The spacing of
discrete energy levels in the quantum dot can be defined as the addition energy of a
quantum dot

Euaa(N) = p(N +1) = p(N) = Ec + AEy, (24)

with AEy = En11 — En < Ec the energy spacing between two subsequent orbitals .
By varying the gate voltage Vg, the
number of electrons on the dot can be Vg A
changed. The system can be visualised
in the density of states (DOS) represen-
tation, as in Fig 2.1b. By applying a 0L _
finite bias source-drain voltage Vy; =
Vs — Vg = (us — pg) /e, a transport win-
dow between the chemical potentials of

3
>

the Fermi levels of source and drain can Ve
be defined. If the number of available FIGURE 2.2: Coulomb Diamonds
states on the dot in such energy window

is non-zero, then electrons can tunnel through, and therefore a non-zero current is

Notice that for a single electron (N — Ng = 1, and GsV;s + C¢Ve + C3V; = 0), equation 2.2 yields
charging energy Ec = €?/2C. For the description presented here, it is, however, more convenient to
take Ec = ¢2/C as the unit of charging energy.

This equation can be understood in a more familiar form as the sum of the chemical potential
Hen(N) = Ep resulting from quantum effects and the electrostatic potential resulting form the “classi-
cal’ part relating to capacitances.

In many-electron regime, the difference in the energy of two subsequent orbitals, Ex1 — Ey, usu-
ally decreases with addition of more electrons. For the case of systems investigated in this thesis, this
number is on the order of 10 — 100ueV.
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Rs, Cs Ry, Ci R4, Cy

FIGURE 2.3: Double Quantum Dot. In real systems potential cross-capacitances between dot
1(2) and plunger gate Vi5(1), shown in light grey.

observed. However, if no states are available within the window, the current can-
not flow, and the system is said to be in Coulomb blockade. This relation between the
current, and the voltages applied to the system, can be conveniently expressed in a
Coulomb diamonds scan (Fig. 2.2), where the diamond-shaped regions denote voltage
configurations where no current can run. From the dimensions of these diamonds,
several useful quantities can be calculated, such as all capacitances and the charging
energy of the quantum dot, as well as the gate lever arm o = C¢/C < 1 of the system;
a measure of how well the applied gate voltage is converted into chemical potential
induced on the dot.

In the rest of this thesis, theory and experiments will be restricted to the linear

response regime, where the bias voltage is ~ 0. This simplifies the Eq. 2.3 to
U(N) = Ec(n—1/2) —eaVy + En, (2.5)

with n = (N — Np) the excess number of charges on the dot.

2.1.3 Double Quantum Dot

The extension to a double dot is relatively straightforward - a second quantum dot
can be added in series with the first one. As single quantum dots are often called
"artificial atoms" due to their discrete energy spectrum, two or more quantum dots
can form an "artificial molecule", with some inter-dot coupling. A circuit describ-
ing a double quantum dot is depicted in Fig. 2.3. If the electrons are localised on
individual dots, static redistribution of charge leads to attractive Coulomb interac-
tion, resulting in a weak binding, analogous to that of ionic bonding. If instead
two-electron states are quantum-mechanically coupled, and the electron can freely
tunnel in a phase-coherent way between two degenerate energy levels in the two
dots, a covalent-like bond occurs. In such case, the electron can no longer be re-
garded as a particle residing on one of the dots, but must rather be considered as a

coherent wave delocalised over the two dots.
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FIGURE 2.4: A charge stability diagram for a double quantum dot. Part a) is for zero inter-
dot coupling, b) for intermediate, and c) for strong.

The extension of the model presented in 2.1.2 is trivial. Analogous to the case
for a single dot, each dot is defined by tunnelling barriers and is capacitively cou-
pled to gate voltage Vi (o) through a capacitor Cgy(2). The two dots are also coupled
to each other through a tunnel barrier represented by a capacitor C,, and a resistor
R;; connected in parallel. Assuming linear transport regime with negligible cross-
capacitances (e.g. between dot 1 and V) and any other stray fields, the total elec-
trostatic energy as a function of charges on the island can be written as [33]

1 1
U(Ny, N2) =5 NiEct + 5 N3Eca + NiNaEew + f (Vi Vo) (26)

1
f(Ve1, Vo) e [Cglvgl(NlECm + NaEc) + CoaVea (N1Ecy + NZECm)}
171 1
ta [§C§1V;1Eg +5CaVako + CglVgngZVgZECm}

where Ecj(y) denotes the charging energy of dot 1(2) and Ecy, is the electrostatic
coupling energy, describing the change in energy of a dot, when an electron is added
to the other dot. In terms of capacitances, these can be expressed as

2

e _
Ec1 = a(l —C;,/CiC) ! (2.7a)
e 2 -1
Ecr = 6(1 —C,/C1Cy) (2.7b)
e 2 -1
Ecm = F(C1C2/Cm -1) (2.7¢)
m

where C; () denotes the sum of all capacitances attached to the dot 1(2). These can be
seen as charging energies of a single quantum dot corrected with a factor accounting
for capacitive coupling. A full derivation, analogous to the one presented in 2.1.2,
together with reduced forms of Eq. 2.6 for cases of weak and strong inter-dot ca-
pacitances, as well as the derivations of electrochemical potentials for each dot, are
provided in [33].
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Similar to the Coulomb diamonds, we can represent regions of Coulomb block-
ade in a charge stability diagram (CSD), as in Fig. 2.4. For two quantum dots, this
yields a plot of regions of stable charge configuration, with equilibrium electron
numbers of the system (N;, N), as a function of the two gate voltages V,; and
Vg2. Charge stability diagrams for three different regimes of inter-dot coupling are
shown. For C;, = 0, i.e. completely decoupled dots, the change in gate voltage V(o)
will affect solely the charge on dot 1(2) 2.4a. In the intermediate regime, the grid
becomes hexagonal (Fig. 2.4b), with the vertices of the domains being dubbed the
"triple-points”. In the limit C,,/Cy(2) — 1, the triple-point separation is at maximum,
and the system can be modelled as an effective single dot system with (N; + Ny)
charges, and a capacitance of C; + Cy — 2C,,.

As before, a multitude of information can be inferred experimentally from such
plots. Solid lines connecting two triple-points, separating different charge states, can
be understood as tuning configurations allowing for the electron to be delocalised
between the two dots when two energy levels are aligned, or degenerate (see Fig. 2.5).
From the parameters indicated in the figure, in combination with the gate lever arm

(obtained from the individual diamond scans of each dot), all capacitances can be
determined.

Ve A -
z s |2
N z | =
sz 2|2
= |9 | &

: £

_ (d)

in
B -
Z | = Zz | =
= :‘..g

FIGURE 2.5: Zoomed in diagram of the a single hexagon in a CSD for intermediate tunnel
coupling, at zero bias. From the parameters indicated, together with the gate lever arm, all
capacitances can be calculated. In the diagram, different lines representing different config-
urations allowing for the tunnelling of charges, where different conditions are met; either
the source chemical potential is aligned with the chemical potential of the first dot (blue
line), the chemical potential of the second dot is aligned with the drain chemical potential
(green line), or the chemical potentials of the two dots are aligned, allowing for the inter-
dot tunnelling. At the so-called triple points (red dot), all three of these conditions are met
simultaneously. In the diagram, the dimensions of the hexagon can be used to determine
characteristic charging energies as well as the capacitances of the system; AVyy = Ecy/eas,
Ang = Ecz/eaz, AV;l = EClCm/Czeﬂcl and AV§2 = Eczcm/cleﬂéz.
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2.2 Superconductivity

One of the key ingredients necessary for the realisation of Majorana bound states is
induced superconductivity. As the temperature is decreased below a particular crit-
ical temperature Tc, many materials enter a superconducting phase, characterised
by the zero resistance to an electric current [34], as well as the expulsion of magnetic
fields from the bulk of superconductor [35]. This extraordinary feature of nature
allows for direct observation of quantum mechanical phenomena macroscopically
and is, therefore, an ideal platform for realising a quantum computing system. Even
though the first experimental observation of superconductivity was already pro-
vided in 1911 by Heike Kamerlingh Onnes, it took nearly fifty years before the first
microscopic theory of superconductivity was proposed by J. Bardeen, L. N. Cooper
and J. R. Schrieffer (BCS Theory) [36]. Since then, superconducting materials have
been a subject of scrutinising scientific research and were most notably implemented
as extremely high power (MRI/NMR machines, particle accelerators, plasma con-
fining tokamak magnets) and extremely sensitive electromagnets (various magne-
tometers based on superconducting quantum interference devices (SQUIDs) using
Josephson junctions).

2.21 BCS Theory

The BCS theory stands at the centre of this thesis. It describes superconductivity as
a microscopic effect arising as a consequence of electrons constructively interacting
with positive atoms in the crystal lattice of the material, which in turn attracts an-
other electron with opposite spin. Through such electron-phonon interaction, the
effective attractive potential between the two electrons of opposite momentum and
spin will cause them to become correlated. A pair of such electrons is known as
a Cooper pair, and as long as the thermal energy attempting to break them apart
is small enough, the pair will stay together. A Cooper pair can now be seen as a
composite boson. At sufficiently low temperatures all Cooper pairs can occupy the
lowest zero-momentum energy state, thus undergoing Bose-Einstein condensation
and forming a charged superfluid liquid condensate. This roughly explains why
superconductivity requires low temperatures.

An obvious, and interesting problem arises with the quantum transport on the
interface between a normal conductor, and a superconductor. According to the
BCS description of the current, a single electron seemingly cannot induce a current
through the SC. Yet, it does. This occurs through a process called Andreev reflections.
This scattering process describes how the normal current can be converted into su-
percurrent. When an electron from the normal state material at energies too low to
enter the superconductor is incident on the interface with a superconducting ma-
terial, the electron will form a Cooper pair in the SC, and a retro-reflected hole of

opposite velocity and spin but equal momentum, in the normal conductor. Due to
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time-reversal symmetry, this process comes in alternative flavour as well; where an
incident hole is retro-reflected into an electron.

The energy spectrum of a superconductor can better be understood by first con-
sidering charge carriers in a normal metal with a Fermi gas model. At zero temper-
ature, the electrons form a momentum space, where all the states up to the Fermi
surface are occupied, and all the states above are empty. According to the BCS the-
ory, the charge carriers in the superconductor are pairs of electrons, so it can be
considered a Fermi liquid, for which (as shown by Landau in 1956) the treatment is
not that much different. The superconductor can then be visualised as a Fermi gas
composed of quasiparticles. In the mean-field approximation, the ground state of
the superconductor with Cooper pairs is therefore given by

[9e) = T [(lux| + loxlecy 1¢i,) [0) (2.8)
K

In the equation above, |0) denotes the electron vacuum state , |u], |vk| are nu-
merical factors such that |uy|? + |o¢|> = 1, and ¢t (%)) is a fermionic creation
operator responsible for creating an electron with momentum k (—k) with spin up
(down). The two terms in the equation imply, that a Cooper pair can be seen as a su-
perposition of the pair (k 1, —k |) being occupied (with probability |v;|2) and being
unoccupied (with probability |uy|?).

