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1. Introduction

This thesis is presented during a time romantically called the second
quantum revolution: a technological paradigm shift from building tech-
nologies that merely exhibit quantum-originated phenomena; to devices
that actively create, manipulate, and readout quantum states for exploiting
phenomena such as superposition, entanglement, and the higher Hilbert
dimensionality that comes thereto [1].

The development of this ongoing revolution has generally been given the
name of ‘Quantum Engineering’, and over the course of this thesis, the
term Quantum Engineer has become a popular title and job description,
not only in the academic pursuits of quantum mechanics and condensed
matter physics, but particularly in the private sector, with both startup-
companies and several of the largest multinational companies heavily
investing in these technologies. If fifty years ago it was the ‘Race to Space’,
it is now a ‘Mission for Superposition’.

In this push for quantum engineering, largely to build ultra-sensitive
sensors [2], to provide novel ways of securing communications [3], and
especially quantum computation [4, 5] (discussed in more detail in Chapter
3), as well as engineering the environments to generate, operate, and com-
municate between these devices. It is perhaps interesting then, that the
quantum engineering research on actually building a quantum (heat) en-
gine is relatively lacking, with few experimental realisations [6, 7, 8].

Generally, the thermodynamics of quantum systems is poorly understood,
and in many cases, thermodynamic properties are not easily defined [9, 10].
While both are statistical in origin, quantum dynamics deals with coherent,
low-loss, probabilistic trajectories for single or few particles, whereas
thermodynamics has been derived for the incoherent, highly dissipative,
collective dynamics for macroscopic numbers of particles.

Yet, as we build devices with increasing density of quantum elements,
particularly the millions of quantum elements required to build a fault-
tolerant universal quantum computer [11, 12, 13], the need to probe heat
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transport in these quantum circuits, and to understand the thermodynam-
ics of quantum systems, is increasingly relevant, and will be required for
achieving this second quantum revolution.

This thesis aims to take steps to rectify this challenging problem, by propos-
ing and developing a platform for interfacing thermodynamics with the
most popular platform for quantum computing; superconducting circuits,
and in doing so, interface the framework of cavity quantum electrody-
namics (cQED) [14, 15, 16, 17] describing these superconducting circuits
with the tools of superconducting heat transport experiments to establish
some of the first experiments in the new field of circuit quantum thermo-
dynamics (cQTD), and explore heat transport and the thermodynamics of
superconducting quantum circuits.

1.1 Thesis Outline

This thesis collects and summarises four research outputs performed over
the course of the author’s doctoral studies, listed at the beginning of this
thesis.

They cover a broad range of physics, starting first by discussing what
we mean by heat transport in superconducting circuits, how we realise a
thermal bath, engineer and manipulate the flow of heat in a system, and
how we go about reading the temperature in Chapter 2.

We then discuss in Chapter 3 how one may design and measure a quantum
circuit involving artificial atoms, using superconductors, the framework of
cavity quantum electrodynamics, and the broad developments in recent
quantum information processing, resulting in Publication I.

In Chapter 4, we then start to interface these two early chapters, by looking
at the effect of dissipative elements added to a superconducting microwave
resonator, and present a novel method for characterisation of these ex-
tremely low-quality dissipative resonators within a superconducting qubit
microwave measurement environment, the subject of Publication II.

Next in Chapter 5, we combine these dissipative resonators with the super-
conducting thermometry of Chapter 2 with the artificial atom of Chapter
3 to look at heat transport through a resonator-qubit-resonator system
in a variety of configurations, probing the roles of different consituent
coupling elements on both the locality ( Publication III) and directionality
(Publication IV) of the heat flow.

Finally, we will provide some conclusive remarks, and suggest an outlook
of this promising new field of circuit quantum thermodynamics.
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2. Heat Transport in Superconducting
Circuits

In this chapter, we will explain the design and operational principles of
the various constituent devices that we will later combine to form our
superconducting circuit.

2.1 Heat and Temperature

To perform heat transport experiments, naturally one of the primary
elements of our superconducting circuit should be something with a tem-
perature dependent energy distribution, to act as a thermal bath.