2.2.2 Bogoliubov Quasiparticles

Formally, the term quasiparticle is given to any emergent phenomenom behaving
as a particle. In the context of Fermi gas, the term quasiparticle is usually used for
an excitation above a non-interacting Fermi gas or a Fermi liquid (leaving behind
another hole quasiparticle). This thesis, however, will mostly deal with a partic-
ular type of quasiparticles - Bogoliubov quasiparticles (sometimes simply named
Bogoliubons). In the most simple picture, a Bogoliubov quasiparticle is half of the
Cooper pair. As opposed to the normal metal, where the phases are random, in su-
perconductors with coherent phases, operators such as c_y ¢y can have a non-zero
expectation values by = (c_g|ci+t). This is also used to define a gap function Ay

A = =) Vb, (2.9)
T

with Vjq being the attractive potential responsible for the Cooper-pair formation. In
the case considered by Bardeen, Cooper and Schrieffer, the origin of this potential
is electron-phonon interaction, with Vjq = V, being the measure of the electron-
phonon coupling. Bogoliubov showed, that by defining a new Fermi operator 7,
using an appropriate canonical transformation [37]

All the states in momentum space up to the Fermi level are occupied.
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and by appropriately choosing coefficients 1y and vy,

1 €
o =1 - u|* = 5(1 El;) 2.11)

the model Hamiltonian for a general superconductor can be written as [27]

H =) (ex — Ex + Miby) + Y Ex(1io7e0 + M 1), (212)
K k

with ey the energy relative to the chemical potential. The first sum is constant, while
the second term gives the increase in energy above the ground state. Thus, the 7y
describe the elementary quasiparticle excitations of the system. In equations 2.11,
2.12, we defined

Ex = (ex + M)V, (2.13)

which at the same time represents the energies of these excitations. Clearly, the
minimum excitation energy of the system is the energy gap Ay, as even at the Fermi
surface (i.e. €, = 0), Ex, = |Ag| > 0.

2.2.3 Superconducting gap

One of the defining features of a superconductor (and a crucial one in proposed ar-
chitectures for topological quantum computing) is the superconducting gap - a gap
to the next excited state above the condensate, usually on the order of few hundreds
ueV for typical superconducting islands investigated here. In simple terms, this
means that this gap parameter determines the energy cost for breaking a Cooper
pair. The probability for a fermionic quasiparticle to be excited in thermal equilib-

rium can then be modelled using the Fermi distribution function
f(Ex) = (ePPe+1)7" (2.14)

where B = 1/kT. Naively, this function predicts thatat T = 0, f(Ey) goes to zero for
all k. This approximation is good to a certain extent, but as the experimental data
shows, at low temperatures quasiparticle density saturates to a constant value [19,
], yielding a finite density of quasiparticles on the island. In such a case, we say
that the island is poisoned.
Using equations 2.14 in combination with 2.9, a self-consistent temperature de-
pendence of the superconducting gap, A(T), can be established numerically from

[27]
hwe tanh 1B(e2 + A2)1/2

v e e (2.15)
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with V the measure of the electron-phonon coupling (as defined above), and N(0)

the Fermi level electronic density of states. Following [27], this can be evaluated in

regimes close to the critical temperature and near 0

kT, = 1.13hwee YNOV  for T — T.
A(0) = 2hwee VNOV  for T — 0

— (2.16)

where fiw, is a cut-off critical energy related to Debye frequency, and is much smaller
than the Fermi energy. The ratio of the two limiting cases yields 2A(0) ~ 3.53kT,
one of the most celebrated early predictions of the theory [27]. Physically speaking,
as long as the number of thermally excited quasiparticles is low, the gap A is nearly
constant. On the other side, near the critical temperature T = T, the order parameter
A(T) varies with the square root of T, — T - Something characteristic of all mean-field

theories.

2.2.4 Density of states

Another handy quantity that can be

derived is the superconducting den- 7WN(o) |
sity of unpaired electron states N;(E).
The derivation can be simplified signif-
icantly, by recognising that the quasi- 2 1

DN

one correspondence with the standard 4 ) 0 2 4

particle excitations described by the 1

fermionic operator <y are in one-to-

metal electron creation operator, ¢, un-
affected by any phase transition. As we
are mostly interested in energies in the
vicinity of the Fermi energy, the N(0)
can be taken to be constant, which leads
to a simple result

_ | ww ET?; 217)
< .

e=E/A

FIGURE 2.6: Density of states in a supercon-
ductor. Represented as a function of detun-
ing, in units of A ,where states up to the fermi
level are already filled. Orange colour repre-
sents the density of states of a normal metal,
while the blue the density of states of a BCS
superconductor. Central, state-less supercon-
ducting gap of 2A is the characteristic prop-
erty of superconductivity.

The density of states (DOS) is shown in figure 2.6, where the states below 0 en-

ergy are already filled. In the ground state, the energy states are therefore populated
up to —A, and all excitations are raised above the gap A, leading to the expected

divergence of the density of states in the vicinity of E = A.
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2.2.5 Proximity effect

To be perfectly precise, the superconductivity investigated in this thesis is not strictly
speaking traditional. Typical distances between two electrons involved in the inter-
action can be estimated by considering Fermi velocity of electrons in a metal (~ 10°
m/s) and typical times it takes for the lattice to distort (~ 100 fs), to be on the order of
hundreds of nm. This distance is also called the coherence length ¢. When a piece of
a superconducting material is in contact with a piece of normal metal, the density of
Cooper pairs cannot abruptly drop to zero upon transition from the superconductor
to the metal. The electron correlation thus extends within the normal metal on the
scale of ¢, inducing weaker superconductivity. This is known as a proximity effect,
and it plays a vital role within Majorana physics, as it allows for the combination of
strong spin-orbit coupling and superconductivity.
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2.3 Gate-Based Reflectometry Readout

Several different techniques can be employed for a readout of the quantum state
in solid-state systems. One such way is by investigating the electron transport by
measuring the current or differential conductance through the system. A downside
of this technique is that the system must be coupled to fermionic reservoirs, which
are in itself a significant source of decoherence and in the case of a superconduct-
ing charge island, quasiparticles. Additionally, single-electron transitions cannot be
resolved, an important limiting factor when probing local internal processes. An-
other approach that allows for selective and local measurements of single tunnelling
events from a quantum dot is by capacitively coupling a Quantum Point Contact
(QPC) or a Single Electron Transistor (SET) to the dot, and measuring the radio-
frequency (RF) conductance through it [35, 39]. By carefully tuning such devices,
tunnelling charges can be probed directly. As opposed to the traditional DC con-
ductance measurements, the system can be operated and investigated in a so-called
floating regime, i.e. entirely decoupled from the leads. However, as each sensor needs
to be in close proximity to the quantum dot, this method proves to have a disadvan-
tage of scalability. Reflectometry provides a way of alleviating these problems and
can serve as a compelling technique enabling scalable and high-fidelity readout of
qubits in solid-state systems. In particular, in the dispersive limit, where the res-
onator and qubit transition frequency are far detuned, dispersive gate sensing (DGS)
allows for the measurement of the tunnel coupling strength and events in the sys-
tem.

2.3.1 Reflectometry

By capacitively coupling an LC resonator tank circuit, with some inductance L, and
capacitance Cyp to one of the gates of the system as in Fig. 2.7a, the technique of reflec-
tometry can be used to discern different states of the system. In particular, the idea
behind the reflectometry is as follows: the resonator is coupled to a double quantum
dot, which can be effectively modelled as a system of capacitors and resistors. Any
coherent single-electron tunnelling events will slightly perturb the bare capacitance
of the system by some shift C,. In our devices, the resonators are transmission line
resonators (and will be further introduced in Section 3.2), which for a large sam-
ple impedance can be modelled as an effective LRC circuit with all components in
parallel with one another (see Fig. 2.7a). In the frequency domain, the resonators
impedance Z(w) can be characterised by contributions of the inductive, capacitive
and resistive components as

Zric(w) = (1/iwL +iwC+1/R) ", (2.18)

In many electronics books and texts, the letter indicating the imaginary number is j rather than i.
In this text, we will simply keep to the conventions from the realm of mathematics, and use the latter.
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FIGURE 2.7: (a) An LRC resonator scheme a notch geometry, where it is coupled to the trans-
mission line with some coupling factor .y [40], for large device impedance. Such geometry
allows for multiplexed readout of multiple resonators. The system is measured in transmis-
sion Sp1, with the resonance appearing as a dip in transmission coefficient spectrum. (b)
Charge hybridisation shifts the resonator’s characteristic resonant frequency, which results
in a shift in amplitude A and phase ¢ of the probe signal, relative to the response on resonant
frequency.

with C being the total capacitance of the system C = Cy + C, and R some internal
resistance. The characteristic resonance frequency of this resonator is wy = 1/v/'LC,
which reduces the impedance in Eq. 2.18 to R. Therefore the shift in C, will directly
correspond to the shift in the resonance frequency

VAPE— - (2.19)
JLCo+Cp)  VIG
~-Sel GG (2.19b)

The last simplification can be done as the perturbing shift is expected to be much
smaller than the capacitance of the resonator.

The carrier signal at wy is then off-resonance with the LC circuit, which shows as
a change in both magnitude as well as in phase of the reflected signal, as depicted in
Fig. 2.7b. To calculate each, one investigates the voltage reflection coefficient I" as the
ratio between the incident and reflected RF voltage V; and V; respectively, V,/V; =
IT|e?4® [41]. Its magnitude can be expressed in terms of effective resistance R and
reactance X

VR=Z)P+ X2
I RN CEY S (2.20a)
~w—wo(l—-1i/2Q)

Cw—wo(1+1i/2Q)

(2.20b)

where Zy = 50Q) is the standard impedance of the transmission line. Assuming
the system is probed at the resonator’s bare frequency (the detuning || = |1 — w/wy| <K
1), the expression can be simplified by expressing the reactance X = wL —1/w(Cp +
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Cp). The Eq. 2.20b denotes the same coefficient in the frequency domain, where
Q = wo/*kext is the quality factor of the resonator, with x.y; the resonators external
coupling rate to the transmission line, which can be controlled through a coupling
capacitor. Clearly on resonance, the coefficient yields I'(wp) = —1, whereas for any

small magnitudes of detuning Aw away from it, the phase shift is

A¢ =arg(—1) —arg(T'(Aw)) =

Kext AW Aw? — (K@xt/2)2>

, 2.21
Ba? & (kext /22 B T (ext /2)2 @2

=7 — atan2 (
with atan2 being the two argument arctan function.

2.3.2 Parametric Capacitance

The shift in capacitance C;, responsible for the shift in resonance frequency is called
a parametric capacitance. Its physical origin can be explored by investigating the dif-
ferential capacitance associated to the DQD as seen from the coupled gate voltage
on the second dot Vyy, as in figure 2.7a

Cuiff = W, (2.22)
with Q; the net charges on the respective dot [4”]. These charges can be determined
by considering the average total existing charge on the island —e(n;) = Cg;iVyi —
CV, the charge induced by the gate electrode and the mutual effects between the
two dots, which can be neglected in the weak coupling limit, where the mutual
capacitance is small compared to the total self-capacitance of each dot. The brackets
denote a quantum expectation value of the number of electron on the dot i, which in
the zero temperature limit we can take as being the expectation value in the ground
state. This leads to

Q1 +Q = 6(0(1 <Tl1> + CK2<1’12>) + (oqu + (Xsz)ng, (2.23)

with «; the lever arm on the dot i, defined as in 2.1, (n;) the average electron number
on the dot 7, and Vg, the gate voltage applied to the dot 2. Inserting Eq. 2.23 into Eq.
2.22 yields the two components of the differential capacitance; one independent of
the gate voltage describing the geometry of the system, which we shall conveniently
call the geometric or classical capacitance Cgeor, and one dependent on it - parametric
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capacitance C:

d(n1> d<1’12>
Cdiff :((xlCS -+ leCd> — e dng + o dng
= (1Cs + a2Cy) — eo/d<n2> (near ICT) (2.24)
—_——— dng
Cgeom \‘C/_‘/
4

with «’ = (a2 — a1). Near the interdot charge transition (ICT), the exchange of elec-
trons happens between the two dots, so d(n1)/dVg = —d(nz)/dVy. This approxi-
mation, however, becomes less valid away from the interdot transition, as one of the
dots could lose or gain an electron, without affecting the charge state of the other
dot. Notably, parametric capacitance depends on the change in the statistical aver-
age of the charge on the island. For small shifts around the Coulomb resonance,
dVy, the energy change is de = —ea'd V42, which allows us to express the parametric
capacitance in terms of the local density of states p = d(ny) /de. As the expected av-
erage number of electrons on a dot can vary both adiabatically and nonadiabatically,
which manifest itself as two different contributions to the parametric capacitance -
quantum capacitance C; and tunnelling capacitance C;.