Perhaps the simplest choice is that a piece of metal. The electrons in the
metal have an energy distribution that follow the well-known Fermi-Dirac
distribution [18], given by Equation 2.1 with energy E, chemical potential
μ (which at zero temperature is the Fermi energy EF), and temperature
TN .

f (E,μ)= 1

1+e
E−μ

kBTN

(2.1)

If we were to heat one side of the metal, and measure the conductance of
heat as a function of temperature along the piece of metal T(x), then the
heat conductivity κ is proportional to the electrical conductivity σ by the
well-known Wiedemann-Franz law, given by Equation 2.2.

κ= π2k2
BT(x)

3e2 σ (2.2)

2.1.1 Electron-phonon interaction

If we place this piece of metal then in contact with another thermal bath
at a different temperature Tbath, the two will thermalise with each other

3
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by the exchange of heat. In the low temperature limit where we intend to
use this device, we can implement this metal as a piece of copper placed
upon an insulating substrate. In this limit, the electrons in the metal
are usually hotter than the phonon temperature of the substrate, and the
thermalisation will be dominated by the interaction of the hot electrons
with the phonons of the substrate.

In this case, for the piece of metal with volume V and material specific
coupling constant Σ, the power from the hot electrons in the heated metal
to the phonon bath is given by Equation 2.3 [19]

Pep =ΣV (T5
N −T5

bath) (2.3)

With the thermal conductance Gep given by

Gep = 5ΣV T4
bath (2.4)

then the power can be linearised in the limit TN ≈ Tbath as

Pep =Gep(TN −Tbath) (2.5)

2.1.2 Joule heating

With our piece of metal, its electron temperature and heat conduction
defined, one may next ask how do we change the temperature. Cooling
can be done by allowing the metal to thermalise with a colder bath, like
the substrate as just discussed. Electronic ‘evaporative’ cooling can also be
achieved by superconducting probes. Heating, however, is a comparatively
simple matter of running an electronic current I through the metal, or
similarly applying a potential difference U across the metal.

As electrons transport charge in the metal, they scatter in a process that
is quantified by the resistance R of the metal. This scattering process
is dissipative, turning of the energy of moving charges into heat by the
relation known as Joule heating, and the power is given by P = RI2 =
V 2/R.

2.2 Measuring the Temperature

So with our temperature defined, and the principles for thermal relaxation,
conduction, and dissipative heating explained, how can we measure the
temperature?
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Ideally this should be done non-invasively, whilst also allowing us to
engineer the temperature with the same tool in order to reduce complex-
ity. Whilst many types of thermometry exist and are being continuously
developed, this thesis will describe the use of the SINIS technique (su-
perconducting electrode - insulating barrier - normal metal - insulating
barrier - superconducting electrode ).

2.2.1 Superconductivity

Superconductors are defined by their abruptly vanishing resistance at
temperatures below a superconducting transition despite their increasing
thermal resistance, first discovered by Kamerlingh Onnes [20] at a similar
time to the founding principles of quantum mechanics were being derived
[21, 22, 23, 24]. To do this, Kamerlingh Onnes also first liquified helium
to experimentally achieve temperatures below 4.2 Kelvin, a technique
that is also still used today. It was later discovered by Meissner [25]
that an additional effect of the superconducting transition was perfect
diamagnetism, another trait one would not expect to find if instead the
superconductor was simply a dissipation-less (perfect) conductor.

Several theoretical models for describing the behaviour of superconductors
have been developed since their discovery [26, 27], and the most popular
microscopic theory is that of Bardeen, Cooper, and Schrieffer [28] known
as BCS theory. BCS theory describes how electrons in a superconductor
below the transition temperature form Cooper pairs by the electron-phonon
interaction, such that there is a gap in the density of states of the supercon-
ductor around the Fermi energy. At zero temperature, states with energy
less than the superconducting gap are fully occupied by electrons, and
all states above the gap remain empty. At finite temperature, however,
statistically the distribution of energies for electrons in the superconductor
may allow for electrons with energy in excess of the superconducting gap,
causing excitations referred to as quasiparticles. For this reason, whilst
dissipation and heat conduction are suppressed, they can still occur.

2.2.2 Normal metal - insulating barrier - superconducting
electrode (NIS) junctions

One of the most promising and developed tools in mesoscopic physics for
on-chip thermometry is the normal metal - insulating barrier - supercon-
ducting electrode (NIS) bolometer [29]. In recent years, they have been
experimentally demonstrated to work at temperatures as low as 10 mK
[30] and on timescales compatible to the coherence of superconducting
qubits [31].