2.3.3 Quantum and Tunnelling Capacitance

The adiabatic transition occurs when two quantum levels are hybridised, and the
contribution to the parametric capacitance resulting from the delocalisation between
the two quantum dots, is called quantum capacitance [42—'4]. Near the interdot tran-
sition, at the anti-crossing between two charge states |n +1,m) and |n,m + 1), the
electron does not have a well-defined position with respect to either dot, but is rather
in superposition between occupying the first or the second dot, causing the average
electron number to vary. The Hamiltonian for a DQD two-level system can therefore
be expressed as

H = t.o, + gax, (2.25)

with € the detuning from the resonance, ¢, the interdot tunnel coupling energy, ac-
counting for the hybridization of the discrete charge states, and ¢”’s the Pauli matri-
ces (h = 1). The corresponding energy eigenstates are Eg, = +[(€/2)* + It7]1/2,
assuming no orbital degeneracy. Quantum capacitance of the system in the ground

state, can be expressed as [45, 40]

2 azEg
de?

Cy = (ea) (2.26)
We can see that the quantum capacitance arises from non-zero curvature of the en-
ergy bands! For zero detuning € = 0 (at avoided crossing), where the curvature of
the eigenenergies of the system is maximum, so is the quantum capacitance, which
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Energy

FIGURE 2.8: Explanation of processes related to quantum capacitance (the red arrows), and
to tunnelling capacitance (in green and purple, relaxations and excitations). Additionally,
Sisyphus resistance Rg;s is sometimes used to describe additional dissipation of the system,
which arises from the interaction with the phonon bath. The width of the anticrossing is
twice the interdot tunnel coupling energy, accounting for the hybridization of the discrete
charge states. By sending an RF pulse to the sample, we are causing an oscillation around
the detuning.

simplifies to [43, 45] ey
en
AN

C, (2.27)

e=0
which reveals that the quantum capacitance has a direct correspondence to the state
hybridisation parameter of the system [47].

Tunnelling capacitance, on the other hand, does not require level hybridisation.
The charge can jump between band nonadiabatically, for example through relaxation
or thermal excitation. It, however, only arises when the rates of excitation and re-
laxation are on par with the probe frequency. Assuming that the dominant source of
charge excitation and relaxation is from phonons, we write I'. = I'c11;, and relaxation
I =T.(1+ np), with T the charge relaxation rate and n, = [exp(—AE/k,T) — 1]
the number of phonons described by Bose-Einstein distribution [46]. The two pos-
sible transitions, responsible for two possible capacitance contributions can be sum-
marised as in Fig. 2.8.

2.4 Dispersive Readout SNR

Identifying a poisoned state of the system from an unpoisoned one effectively trans-
lates to discriminating between a finite tunnel coupling and one that is nearly zero.
As explained in the section above, the tunnel coupling produces a state-dependent
frequency shift as a result of coherent single-electron tunnelling. The resonator is
probed with the RF voltage applied to the gate Vi (to agree with figure 2.7a). To
resolve different responses, one can look at the in-phase (I) and quadrature (Q) com-
ponents of the signal, and plot the response in the IQ space. If the attempt is to
discriminate between two possible responses of the resonator, i.e. two possible fre-
quencies giving rise to two possible phases, we can define the ‘'measure of quality” of
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the signal, as signal-to-noise ratio (SNR) related to the square root of the ratio between
the signal power and noise power

SNR = [ 55 sin(ag/2). (2.28)
Py

Here, A¢ is the phase shift and Ps = fik.ytfiw is the signal power, with 7i being the
number of circulating photons in the resonator. The noise power P, = kgTn /Ty, is
described in terms of the measurement time T, and the temperature of the noise of
the system Ty. Since typically the Gaussian distribution of the two signals in the IQ
plane is assumed, we can associate the SNR with assignment fidelity through com-
plementary error function P, = 1/2erfc(SNR/+/2), assuming normalised Gaus-
sian distribution.

Looking at Eq. 2.28, it might seem that an easy path towards a higher signal-to-
noise ratio is simply by increasing the readout power. However, An important limi-
tation to acknowledge in order to maximise the SNR, is the fact that by increasing the
readout power the population of the excited state is increased through driving . This
results in an incoherent mixture, reducing the contrast, as the quantum capacitances
of the excited and ground state are exactly opposite. In order to roughly estimate the
dynamics, we can employ a toy model using the Hamiltonian in Eq. 2.25 . Driving
implies modulating the detuning € around degeneracy with some frequency w

ECCerf

€ = ¢e(t) = egcos(wt) = cos(wt)

=eaV,fcos(wt), (2.29)

with V,; the maximum amplitude of the gate voltage around the degeneracy. In the
rotating frame, the full Hamiltonian reads:
~ A O .

H= 50z + 1 (ch + cos(2wt)oy — sm(Zwt)(Ty), (2.30)
with detuning from the resonance A = 7 — w, with T = 2t./h, and Q) = eaV,y is
the on-resonance Rabi frequency. We can further make some reasonable approxima-
tions. By investigating the eigenstates of the time-independent part of the Hamilto-
nian, assuming that all fast-rotating terms lead to random phase jumps rather than
coherent processes, we can estimate the time-averaged population in the ground
state pgs. We find

02
Pgs = 02 + (A — Qeff)zl

(2.31)

Sometimes, SNR is defined as the square value of 2.28. Here we chose this version, as it is equal to
the reciprocal of the coefficient of variation.

From experiments we know that at high readout powers the frequency shift vanishes [45].

This approach might not be as correct in principle as the full input/output theory modelling the
system of the resonator and the dot in the Jaynes-Cummings framework [49], but it still gives good
agreement with the current experimental data.
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where Q.¢f = VO2 + A? is the effective detuned Rabi frequency. A more 'radi-
cal” approach where we assume that the state vector randomly jumps between the
extreme values of the ground state population, pgs can be expressed as half the
maximum of the excited state probability from a detuned Rabi oscillation, pgs =
1-02/ ng £ A full and detailed derivation is given in Appendix A. To summarise:
the dependence of the SNR on power results from the contention between the in-
crease in signal, and the excitation in the double dot, which reduces the contrast.
The optimum is reached at the point where the improvement gained from larger
accuracy in the IQ plane falls short to the diminishing frequency shift.
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Chapter 3

Experimental Setup

In this chapter, the experiment is described, as well as what is needed for its realisa-
tion, starting from the macroscopic equipment, such as cryogenic refrigerators and
DC and RF wiring schemes, down to the microscopic double quantum dot device

and the resonator chip design.

3.1 Measurement Setup

To ensure the quantum nature of our devices, superconductivity and good electric
transport properties, and to make sure Coulomb blockade is present, the experi-
ments need to be performed at low temperatures. Nowadays, the majority of con-
densed matter experiments operate in the temperature regime of millikelvins, which
necessitates closed and thermally isolated systems. At the same time, however, prob-
ing the system demands some information be exchanged with the environment. This
is usually done through the application of DC voltages to the system and reading the
conductance, or in reflectometry experiments, a microwave RF signal.

3.1.1 Dilution Refrigerator

The largest physical object directly involved in the experiment is a Bluefors dilution
refrigerator, responsible for ensuring operational base temperatures of around 10 -
20 mK. The entire cooling process is done in stages, which is reflected in the internal
structure of the fridge. First, cool-down to roughly 4 K is achieved via pulse-tube
vacuum pump refrigeration - a process known as dry cooling . The final cooling stage
utilises endothermic properties achieved when two isotopes of helium, *He and “He,
are mixed in the so-called mixing chamber (MC). This mixture then separates into a
dilute phase where the lighter almost pure *He floats on top of the diluted heav-
ier counterpart. By pumping the *He phase away, the remaining phase is pushed
out of an equilibrium state, which in turn moves the *He from pure into the dilute
phase. This process, however, extracts the temperature from the mixing chamber,
effectively cooling it down. Finally, the 3He gas is pumped out of the fridge through

Alternatively, a wet fridge is one where the environment of the fridge is surrounded by liquid
nitrogen and liquid helium. Within QuTech laboratories, both can be found, but for the experiments
described in this thesis, a dry system is used.
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Still ~ 800 mK

Cold ~ 50 mK

FIGURE 3.1: The innards of a Bluefors dilution refrigerator, similar
to the one used. Different plates corresponding to different working
temperatures indicated on the figure.

cold traps, which trap contaminants in the mixture, before it is at high pressures con-
densed again, completing the loop [50, 51]. Internally, the fridge consists of several
plates (as in Fig. 3.1), corresponding to sequentially lower operational temperatures
down the refrigerator: 50K plate, 4K plate, still (800 mK), cold (50mK) and finally
the MC plate at roughly 15mK, where the sample is located. Stages itself are held
together with thermally isolating fibreglass rods. The sample itself is mounted onto
a "cold finger", the top of the probe loaded into the fridge, which is attached to the
MC, and encompassed by a printed circuit board (PCB), providing bonding wires
between the lithographically defined lines on the sample, and the external electron-
ics within the fridge. In our experiment, the probe can be raised into the refrigerator
from below and is kept in thermal contact with the chamber, which provides for the
cooling of the device.

3.1.2 Electronics

To probe the system, and conduct the experiments, proper wiring is of fundamen-
tal importance. All signals used to operate and conduct experiments on the device
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originate from the electronics at room temperatures, and are thus very noisy. To that
effect, the electron temperatures can be much larger than the base temperatures of
the fridge. For that reason, it is vital to attenuate and filter the signal on the way into
the cryogenic setup and amplify on the way out. In our case, two different parts of
wiring are used and must be discussed: RF and DC.

To tune the system and change the chemical potential of the double dot system,
DC voltages controlled from a set of Digital to Analogue Converters (DACs) are
routed to the correct fridge DC lines by the matrix module. To restrain the effects
of the room temperature noise, DC lines are attenuated and heavily filtered using
QDevil RC filters.

RF signals needed for our experiment, on the other hand, come in two flavours.
The signal can be both generated and read out by either Rohde&Schwartz vector
network analyser (VNA), or a QuantumMachines OPX. The VNA is best suited for
frequency sweeps, and as it can output signals in the range of the resonant frequen-
cies of our resonant circuit (GHz), no up- or down-mixing is required before entering
the fridge. The OPX, on the other hand, cannot output signal in that frequency range,
so the OPX frequency wppx needs to be up-mixed with a signal from a local oscil-
lator (LO) at wio, creating a signal at wrp — wopx . This up-mixed signal is then
sent in the refrigerator and is finally downconverted with the same LO to obtain the
component of the signal at wppx, which is then routed into the OPX for receiving
and processing the IQ data (the external wiring depicted in 3.3a). The main asset of
OPX for the needs of the experiments presented in this thesis is the integrated spe-
cialised field-programmable gate array (FPGA), which allows for the manipulation
and processing of the data with nanosecond precision, and its ability, to measure
with integration times (pulses) as short as a ps. All key constituents for performing
time-resolved measurements with ps resolution.

The setup of the RF wiring once inside the fridge is shown in Fig. 3.3b. Once
the signal enters the fridge, it is further heavily attenuated to reduce the noise, and
filtered using low pass filters and eccosorb, before reaching the puck with the sam-
ple. After the signal passes through the puck, it is fed into the directional coupler,
which makes sure that the attenuated component is transmitted to the PCB, while
the reflected signal almost in its entirety to the output port. The signal is then am-
plified again, twice at cryogenic temperatures, using Lincoln Labs Travelling Wave
Parametric Amplifier (TWPA) [52] and Cryogenic high electron mobility transistor
(HEMT) amplifier, and again at room temperatures. Using 50 () coaxial cables, the
RF signal is guided to either OPX or VNA, whereby comparing the in-phase (I) and
quadrature (Q) components of both signals, the amplitude (A) and the phase (¢)
information of the signal can be extracted as Ae'? =1 +iQ.

The mixing process in fact also outputs the original LO frequency as well as their sum, but the
mixer is calibrated to reduce the other two signals to 0.
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3.2 The Quantum Dot Device

Finally, at the coldest point in the core of the cryogenic refrigerator, we find the
sample. For the experiments in this thesis, two devices have been fabricated and
measured. Both contain semiconductor and superconductor quantum dots, thus of-
ten simply called hybrid devices. For the experiments in this thesis, quintuple dot
systems were defined in an InAs nanowire (NW). One such device, based on the
same design as one of the devices used in the experiment, is pictured in Fig. 3.2.
The nanowire is deposited on an intrinsic silicon wafer with roughly 20 nm of SiNx
dielectric layer. The aluminium shell is epitaxially grown on two of the facets of
the nanowire and is removed using wet etching everywhere, except for an approxi-
mately 1 ym wire segment (1.9 ym for the second device ). At temperatures below
the critical temperature of aluminium, this wire segment enters a superconducting

phase due to the proximity effect.

sC
Vee yap

FIGURE 3.2: An SEM image of a quintuple dot device based on the same design as the de-
vices in the experiment. For the purposes of this experiment, only the middle superconduct-
ing dot, and one of the neighbouring dots are used, defined using tunnel gates T3, T4 and T5
(coloured orange), as well as the side gates (in green), and top gates (in blue). By applying
a negative voltage to T3 and T5, the rest of the system can be effectively "pinched-off". The
device is placed within an on-chip resonator, depicted on the right side of the figure, with a
central transmission feedline with hanging resonators. The first resonator from each of the
two sets is connected to the bias-tee filter, allowing for DC biasing. Note that the resonator
architecture allows for two devices to be mounted simultaneously (one above and one below
the feedline).

Different quantum dots and the tunnelling barriers between them are controlled
using tunnel gates T1-6 (coloured orange in Fig. 3.2), lying on top of the nanowire.
They are separated from the nanowire by a relatively thin 10 nm AlOx dielectric
layer formed with atomic layer deposition, to ensure large lever arm. These gates
can be used to "pinch-off" the coupling to the leads and tune the interdot coupling
between the dots. In this manner, we can modify our system into several different
arrangements. For the first (second) device in our experiment, we apply large (-2 V)
electric voltage on the two side tunnel gates T3 and T5 (-1.3 V on T2 and T4 on the

second device), leaving us with a hybrid double quantum dot, entirely decoupled

Estimated as the distance between the tunnel gate inner edges
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from the leads. In blue, another set of "top” or ‘wrap” gates can be used to define
chemical potential on each dot. However, in our experiment we control the chemical
potential, and thus the charge occupation of each dot, using the side gates (coloured
orange in Fig 3.2), while we use the top gates for resonator-based sensing. Having
the DC and RF gates completely separated is advantageous, as no additional bias
tees are needed to combine the RF and DC signals. The one exception is the bias tee
used for the source-drain bias. Additionally, compared to the side gates, wrap gates
have very high lever arms (as they are closed to the nanowire), which translates into
higher SNR.

To employ reflectometry, the sample is implemented within an on-chip super-
conducting coplanar waveguide (CPW) resonator [53], depicted in the right half of
Fig. 3.2 [54]. The resonator chip consists of the central transmission line, also called
the feedline, with resonators of different characteristic resonant frequencies capac-
itively coupled to it via a hanger geometry . Experimentally, we are interested in
the state-dependent reflection coefficient of the resonator (S11), which is measured
indirectly via the transmission coefficient (Sp1) of the feedline circuit. In this geom-
etry, the resonances can be seen as an overall dip in the transmission spectrum, as a

function of frequency.

As they lie on top of the nanowire/are wrapping the nanowire
Resonators are "hanging" off the central feed line via a capacitive coupling element.
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FIGURE 3.3: The RF wiring of the setup. (a) Both VNA and OPX measurements can be
performed using the setup. In the case of OPX, the output frequency needs to be upmixed
using a local oscillator. (b) RF attenuation and wiring in the fridge. The incoming RF signal
is heavily attenuated using XMA Cryogenic attenuators (roughly additional 61 dB of atten-
uation) and filtered using K&L 10GHz low pass and Eccosorb filters (attenuating additional
1.6 dB per GHz) before entering the puck and reaching the sample. The attenuators are in
thermal contact with the corresponding stages of the refrigerator to ensure thermalisation of
the cable’s inner conductor, thus reducing the noise without further creating it. On the way
out, the signal is again filtered before passing through Quinstar circulator (green) and Kry-
tar directional coupler (blue), both thermalised using copper wires or brackets. The signal is
then amplified again, twice at cryogenic temperatures, using a Lincoln Labs Travelling Wave
Parametric Amplifier (TWPA) and Cryogenic high electron mobility transistor (HEMT) am-
plifier, and again at room temperatures. Although 0 dB attenuators might seem redundant,
they ensure thermalisation with the inner conductor of the cable.
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Chapter 4

Experimental Results

With all the fundamentals set in place, we can now get to work, and design and con-
duct the experiment, in which we hope to get a better understanding of the dynamics
of quasiparticles in superconducting systems.

4.1 Quasiparticle Poisoning

Before introducing the practicalities of the experiment, it is vital to place the exper-
iment in context. Quasiparticle poisoning is a very known limitation of supercon-
ducting devices and has as such been thoroughly investigated in the past by scruti-
nising metallic superconductors [20-22], as well as semiconductor-superconductor
hybrid structures [23-25]. In most cases, the population of odd relative to even states
of the SC (an excess QP on the island, or no excess QP on the island, respectively)
was investigated by either investigating the charge parity effects in SC [55], proper-
ties of supercurrent [56], or in recent attempts by employing radio-frequency reflec-
tometry [20, 57, 58], analogous to the method presented in this thesis. To investigate
the dynamics of QPs, time-resolved scans are typically carried out, with the state-
of-the-art technology allowing for probing the characteristics of poisoning events
on a microsecond scale. For the purpose of our experiment, we probe the system
using time-domain RF reflectometry on a microsecond resolution, an established
technique previously implemented in investigating quasiparticle dynamics [20, 57,
, 60].

As sizes, materials and types of superconducting samples used vary significantly
between different experiments, it is difficult to make any concrete claims or predic-
tions about the rates of quasiparticle generation and relaxations, or their density in
the samples presented in this thesis. For a SC charge island in contact with metal-
lic leads, observed quasiparticle lifetimes are usually on the scale of few to tens of
microseconds [20, 24, 75, 57], with their densities saturating at low temperatures to

The definitions of a "quasiparticle lifetime" often slightly vary based on the methods used.
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around 10 - 60 /um?® [19, 58] . This is within the experimental scope of this experi-
ment.

The origin of QPs in the system can be tracked to different mechanisms. They
might come from the surrounding environment (for example stray EM radiation
might excite an electron on a nearby quantum dot to tunnel onto the island), they
might be located within the topological subgap states, or might be internally excited
through external perturbations or phonons within the island itself. A phonon with
energy larger than twice the superconducting gap could break a Cooper pair, re-
sulting in two quasiparticles with opposite spin and momenta. Here we are mostly
interested in the last two mechanisms, the quasiparticle poisoning dynamics that
happen within the island. To limit poisoning to the events of interest, we can ex-
ponentially suppress poisoning due to the external quasiparticles by introducing a
gapped segment of the wire, while keeping electrical contact with the leads [76]. In
the experiments presented in this thesis, we take this a step further and decouple the
charge island from the surroundings completely and probe it solely using RF reflec-
tometry rather than conductance measurements. This way, we eliminate a need for
the leads, which are in themselves potential sources of quasiparticles.

This is the first time time-resolved studies of quasiparticle poisoning have been
conducted in a superconductor-semiconductor hybrid system, which is completely
decoupled from the leads. This investigation allows for all detected quasiparticle
poisoning events to be associated with the processes related to the SC itself.

4.2 Description of the experiment

To measure the electron-tunnelling events that could be related to quasiparticles on
the island, the following strategy is employed: an empty energy level of a quan-
tum dot is brought in resonance with an energy level on the island expected to host

We need to keep in mind, that these experiments were performed in different systems with electri-
cal contact to the leads, with slightly different energy scales from the ones characteristic of our devices.
For example, [57] reports different gap profiles of otherwise identical devices lead to strikingly differ-
ent trap properties, with smaller gaps trapping the QP’s for a longer time.

"\ \
..................... ~ | R I
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FIGURE 4.1: The different transitions corresponding to different peaks on double-dot CSD.
See Appendix B for details.



Chapter 4. Experimental Results 30

quasiparticles, where we fix the chemical potentials and repeatedly measure the res-
onator response. If no quasiparticles are present, then no tunnelling should occur,
while if there is an excess of electrons on the island above the gap, the QPs can tun-
nel back-and-forth between the two available levels. This can be visible as the shift
in the magnitude and phase (or equivalently the I and Q signal components) of the
RF signal reflected from the system. Due to particle-hole symmetry in the supercon-
ductor (where creating a QP at positive energy is equivalent to annihilating a QP at
negative energy), we expect two energy tunings allowing for that transition (as illus-
trated in Figs. 4.1c and 4.1d). As the superconductivity in our sample occurs via the
proximity effect, we might expect a subgap state 2A away from charge transitions,
with A the lowest single-particle energy state (a subgap state, shown as a blue line
in Fig. 4.1).

By carefully investigating possible tunnelling events between the SC and a nor-
mal QD in a floating regime, we can thus predict how quasiparticle poisoning events
should imprint themselves on the charge stability diagram of the system. A com-
plete and detailed description of the processes resulting in a CSD as the one in Fig.
4.2b, together with derivations of the spacings of the parallel lines, is given in Ap-
pendix B.

First, operating the hybrid double dot in a floating regime causes the CSD to lose
the grid-like structure, resulting rather in parallel lines, which become unevenly
spaced when one of the dots is superconducting, and even total charge number
is preferred on the island (Fig. 4.2b). This results in broader even regimes with

E?D + 23, and narrower odd regimes with spacing S,/a =

spacing S./a = E3¢ +
ECSC + EEQD — 2A. Combined with the energy spacings of the QP tunnelling config-
urations, we expect the "shadow" peaks, to lie in the middle of the even Coulomb
blockade regime, with the same odd-regime spacing. In other words, the expected
shadow peaks should reside exactly where the le periodic peaks would be if you
killed superconductivity. This feature has been experimentally observed before in
hybrid devices conductance measurements [24, 55, 61], but never in reflectometry
measurements.