These structures take advantage of the difference in densities of states
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across the constituent elements; where the normal metal acts as a tem-
perature sensitive ‘absorber’ of heat; the distribution function for energies
in the metal follows the temperature dependent Fermi-Dirac function,
whereas the superconducting probe has an approximately temperature
independent energy distribution, exhibiting a gap Δ while operating in the
temperature regime corresponding to less than a third of the superconduct-
ing transition temperature. We can write the current through the junction
as a function of the voltage across the junction as

I(V )= 1
2eRT

∫ ∞

−∞
NS(E)[ fN (E− eV )− fN (E+ eV )]dE (2.6)

where RT is the tunnel resistance of the junction, a function of the area
and tunnel barrier thickness [32] and NS is the density of states in the
superconductor. With a constant current bias I = I0, one can therefore
extract the temperature of the normal metal by measuring the voltage
drop across the structure, which can be approximated to follow the relation
in Equation 2.7, where δ is a constant [19].

eV = δ−kBTeln
(√

π
2δkBTe

eRT I0

)
(2.7)

These devices are typically realised using superconducting aluminium,
insulating aluminium oxide, and the normal metal is often selected as
copper, silver, gold, or some alloy such as gold/palladium, but in principle
any metal that is not superconducting at the temperature in which you
wish to operate is a candidate, however limitations during fabrication, and
non-standard densities of states of the material may generally restrict
the specific implementations of more exotic materials in favour of more
practical materials. We use the well established copper, as this material is
both well understood from a physical point of view, and has a metallurgical
compatibility with aluminium.

By calibrating the voltage-temperature measurements to a known refer-
ence, for example - a well-calibrated ruthenium oxide or Coulomb blockade
thermometer in thermal contact with the substrate, the local temperature
of the normal metal island can be extracted.

Additionally, by using multiple superconducting probes, simultaneous
heating and thermometry of the island can be performed.

2.2.3 Josephson junctions

Another important junction to consider is the superconductor - insulator
- superconductor junction, first proposed by Brian Josephson [33, 34, 35]
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(a) (b)

Figure 2.2.1. Experimental plots of (a) SINIS electronic characterisation as a function
of bath temperature, (a) SQUID electronic characterisation as a function of
magnetic flux

and hence bearing his name, a Josephson junction, also known as an SIS
junction.

This device often finds use as a non-linear inductor, the non-linearity de-
rived from the superconducting phase (φ)-dependent current IJ(φ) through
the junction, that follows the relation IJ(φ)= IC sin

(
φ
)
, with IC correspond-

ing to the so-named critical current, the maximum allowed current through
the junction before it undergoes a transition back to the normal-metal state,
phenomenologically originating from the overlap in the tails of quantum
tunnelling probability of electrons on opposite electrodes, combining to
form Cooper pairs.

Similarly, the voltage across the junction can be described by

V (φ)= Φ0

2π
dφ
dt

(2.8)

and by using the relation between voltage, inductance, and the time differ-
ential of current, V = L dI

dt , we can arrive at Equation 2.9 for the non-linear
inductance LJ of a Josephson junction. Here, Φ0 = h/2e is known as the
flux quantum.

LJ = Φ0

2πIC cos
(
φ
) (2.9)

A particularly useful device can be made by using two Josephson junc-
tions to form a loop, known as a superconducting quantum interferometer
(SQUID) - so named because the two phase-dependent currents for ei-
ther side can be tuned by an magnetic flux (Φ) through the loop, forming
an interference effect when the currents are combined, and follows the
relation

I = 2IC cos
(
πΦ

Φ0

)
sin

(
φ
)

(2.10)
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(a)

Aluminium

Niobium

Sapphire

(b) (c)

Figure 2.2.2. Scanning electron micrographs of superconducting quantum interferometers
used in this thesis, grown by two angle physical vapour deposition. (a)
Publication I , (b) Publication III, (c) Publication IV

Similarly, the now flux-tunable inductance can be expressed by

LJ(Φ)= Φ0

2πIC cos
(

πΦ
Φ0

) (2.11)

And where Emax
J is the Josephson energy at Φ = 0, the energy can be

expressed by

EJ = Emax
J

∣∣∣∣cos
(
πΦ

Φ0

)∣∣∣∣ (2.12)

With the cosine dependence on the magnetic flux taken as a magnitude to
avoid negative energy states.

The SIS junctions in this thesis are made from two layers of superconduct-
ing aluminium, few tens of nanometres thick, separated by an approxi-
mately nanometre-thick aluminium oxide insulating layer.