Such CSDs have been previously reported within our group (figure 4a) in [62]),
but no additional "shadow" lines indicating QP transport was visible. Arguably,
however, it would be too early to claim no quasiparticle events occurred. The best
we can claim is that at the time resolutions and integration times used in the experi-
ment, no tunnelling events indicating the quasiparticle poisoning could be visible.
However, a CSD of the hybrid double dot in the floating regime (Fig. 4.2a), mea-
sured before proper shielding was in place, shows le periodicity in gate voltage .
The most probable explanation is that external high-frequency radiation was inci-
dent on the sample, which caused a steady-state, non-zero number of quasiparticles

It could be that the spacing in the diagram was, in fact, 2e, but based on the known values of the
lever arms we ruled that option out.
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FIGURE 4.2: (a) 1e periodic signal, hinting at non-zero number of quasiparticles on the is-
land. This was sufficiently fixed using filters and protecting the sample from high-frequency
radiation, and the 2e periodic response as in (b) was restored. (b) An even-odd spacing in
the CSD indicates the preference for an even number of charges on the island, a character-
istics of superconductors. The difference in the even and odd peak spacing Sepen — Soq4 is @

direct measure of A.

on the island. After proper shielding was in place ', the 2e periodicity (as in Fig. 4.2b)
was restored.

To more precisely probe individual quasiparticle dynamics on the island, a single
line-cut of the diagram in Fig. 4.2b is measured (along the purple line), which ex-
perimentally corresponds to sweeping the voltage of the normal QD gate. What we
obtain is a single line-cut (bottom of Fig. 4.2b), which allows us to more thoroughly
investigate the spectrum, looking for a potential third and fourth peak. To investi-
gate time dynamics, we integrate over 1.000 and 30.000 successive 1 us pulses. This
allows us to produce a "time-map’ of tunnelling events of microsecond resolution.

4.3 System Tune-up and Characterisation

Before presenting the proper experimental results, it is useful first to discuss the
steps needed to tune the device, such that the experiment can take place. To do so,
we make use of both DC and RF measurements. In particular, we want to define a
double quantum dot decoupled from leads with an intermediate interdot coupling
(1), gain some information about the energy scales and energy values of the system
(2) and characterise the resonant frequency for each dot’s resonator (3).

In order to define floating quantum dot systems, it is necessary to investigate
the ranges of the tunnel gate voltages T3-5 (T2-4 in the second device), that either
completely restricts the flow of electrons or allow for weak tunnelling across them.

More precisely, the addition of bandpass and eccosorb filters, circulators, and the directional cou-
pler. Afterwards, all the seams of the copper sample box were we sealed off using copper tape, sur-
rounded by eccosorb pads and finally wrapped in Mylar foil. The setup in Fig. 3.3b shows the already
shielded circuit)
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FIGURE 4.3: By investigating the current between two dots, pinch-off curves for each of the
gates can be plotted, and we can determine what voltage provides weak tunnelling across
them, and what regime completely decouples two neighbouring dots. An example of such
curves for (a) T3, (b) T4 and (c) T5 tunnel gates is given. These are hysteresis curves: we first
sweep the gate voltage in one direction (0.0 V — -0.5 V, black curve), and then back in the
other (-0.5V — 0.0 V, red curve). This is significant, as the similarity between the two curves
is an indicator of the stability of our device. An important thing to keep in mind is that if the
refrigerator is thermally cycled, pinch-off traces change as well, thus these curves, although
for the same gates on the same device, might differ from the ones given in Appendix C.1.

To do so, we can measure the current through the system, and plot so-called pinch-off
curves for each of the gates, an example of which for one of the devices is pictured
in Fig. 4.3. While these curves provide a good estimate of the pinch-off voltage , they
mostly serve only as a rough indicator of the ranges of voltages necessary to provide
weak tunnel coupling between the two dots. To this end, we usually perform a
more "zoomed-in" RF measurement monitoring the reflected signal, as a function
of the tunnel gate voltage and dot’s side plunger gate voltage, trying to determine
what ranges give us the brightest (in this case) 2e periodic response. For the first
(second) device in our experiment, we applied electric voltage of of T3 = T5 -2V
(T2 = T4 = —1.3 V), while setting the middle barrier T4 = —0.385 V (T3 = —0.4 V).
For the DC and RF pinch-off scans of our device, see Appendix C.1.

Returning to the theory chapter, a standard method of characterising the SC-QD
double dot, is by measuring the DC current (or RF signal) by sweeping the chemi-
cal potential of the charge islands using their plunger gates, together with the bias
voltage Vji,s. This way, we obtain Coulomb diamonds - Coulomb blockade regions
of stable charge state configuration, whose dimensions are directly determined by
the characteristic energies of the system (as illustrated in Fig. 2.2). To focus only on
the SC-QD double-dot system, the gates not defining the double dot are "'opened’ not
to affect the system. This is achieved by simply setting them to zero voltage, thus
effectively extending the leads. It should be mentioned at this point, that the second

sample showed no conductance between the lead and the drain, making Coulomb

The voltage needed to completely suppress the current across the barrier, make the island floating.

There still was conductance between individual dots, as well as functional gates allowing for QD-
SC system to be defined in the floating regime, thus making the experiment possible. The likely reason
for that was a disconnect at the contacts, or one of the bonds failed.
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FIGURE 4.4: Coulomb diamonds for the normal QD. Left panel shows current as a function
of gate voltage and bias, while the right figure shows conductance (numerical derivative of
the current, with respect to the bias voltage) in units of conductance quantum. In a similar
way, we can determine the charging energy of the SC (See Appendix C.2).

diamond DC measurement impossible. In that case, a CSD of the double dot system
could still be measured through RF sensing, although no claims about any precise
value of energies of the system could be made without the knowledge of the lever
arm.

A Coulomb diamonds DC current scan of the first device is shown in Appendix
C.2. The most striking feature to notice in the scan is that the diamonds overlap due
to superconductive leads. The Coulomb blockade diamonds, centred around zero
bias spread out due to the blockade induced by the superconducting gap in the SC.
This enforces another tunnelling restriction on the energy the electrons must obey.
At the same time, this implies that the value of A can be read off the plot as the
width of the blockaded region. By measuring the height of the gap, as well as the
dimensions of the triangles on each side of it, the charging energy of the dot, as well
as its lever arm, can be determined. For the first sample, the values estimated from
the Coulomb diamonds are EZ” ~ 350 eV, ESC ~ 135 peV, A ~ 125 peV and lever
arms of #9P = 0.8%, #°C ~ 1.1% for the normal QD and SC island, respectively.

To draw the correspondence between the resonant frequencies of the resonators
and plunger gates, we can perform a full sweep of the probe frequency, noting reso-
nances as dips in the amplitude of the spectrum. Results of such a scan for the second
device are shown in Fig. 4.5, while the zoomed-in scans are given in Appendix C.3.

Both VNA and OPX can record the full complex transmission, so the resonator
response can be given in terms of the magnitude and phase, which can be translated
into the in-phase (I) and quadrature (Q) components. This way, measuring many
RF responses for a particular energy configuration of the system, the two compo-
nents from the complex signal can be extracted and represented in a 2-dimensional
IQ histogram. This way, a single peak in the histogram indicates a single frequency
response, while any splitting behaviour of the histogram indicates a two-level re-
sponse. Thus, this provides a handy and robust tool for the analysis. This will be
further illustrated in Section 4.4.

Lastly, we want to tune the power of the resonator to a suitable value. The opti-
mal SNR is a subject of balance between two competing factors. Namely, increasing

the power increases the signal relative to the noise, but at the same time drives more
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FIGURE 4.5: Resonator response for the second device. The responses identified to corre-
spond to the normal dot and the SC dot plunger gates are indicated on the plot. Using a
fitting algorithm, their frequency values of 5.79579 GHz and 6.28044 GHz, respectively, are
extracted. Other dips correspond to the plunger gates of other dots present on the chip. As
there are two devices mounted on the resonator chip simultaneously (see Fig. 3.2) half the
peaks correspond to either of the two devices'.

excitations in the double dot, which reduces the frequency shift. An initial power
scan of the first device is given in Appendix C.4, but a more detailed treatment is
described in Section 4.4.1.

4.4 Experimental Data

The experimental section consists of five main parts. First, temporal scans and their
heavy analysis are presented for systems in which we vary the tunnel gate between
the two dots (1), for systems where we intentionally try to induce quasiparticle poi-
soning events, either by increasing the RF power (2) or increasing the operating tem-
perature of the refrigerator (3). Additionally, we report an observation of histogram
splitting behaviour on resonances in certain scans (4), and finally discuss the results,
and list possible theoretical and practical limitations of the experiment (5). Mea-
surements reported in (1), (2), and (4) were performed on the first device, while the
temperature scans on the other one .

At this point, the refrigerator is cooled down to the base temperature of 15 mK,
the gates of the quintuple dot device are appropriately pinched, forming a double
dot with an intermediate interdot coupling displaying an even-odd CSD pattern,
with resonators of different characteristic frequencies capacitively coupled to each
of the two dots, allowing for reflectometry readout. In the experiment, the chemical
potential of the SC is held constant throughout the measurement. At the same time,
the voltage on the plunger gates of the normal quantum dot is swept, in line with the
horizontal line-cut through a CSD for the double dot system, as the one indicated by

Note: of the two devices on the chip, measurements presented in this thesis were performed only
on one.

There is no particular reason for that division other than the availability of devices at the time of
measurement.
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a purple line in Fig. 4.2b. A suitable voltage on the SC dot is set, such that the system
is tuned into a regime with even-odd spacings and displaying little charge jumps .
These values, along with the value of the interdot gates, were varied through the
experiment according to conditions listed above.

4.4.1 Power Scans

The idea is relatively straightforward; as noted in Fig. 4.2a, a sample without proper
shielding was subjected to large amounts of high-frequency environmental radia-
tion, causing a steady-state presence of quasiparticles on the island. Similarly, by
intentionally radiating the system with high-power RF signal we hope to induce
Cooper-pair breaking and get a few-quasiparticle population on the island, which
could manifest as a third and fourth peak within the Coulomb blockade. We further
investigate if that only happens when we are radiating the SC’s gate, or if there is
some cross-coupling interaction when applying the power on the neighbouring dot.
In order to conduct the experiment, we slightly reconfigure the setup by unplug-
ging the VNA and plugging an RF source, so that we can input a constant RF signal
through one of the resonators coupled to either the SC’s or the normal QD’s gates,
while independently measuring the other one using OPX.

We scan the QD gate voltage range between VgQD =—-19Vand VgQD =-14V,
covering about 4 transitions (producing roughly two pairs of parallel lines). We find
that V;C = —1.35 V yields a good regime, which is a value we use throughout
the entire power dependence investigation. At each point along the VgQD, 1.000 re-
sponses are measured, each of 1 s in duration. An example of one of such temporal
power scan is given in Fig. 4.6a, with the averages of all power scans, show in Fig.
4.6b.

From the plots, we can see that increasing power above -110 dBm diminishes the
response, as expected from the preliminary power dependence scans. The curves
are intentionally offset (1.3 rad) along the vertical axis for clarity, while the offset
along the horizontal axis (most notable when comparing the scans of -130 dBm and
-120 dBm) could be explained by a charge jump that occurred in-between the two
measurements. The expected power dependence of the imparted phase shift is ob-
served, with a gradual decrease in the height of the peaks towards the upper and
bottom limits of applied power. However, concerning the quasiparticle poisoning,
we cannot claim much from this plot - in particular, after averaging no third or fourth
peak can be visible, so the further subsequent analysis is required.

By plotting a histogram of the 1.000 I/Q values at each voltage, we can inves-
tigate the response more precisely. However, as it turns out, having only 1.000
points yields very scattered histograms, making it extremely challenging to reach
any conclusions about the general shape of the distribution. Assuming Gaussian

distribution of the histograms, we can fit each of them using a double 2-dimensional

A sudden and random change in the electrostatic surrounding of the island (for example an elec-
tron in the gate oxide jumping closer to the island), which slightly offsets the CSD.
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FIGURE 4.6: (a) An temporal scan corresponding to resonator probe power of -120 dBm at

the sample level. Each point along the VgQD in range of 0.5 V was measured 1000 times,
represented in the plot as the vertical axis. Even-odd spacings are still visible. (b) The effect
of different powers is summarised, different curves are offset for clarity. All of the responses
plotted in figure were obtained by applying the RF power to the resonator of the SC dot.
There was no significant change when applying the RF power to either of the neighbouring
dots.

Gaussian curve. We can compare the distributions characteristic of Coulomb block-
ades with those around the voltages where the third and fourth peak are expected
to show on the diagram. Their positions within the even regime is (Seven — Sodd) /2
distant from each of the two lines bounding the wide spacing, with Sepen (So44) the
even (odd) spacing in the diagram (as illustrated in Fig. 4.7 and explained in Ap-
penedix B). Examples of histograms for an intermediate power of P = —110 dBm, at
resonance, the expected QPP regimes and within Coulomb blockade are illustrated
in Fig. 4.7, with additional figures for low and high power limits presented in the
Appendix C.4. The remainder of the analysis in this thesis was mostly done in the

same or very similar manner.

4.4.2 The effects of tunnel gate T4

Next, we investigate the effects of varying the interdot gate voltage of the system.
Following an approach analogous to the one presented above, we conduct the ex-
periment, where we construct a 4-dimensional data set: VgQD Vs iterations vs resonator
response vs T4. Here we investigate if any notable effects arise when we vary the volt-
age on the tunnel gate between the two dots. As the tunnel gates are directly related
to tunnelling amplitudes, it could be expected that decreasing the tunnel barrier in-
creases the probability of the quasiparticles tunnelling between the island and the
dot. We sweep over the gate voltage range between —1.9 V and 1.4 V in 201 incre-
ments, tunnel gate voltage T4 range between —0.1 V and —0.2 V in 101 steps, while
at each combination of the two, recording 10.000 1 us pulses measuring the ampli-
tude and phase (or I and Q) values. Following the histogram-analysis presented
in the section above, the aim is to investigate if any of the histograms distributions
show splitting, elongation or any behaviour indicating a resonator response alternat-

ing between different values. To summarise the results, in short, varying T4 seems
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FIGURE 4.7: The power scans analysed using histograms. The top plot shows the relation
between the gate voltage and the measured amplitude of the signal. The white line shows
an averaged response, clearly showing two pairs of even and odd regimes. Using a peak
finding algorithm, we can determine the positions of resonances, as well as calculate the
expected positions of QPP peaks. We compare average histograms of Coulomb resonance
(bottom left, blue), along the line where we expect the shadow peaks (bottom middle, red)
and deep within Coulomb blockade (bottom right, green). The resonator response changes
when on resonance due to electron tunnelling, while no distinguishable difference can be
determined between the two other responses. The histogram of the resonant case shows a
splitting of the histogram distribution, rather than simply shifting. We discuss this in more
detail in Section 4.4.3.
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to have no noticeable effect on the telegraph plot, once the tunnel gate is tuned in a
suitable regime (as in Figs. C.1 and C.2). Similar to the measurements above, there is
a significant on-resonance dispersive shift, but histograms from within the Coulomb
blockade show no distinct pattern.

Having more points in the IQ histogram plane, the power dependence analysis
can be improved by more carefully scrutinising each of the histograms of interest.
In particular, the histograms of potential shadow peaks are compared with the av-
eraged response from all scans within the Coulomb blockade. In this way, effective
background filtering is achieved. In Appendix C.5, a concept of Gaussian division
of the two plots is introduced, where we show how tiny shifts manifest as distinct
coronae. However, even after such investigation, no particular response could be
detected for off-resonant cases. However, a particularly interesting response was

noted at some resonances of some values of T4.

4.4.3 Two Level Fluctuator

In some cases, a splitting behaviour rather than shifting is detected on Coulomb reso-
nances. An example of such splitting for the tunnel gate T4 = —0.36 V is illustrated
in Fig. 4.8 (some splitting behaviour can also be seen in Fig. 4.7). In general, we
expect to record a signal characteristically different from the one within Coulomb
blockade, which shows as a histogram distribution with a shifted peak. Using dis-
persive gate sensing (DGS), a single shot readout with an SNR of 2 for an integra-
tion time of 1us has been previously reported, enabling differentiation between the
Coulomb blockade and resonance [4Z]. In the context of measurement-based quan-
tum computation, such as Majorana qubits, DGS has been proposed in some archi-
tectures as a viable way of high-fidelity and fast readout. Such resonant splitting as
repeatedly observed in some regimes might prove to be a limitation to these archi-
tectures, so it requires further analysis. At the same time, this investigation provides
a set of useful tools, in analysing a time-resolved telegraph signal of the resonator
response, such as we might observe in the case of quasiparticle poisoning.
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sponses in Fig. 4.8 is given in Fig.
49a. Finally, as these responses

were measured in time, we can plot

the telegraph signal (Fig. 4.9b), and =t ) 0.03

infer counts of (confidently charac- o
FIGURE 4.8: Splitting on resonances. In some

cases, a splitting of the IQ histogram was observed
of the two histogram peaks, and av- on Coulomb resonance. The upper plot shows an
averaged scan, while the bottom one shows the
histogram of all resonator responses measured at

terised) resonator response for each

erage and maximum times of the
system giving one or the other res- the particular value of V(‘?D (vertical line on the up-
onator response. By measuring per plot).
the time dynamics of the two re-
sponses, we can gain knowledge about the time dynamics of the system itself.
Physically, the two different responses indicate the presence of two different
quantum states. Although this could be explained by excess quasiparticles on the
island, where a QP poisoning event is effectively causing the system to be in a block-
ade regime, we rule this option out, as in that case, we would also expect to see
some shadow peaks within the Coulomb blockade. The most probable explanation
for that, however, is that somewhere in the dielectric, some form of a two-level fluc-
tuator is coupling to the system, causing the two-level response in the resonator
response. This claim is further supported by the fact that at different tunings, the
distribution splitting seems to be random.

4.4.4 Temperature Dependence Scans

Finally, the last mechanism with which we try to induce Cooper pair breaking and
subsequent poisoning events is by raising electron temperature. As introduced in
Section 2.2, superconductivity is achieved when the temperature of some materials
is sufficiently lowered below a particular, material dependent critical temperature
Tc, which is for aluminium at 1.2 K [63]. Contrary to the prediction implied in Eq.
2.14, thatat T = 0, f(Ex) goes to zero for all momenta k, experiments show, that at
low temperatures quasiparticle density saturates to a constant value [19, 21]. As we
expect the rate of QP tunnelling to depend on the number of excited quasiparticle
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FIGURE 4.9: By analysing the telegraph signal, we can determine the average occupancy of
each of the two states, giving two responses in the IQ plane. (a) shows a rotated histogram
after the two distributions have been identified, and the histogram has been rotated. We
define a middle section, from which the resonator responses cannot be reliably identified.
(b) An insert of the telegraph signal, showing the alternation between the two states. Points
in the middle do not affect the switching, and are assigned to the distribution from which the
last response came. This way, we obtain the upper limit time values. For this particular scan,
the average dwell times of the left and right distribution are 5.00 s and 9.40 us, respectively.

states on the SC island N, it is worth relating the temperature to the actual number
of quasiparticles on the island [64]

Ns =2D(Ep)V /A " dE 4.1)

E
v/ E2 — AZfE
~V21D(EF)V+/AkgTse 2/%Ts, (4.2)

Using the literature value for the normal-state density of states at Fermi energy
in aluminium D(Ep) = 1.45 x 10¥]71m ™3 [59] and estimating the dimensions of
our SC island approximately V' = 1um x 70nm x 7nm (L = 1.9 um for the second
device), we can roughly estimate the expected number of excess charges as a func-
tion of the temperature of our bath. An important thing to note here is that this
equation describes systems with a hard superconducting gap, which is not the case
in superconductor-semiconductor systems. This can still serve as a top-limit esti-
mate at what temperatures we might expect to be in a regime of few quasiparticles
on the island, and what temperature resolution we would require in order to sepa-
rate between ‘few” and ‘'many” QP regimes on the island. For a typical value of the
superconducting gap between 100 and 200 ueV, the interplay between the average
number of QPs on the island and the temperature of the bath is illustrated in Fig.
4.10.

The estimates from Fig. 4.10 give us an indication of the ranges of temperatures
that coincide with a few QPs on the island and give a rough indication of what
resolution of temperature would be required to observe that transition. Not enough
QPs would result in no signal (as reported in sections above), while too many QP’s
on the island would turn the signal le periodic. Similar results were previously
already reported in [67]. Luckily, some control over the temperatures in the fridge
can be implemented. In particular, for this experiment, the response of the resonator
as a function of both gate voltage and the temperature is measured 30.000 times,
with 1 ps pulses, as before. The full parameter space over which the device was
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FIGURE 4.10: The quasiparticle number as a function of the temperature of the sample. As
we do not precisely know the value of our superconducting gap, this plot serves mostly
as an upper limit estimate of the temperature regime, and resolution we would require to
manipulate the average excess QP number on the island to be between 0.5 and 2. For our
system, these numbers are realistic, motivating us to investigate this further.

characterised is summarised in Table 4.1.
For the investigation of

the temperature dependence,

only the second sample & 0.0 s0mT
was used. To establish the S 01 il
presence of the supercon- .G -0.2 W \"‘.“m'f'F\'\»'“‘v’m“"“h'v‘mh‘/\w'{M\‘J‘"’ﬂ"‘,ﬂf DAL
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firm the origin of 2e peri- 7 =3 > ) )

odicity in the CSD in the Vg’D (V)

floating regime, the sample

FIGURE 4.11: Magnetic field dependence, vertical axis off-
set for clarity. As the magnetic field is increased, 2e to le
transition is noticable, in line with superconductivity in our
conductivity at large mag- sample.

was first swept through a

magnetic field. As super-

netic fields is effectively de-
stroyed, we should be able to notice a 2e to 1e transition in the spectrum (as observed
in Fig. 4.11). Additionally, from the zero-field scan, even-odd spacings can be de-
termined, from which the charging energies (corrected with an unknown lever arm
«, presumably in 0-1 %) can be obtained. We measure the average even and odd
spacings to be S, = 0.2985 V, S, = 0.11613 V, respectively, yielding aA = 0.0457 V.
We follow the same analysis of this data-set, as described in sections above. Af-
ter investigating initial average scans (presented for temperatures near the 2e to le
transitions in Fig. 4.12) for subtle third and fourth peaks (to no avail), histograms for
different values are investigated using the method presented above and in Appendix
C.5. As expected, by increasing the temperature, initially 2e diagram transitions into
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T3 | T2=T4 | OPX Power wp(QD) VgQD range T range
-04V | -1.3V | -39.81dBm | 579548 GHz | -4V — -1V | 15 mk — 240 mK
8V -5V

TABLE 4.1: Parameter space for the temperature sweeps. Operating at increasing temper-
atures, re-tuning of the voltage range was required to ensure large enough SNR. In both
cases, the system was scanned in increments of 0.005 V. The operational temperatures of the
refrigerator were 15 mK (base temperature), 100 mK, and between 150 mK and 240 mK, in
increments of 10 mK. Initial VNA scans indicated le periodicity at 240 mK, confirming the
prediction from Fig. 4.10 for a gap on the order of hundred peV.

le periodic Vg'QD dependence on the reflected signal. Although the transition is grad-
ual, "by-eye" we estimate that the transition happens between 180 mK and 190 mK.
As before, resonant configurations are observed as a shift in IQ histograms, while no
such pattern can be detected for configurations allowing for QP tunnelling events.
One of the bigger limiting factors in the analysis is the fact that due to small value
of A, even and odd regime spacings Seven, Sodq are nearly the same, which places the
two shadow peaks at the foothills of the degeneracy peaks. As the last point, it is
worth mentioning that we did not observe any two-level fluctuators on resonances

in either of the temperature scans.
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FIGURE 4.12: Averaged scans for different temperatures between 170 mK - 210 mK, where
the 2e to le transitions gradually occurs.
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4.5 Discussion

So, where are all the quasiparticles? Or better yet, why aren’t we seeing any? In this
section, we explore and evaluate the two limitations that prevent quasiparticle tun-
nelling from being seen. First, we evaluate the methods used in this experiment,
and secondly, we investigate the physics of quasiparticle excitation relaxation and
poisoning rates.

It is useful to first discuss the limitations of our method. The time resolution
of the experiment is limited by a couple of factors. First, the length of the pulse
integration time is 1.000 s, with about 400 ns of wait time in-between pulses. This
can roughly serve as a lower bound for the time resolution. The upper bound is
somewhat related to the length of the entire measurement along a single voltage,
which in our experiment ranges between 1 and 30 ms (between 1000 and 30 000
iterations). This means that the processes with rates that fall within this range can
be measured using the setup. Clearly, a process with rates much higher or much
lower than this resolution can not be resolved. We discuss the interplay of these
rates a bit more into detail later on.

Another methodological limitation comes from determining the energy values
of the system. Although for the analysis, relative energy values will do the trick,
in order to draw any conclusions and to calculate expected rates at various condi-
tions, these values can prove to be very useful. However, as the second device was
slightly damaged, we were not able to precisely determine the values of the charging
energies, which made temperature dependence calculation slightly less precise.

In the experiment, we need to acknowledge
three main rates, determining the dynamics of

the system: tunnelling rates between the island

and the dots I';, the quasiparticle poisoning rates 2 I

(excitations from within the condensate) Iy, Texe Ter
- Go- GO~ G0 - < - -

and quasiparticle relaxation rates I',,;. These
rates are schematically illustrated in Fig. 4.13.
The interplay of these rates should determine 'i

the number of quasiparticles present on the is- —

land, and the amount of QP that we can de-

FIGURE 4.13: The rates present in
the system, assuming any external
bers are not necessarily the same, which might no external sources of quasiparticle
generation is negligible compared to

] ) i the rates from within the island. By
the shadow peak locations. In particular, either investigating these rates, we can bet-

the recombination rate of QP is much larger than ter understand the dynamics of the
system.

tect using DGS. Do note that these two num-

explain the lack of the detected signal around

the tunnelling rate (so the QPs will preferentially
want to stay on the island), or the excitation rate
is much lower than the recombination rate (so the QPs are very rarely generated,

and when they are, they recombine quickly).
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Let’s first take a look at the relationship between the recombination and tun-
nelling rates. Importantly to note, DGS does not measure a single electron tunnelling
events. Rather, it indicates a degeneracy of two energy levels, when an electron
present on one can tunnel back and forth between the two dots thousands of times,
with rates on the order of GHz [48]. If the rates of recombination of quasiparticles
on the SC island are much larger than the rates of tunnelling between the dots, the
electron might recombine back in the condensate much too often, leaving behind
no characteristic footprint in the resonator response as compared to the Coulomb
blockade.

Detailed Balance condition rates

An important question, that has to be addressed in any telegraph measurement of
physical systems, is what are the expected rates of the processes we attempt to mea-
sure. In the case of this experiment, rates we are in particular interested in are the
excitation and relaxation rates of quasiparticles. To do so, we investigate the bal-
anced condition rates. The idea is that in any kinetic system in equilibrium, the
system’s elementary processes should also be in equilibrium with their reverse pro-
cess. For the systems under investigation here, we need to consider two states, the
ground state, where all the electrons are neatly paired up in Cooper pairs, and there
is no excess of quasiparticles on the island (a non-poisoned state), and the excited
state, where we have some finite unpaired electrons on the island (poisoned state).
The energy difference between the two states depends on the energy gap of the su-
perconductor - the minimal energy that is needed in order to break a Cooper pair,
2A. The transition rates between the two states can be visualised as in Fig. 4.13,
where I';y is the rate of exciting quasiparticles, and I';,; the rate of their relaxations.
These two rates are related to one another through

Iﬂexc - eiAE/kBTrrel (43)

where AE is the energy cost of the transition, which in our case equals 2A. To
avoid explicitly predicting the two rates, further analysis can be done by simply
investigating their ratio, which for typical value of the the energy difference A =
150peV and quasiparticle temperatures up to 1 K

Lexe _ -8/ 06 (at 1K) (4.4)
I-|rf,’l

~9x1077. (at200 mK) (4.5)

This yields the rate of excitations many orders of magnitude below the number
for the rates of relaxations. At the same time, for very low QP concentrations, the
relaxation rate can be suppressed by virtue of the fact that it takes a while for two
quasiparticles to find each other and recombine.

Reports from [20] cite quasiparticle temperature to be slightly larger than the electron temperature.
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Chapter 5

Conclusion and Future Directions

In this thesis, we have briefly introduced the working theory of (superconducting)
quantum dots, elucidated the principles of dispersive gate sensing, and attempted to
scrutinise a paradoxically known yet unexplored problem of quasiparticle poison-
ing (QPP) in superconductor-semiconductor hybrid double dot devices. Although
many previous experiments have been done investigating the rates related to the
poisoning processes, most of the available research data describe the dynamics in
pure superconducting devices or investigate the systems coupled to galvanic leads,
which are in itself a significant source of quasiparticles. In this work, we focus on
isolated superconducting islands embedded within a hybrid device, like the ones
proposed to host Majoranas.

To that extent, we have used a technique of dispersive gate sensing (DGS) and
designed an experiment in which we investigate the processes arising when excess
quasiparticles are present on the island. Using reflectometry for the purposes of
DGS, we were able to carry out the experiment in a so-called floating regime, where
using voltage-controlled tunnel gates, we were able to suppress external tunnelling
events from the nearby leads. This enabled us to focus solely on the internal poi-
soning processes of the superconductor, which were previously unexplored. Using
time-resolved spectroscopy, we recorded charge-tunnelling dependent resonator re-
sponses with a microsecond integration time. In principle, for a process occurring at
rates that are slower than the measurement frequency, this technique can be used to
convert a relatively faint difference between two states (for example a poisoned and
an unpoisoned state), into a much clearer signal of the gate being either on Coulomb
resonance versus on Coulomb blockade.

As no clear signal could be visible at the base temperature at normal operational
conditions, we attempted to intentionally induce quasiparticle poisoning by irradiat-
ing the sample with radio-frequency (RF) power, and by increasing the temperature
- both known factors with an effect of increasing the average number of quasipar-
ticles above the SC gap in superconductors. However, no QP tunnelling processes
could be observed. A possible answer to this observation could be provided by the
principle of detailed balance. It predicts that in thermal equilibrium at temperatures
used in cryogenic refrigerators, Cooper pair breaking rate falls multiple orders of
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magnitude short of the recombination rates. Alternatively, the models for super-
conducting systems we used to predict thermal effects might wrongly estimate the
quasiparticle density in hybrid devices and do not account for how the presence of
the Majorana modes itself changes n,,. Lastly, as the signal-to-noise ratio becomes
increasingly smaller at higher temperatures, as well as higher powers, quasiparticle
poisoning events might impart a minuscule dispersive shift, which hides within the
noise level of the device. For a more precise value, a quasiparticle number fluctu-
ation using a master equation formalism could be investigated, similar to the one
presented in [65].

Additionally, we have shown how a long telegraph measurement can make vis-
ible processes which are not necessarily evident from an averaged measurement.
This was further illustrated with the two-level fluctuator example, whereby charac-
terising a telegraph signal of two distinct histogram peaks in the I/Q plane, we were
able to determine average dwell times, and characteristic lifetimes of each state. This
approach is also well suited for quasiparticle poisoning data analysis, where two
different responses from the resonator would indicate either a poisoned or an un-
poisoned state.

An important thing to note is that not observing a shift, does not necessarily
imply that the island is not poisoned. DGS does not measure a single electron tun-
nelling events, but rather indicates a degeneracy of two levels, where an electron can
tunnel back and forth thousands of times, with rates on the order of GHz. If the rates
of recombination of quasiparticles on the SC island are much larger than the rates of
tunnelling between the dots, the electron might recombine back in the condensate
much too often, leaving behind no characteristic footprint in the resonator response.

To that end, an improvement to the proposed experiment could be made, where
these rates are increased in one way. By adding a second quantum dot to the double
dot system, we could design a sort of "vacuum cleaner" for the quasiparticles on the
island. By tuning the two dots in resonance with one another, but slightly below the
resonance with respect to the gap of the SC island, we could measure the tunnelling
events between the two dots. If initially, the two energy dots are empty, the only
source of electrons would be from above the gap of the superconducting island. In
this way, further insight into the dynamics of quasiparticles on the island could be
made.

Finally, a fair question that still needs to be addressed in relation to the outlook
of the experiment is whether the setup proposed in the experiment, where a dou-
ble dot system is completely decoupled from any leads, can be used in a context
of qubits, more precisely, Majorana qubits. Based on recent proposals for scalable
designs allowing for QPP-protected topological quantum computing [13, 14], a de-
vice predicted to host a topological qubit can (in theory) be operated entirely within
the Coulomb blockade relative to the leads. It stands to reason that the qubit could,
therefore, be realised and measured in a floating regime using DGS. Particularly, if
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the poisoning times are significantly shorter in floating regimes, this could probe the
way towards even more protected qubit schemes.
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Appendix A

Toy Model for Excited State

Driving

A.1 Hamiltonian in the Rotating Frame

The Hamiltonian for a double dot with finite tunnel splitting is given by

T

H/h:2

o, + gax. (A1)

where T = %, with 2t, being the full splitting of the anti-crossing at charge degen-

eracy, and o; the Pauli matrices given by

o (22) e () (1) e
with simple commutation relations given by

(01, 0] = 2€i310%,
with €; the Levi-Civita symbol. Modulation around degeneracy with frequency w
implies

EcC,V,
e(t) = egcos(wt) St 247 cos(wt)
_eaViy

h

cos(wt), (A3)

with V;¢ the maximum amplitude of the RF gate voltage around the degeneracy
point. In the last part we use the double dot electrostatic energy given by [33]. By
defining the unitary operator U as U = exp(ijwto:),, the Hamiltonian transforms
according to:

H/h — U(H/m)U" +iuut .= A/n, (A.4)
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with daggers denoting complex conjugates, and the dot above U time derivative.
The second part of this equation, iIUT, can be evaluated relatively straightforwardly:

- 21 1 1
iuut :zziwaz exp <12wt(72) exp <—12(Ut(7z> =
1

The first part requires a little more effort. The idea is to commute the U' operator
through the Hamiltonian, where on the other side it will cancel out with U operator.
As the operators of the Hamiltonian will not necessarily commute with the operators
of the rotation operator U, this will result in extra terms.

U(H/h) u’r :el%wtvz <EUZ 4 §0x> e—z%wtaz
— ei%wt(rz <ga_z>e—i%wtaz _{_ei%wtaz (gax>e—i%wtaz

503, as 0z and 0, commute

|l

i1 € il
:EUZ 4 ezzwtaz (5@:)6 15 wtoy
T 1 | € 1 .1
=50 + <Icos(§wt) + zazszn(iwt) (EO'X) (Icos(iwt) - ZUZsm(Ewt)
T 1 o1 1 € € .1
=50 + (Icos(iwt) + zazszn(iwt) (Icos(iwt)iax - 1§szn(§a)t)axaz).

where the exponent was expanded according to the Euler’s identity

¢l29i%: — Icos(%wt) + i(fzsin(%wt).

Here, the commutation of ¢, and ¢ is not straightforward. We need to consider
the commutation relation between the two Pauli matrices, [c7,0;] = 2€;;0%, with
€ijx being the Levi-Civita symbol. For the case of 0y and 0 this expression yields
lox,02] = 0x0; — 0,0¢ = 2i(—1)0y, which means that we can replace the o,0; in
the expression above with 0,0y — 2ic,. Remember, the motivation behind this is to
commute the Hamiltonian term through the rotation operator in order to simplify
the expression in the next step, where the two complex conjugates should cancel out.

The detailed working out is presented below:
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U(H/mu' :%az + (Icos(%wt) + iazsin(%wt)> (Icos(lwt)fax - ifsin(%wt)(azax - 2i0y)>

2 72 2

_t
T2 2

2 2

i1 i1
:e:jwmz *eﬂjwtaz =1

T € € 1 .1 € . 5,1
=—0, + 50~ EZIcos(iwt)sm(Ewt)Uy - 2z§sm (Ewt)azay =

2

T € 1 .1 o1

50215 (U’x — 2Icos(§wt)sm(§wt)ay — 2sin (Ewt)ox> =
T € .o, 1 1 -
EO'Z + E((l 2sin (Ewt) Oy ZIcos(EaJt)szn(Ewt) (Ty> =

=cos(2wt) =sin(23wt)
:%az + §<cos(wt)(7x - sin(wt)ay) =
:%az + 62—0cos(wt) <cos(wt)0x — sin(wt)oy> =
:%az + 62—0 (cosz(wt)ax — sin(wt)cos(wt)oy + % — %) =
:%(TZ + %% ((ZCOSZ(wt) — 1)oy — 2sin(wt)cos(wt) oy, + (Tx) =
—cos(2wt) —sin(2wt)
:%az + €4—0 (ax + cos(2wt)oy — sin(ZaJt)ay)

The full Hamiltonian in the rotating frame can thus be written as

H/h =U(H/m)U" + iUt =

:%az + 64—0 (ax + cos(2wt)oy — sin(2a)t)(7y) - %CUUZ

T ; w(rz + ea;l/rf % (Ux + cos(2wt) oy — sin(2wt)0y>

:%az + % <0’x + cos(2wt) oy — sin(Zwt)Oy) (A.6)
with A =7 —wand Q = 2,

A.2 Time-Averaged Population of the Ground State

Further simplifications to A.6 above are limited due to timescales of our system. We
cannot neglect the counter-rotating terms at 2w by making a rotating-wave approx-
imation, as the detuning A is often on the orders of GHz. However, as the system is
expected to dephase rapidly when excited, and we are not in particular interested in
the fast time dynamics, we can assume that all time dependent terms lead to random

This equation is in slight deviation with the equation obtained in [66]. In particular, there is a
difference of a factor 1/2 for zero phase of the RF field. This difference must come from the fact that
our expression for the driving field only includes the cosine term, which adds an additional factor of
one half.

1 o1 1 | € € .
o, + (Icos(fwt) + chzsm(fwt)) <[Icos(7wt) - 1UZszn(§wt)]§ax — 2ay§sm(

1wt‘
2

)
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phase jumps in the driven frame, rather than coherent precession. The two Hamilto-
nian of our interest are the time-independent part of A.6 with (H;) and without (H)
the presence of the driving field:

(s O 1(a 0
Hi/h = (Qo _A) (A7) Hy/h = (0 _A> (A.8)

with A = T—w and () = euchf /2h. This allows us to determine the time-
averaged population in the ground state p,s simply as the overlap probability of the
ground state eigenvector with the original ground state,

Pgs = |<81|82>’21 (A9)

with g; the ground state of corresponding Hamiltonian. By obtaining the eigen-
values A and eigenvectors il through the usual calculation, det(H — IA) = 0 and
(H—1IA) 7 =0, the ground state eigenvectors and eigenvalues are then

Mg = — hQ4p/2 Aog =—NhA/2

— o/ (A+Q, 0
()

with Q,fr = 4 /A? 4 Q%. After normalising, this leads to the final result:

Pl _ 05 _
£ 03+ (A= Qepp)?

(A.10)

In a slightly more radical approach, we could assume that the state vector jumps
randomly between the limiting values of pgs. Then, the time time-averaged ground
state probability can be expressed in terms of half the maximum excited state proba-
bility from a detuned Rabi oscillation pg) = 1—05/20;. For a full tunnel splitting
2t = 8 GHz and typical circuit parameters (similar to those reported in ref. [45]),
a ~ 0.75,A =~ 7.5 GHz the relation between the excited state probabilities and the
applied RF voltage (translated into readout power in the right panel, assuming qual-
ity factor Q = 250 and the capacitance of the resonator C = 0.3 pF) is shown in Fig.
Al
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FIGURE A.1: The probability of driving to the excited state as a func-
tion of RF voltage (left) and translated into readout power (right).
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Appendix B

Tunnelling Between SC and QD

To understand the CSD as one in figure 4.2b, let us visualise the density of state of
the system on charge degeneracies. Let us consider decreasing the voltage of the
plunger gate of the normal quantum dot while leaving the chemical potential of the
superconducting island intact. That corresponds to moving left across a horizontal
line on the CSD (along the arrow in Fig. B.1), and energy levels of the quantum dot
moving upwards, with respect to the superconductor. As the superconductivity in
our sample occurs via proximity effect, we might expect some subgap states (blue
lines within the gap) at A < A above the Cooper pair condensate (at the dashed
line). The relationship between different energy scales of the system is A < ESC,

making the quasiparticle states accessible, and allowing the even-odd pattern to be

observed.
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FIGURE B.1: Charge stability diagram; resonator phase shift as a function of the plunger

gates on the SC and the normal QD. The orange line indicates the even regime, the blue one,

odd regime. The energy spacings in terms of the charging energies superconducting gap are

given below. Dotted lines indicate where the empty energy level of the QD is aligned with

the energy state of the SC where quasiparticles might be located. Numbers denote different

energy configurations of the SC and the QD, schematically shown below. [Comment on
whether the voltage on the SC is kept at the value indicated on the plot.]

EXC + ESP 4 2A (B.1)

Odd regime: ESC + EEP — 2A (B.2)
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If quasiparticles indeed tunnel from the island, the signal would be visible along

the two dashed lines, located 2A from each side within the even regime. The spacing

between the two dashed lines, representing two lines of excess quasiparticle transi-

tion, is the same as the odd spacing.

FIGURE B.2: The right of the pair of parallel lines indicates a
tunnelling event when the energy level of the quantum dot is
aligned (degenerate) with the lowest available single-particle
energy state above the gap (number 1 in Fig. B.1). At this
point, the energy cost of an electron being on the quantum dot
is the same as for the electron on the superconductor, hence
the electron is free to tunnel between the two. This can be
visible as a shift in the phase (and amplitude) of the reflected
RF signal.

FIGURE B.3: The left of the pair of parallel lines indicates a
tunnelling event when the energy level of the quantum dot
is aligned (degenerate) with the lowest single-particle energy
state below the gap (number 2 in Fig. B.1). At this point,
the two electron can recombine into a Cooper pair. An al-
ternative way of seeing this process is an electron tunnelling
into the available hole quasiparticle below the gap, which be-
came available when the electron from that energy state re-
combined with an existing electron (quasiparticle) on the is-
land. As before, this results in a shift in the phase (and am-
plitude) of the reflected RF signal. Notice that compared to
the previous situation, the change in energy, and thus the odd
spacing is given by EEP + ESC — 2A, accounting for the energy
needed for adding an electron to the SC.

FIGURE B.4: Shifted 2A from the last point, the empty energy

level of the quantum dot aligns with the lowest single-particle

subgap state on the superconductor (number 3 in Fig. B.1). If

quasiparticles are present on the island on the subgap state,

they can tunnel between the SC island and the dot, which

again should results in a shift in the phase (and amplitude)
of the reflected RF signal.
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FIGURE B.5: The hole-symmetric process of the one above is
depicted here (number 4 in Fig. B.1). In this case, an elec-
tron from the quantum dot can recombine with a quasipar-
ticle from the SC. An alternative view of the process is an
electron from the sea of electrons below the condensate re-
combining with the quasiparticle from above the condensate,
leaving behind a hole quasiparticle to which an electron from
the dot can tunnel. This should again result in a shift in the
phase (and amplitude) of the reflected RF signal. After this,
the full cycle is completed, and the system is again in the state
presented in B.2.
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Appendix C

Additional Measurement Figures

C.1 Pinchoff Curves
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FIGURE C.1: RF Pinchoff curves for the interdot gate T4 for the first sample. By investigating
the RF response between the two dots, pinchoff curves for the gate can be plotted, and we
can determine what voltage provides weak tunnelling across it. (Upper-left plot) A full map
of the I component of the signal, as a function of the gate voltage. An averaged I value
is plotted in the left-lower panel. A zoomed-in scan of the same graph is provided in the
right panel, clearly showing bright, 2e periodic lines around roughly T4 = —0.36V, with a
pinched-off regime at values below ~ —0.4V.
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C.2 Energy Characterisation
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FIGURE C.3: Coulomb diamonds of the first device for the normal (a) QD and (b) SC island.
The left panel shows current as a function of gate voltage and bias, while the right figure
shows differential conductance (numerical derivative of the current, with respect to the bias
voltage) in units of conductance quantum. For the SC island, the leads are normal while the
dot is superconducting. The two-electron transport cycles produce the the diamonds that
are four times higher and twice as wide as in the case of single electron transport.

C.3 Resonator Responses - Determining the resonant frequen-

cies
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FIGURE C.4: Resonator response around the resonant frequencies for the two devices.
(a) QD on the first device (wyg = 4.77674 GHz) (b) SC island on the first device (wy =
6.16824 GHz) (c) QD on the second device (wy = 5.79548 GHz) (d) SC island on the sec-
ond device (wy = 6.27949 GHz).
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C.4 Power Scan
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FIGURE C.5: In-phase component versus gate voltage versus applied resonator power, in
units of dBm (power ratio with reference to one milliwatt, referenced relative to a 50-ohm
impedance. It can be seen from the diagram, that at higher powers the contrast between
the signal and background is reduced, possibly due to the destructively interfering quantum
capacitances of the excited states driven by large power, relative to the ground state. Another
affecting factor is that at around -40 dBm (input power, before ~ 70 dB attenuation), TWPA

produces less gain, which could result in a lower signal response.
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FIGURE C.6: Power scans as the one in Fig. 4.7, with (a) P = —33 dBm and (b) P = —60 dBm.
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C.5 Gaussian Division
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FIGURE C.7: A graphical approach towards splitting observation. Here we illustrate how we
can amplify very small splittings or elongations of a distribution. For this, we generated a
Gaussian distribution (left figure), and a second one with only a very slight splitting (middle
figure), that would be difficult to pick up with a naked eye. If we divide the two spectra, and
square the result, we observe a bright corona (right figure), where the original distribution
started to split.
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