2.3 Photonic Heat Transport

When considering heat transport, we must not only take into account
the electron-phonon and electron-electron couplings, but also the electron-
photon coupling. Hot electrons in our thermal bath may relax from their
excited states by the emission of photons. Photonic heat transport has been
studied in superconducting devices over a wide frequency range [36, 37, 38],
and for the work in this thesis, is the main transport method of interest,
as the flow of photon-mediated heat transport can be manipulated using
the framework of circuit quantum electrodynamics, discussed later.

Consider two baths, with temperatures TL and TR, separated by some
medium with frequency dependent transmission coefficient t(ω). In [39, 36]
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it has been shown that the power transmitted from one bath to the other
can be written as

Pi(ω)= �ω |t(ω)|2 1

exp
(

�ω
kBTi

)
−1

(2.13)

Which then taking into account thermalisation in the reverse direction,
and integrating over all frequencies, can be written as

Ptotal =
∫ ∞

0

dω
2π

�ω |t(ω)|2
⎡
⎣ 1

exp
(

�ω
kBTL

)
−1

− 1

exp
(

�ω
kBTR

)
−1

⎤
⎦ (2.14)

When taking the transmission to be unity, this power follows a square law,
given by equation 2.15, and can be further linearised by taking an average
temperature T = (TL +TR)/2 to equation 2.16 where G0 = πk2

BT/(6�) is the
quantum of thermal conductance, with this relation having been shown to
hold over macroscopic distances [40].

Ptotal =
πk2

B
12�

(T2
L −T2

R) (2.15)

Ptotal =G0(TL −TR) (2.16)

2.3.1 Superconducting Transmission Lines and Resonators

With the perfect diamagnetism and extremely low dissipation, supercon-
ductors are a useful tool for constructing high quality transmission lines,
that we can use as a medium between the two heat baths.

These transmission lines are usually realised in the form of co-planar
waveguides, with a central electrode seperated from a ground plane, with
the characteristic impedance given by Z0 =�

L/C = V /I [41]. By applying
boundary conditions to generate standing waves, these transmission lines
can become resonators. For the experiments presented in this thesis, all
resonators were designed as quarter-wave (λ/4) resonators in the gigahertz
frequency range, with the voltage maximum capacitively coupled to the
ground, and the current maximum directly terminated through a clean
contact, or through a thermal bath resistor. The quality factor, defined
as the energy stored in the resonator divided by the energy dissipated
per radian, has been demonstrated to reach (internal) values as high as
a million [42]. The current big challenges in improving this quality are
in reducing the coupling of superconducting resonators to unwanted two
level systems such as oxides on the wafer substrate [43]. High quality
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superconducting resonators have been used for studying profound quantum
mechanics[16, 44], such as the Casimir effect [45, 46].

Heat transport through superconducting resonators, including structures
containing multiple resonators have been investigated in parallel experi-
ments [47, 48, 49]. In these experiments, devices with both tunable cou-
pling and tunable dissipation were realised for performing heat transport
through multiple resonators, with applications in environment engineering
for superconducting quantum circuits.

Figure 2.3.1. Image of the multiplexed qubit device presented in Publication I.
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3. Superconducting Qubits: Design and
Operation

Following a seminal work by Feynman suggesting that the best way to
simulate quantum physics was with some kind of quantum system acting
as a quantum computer [50], and further seminal works by Deutsch [51]
on how one could formally conceive a model for such a universal quantum
computer, with motivations on how exploiting the higher Hilbert dimen-
sionality of the superposition of states of interacting quantum systems
[52, 53, 54] may provide some quantum speedup compared to conventional
computers (more recently preferring the term quantum advantage, as typi-
cally one needs both classical and quantum computers working together to
perform a useful operation), the field of quantum information processing
has undergone a (quantum) speedup and rapid expansion both to realise
these devices in a physical system, and also in developing the algorithms
for what to do with these devices when they have been made, i.e., quantum
software for quantum hardware.

The natural theoretical choice for a quantum system is the two level system,
it generally being the simplest to solve, and draws a convenient parallel
to the unit of information used for conventional information processing -
the bit. This quantum bit, or qubit for short, is usually assigned the state∣∣φ〉=�

α |0〉+�
1−α |1〉, where |0〉 and |1〉 refer to the two energy states of

the two level system, and α the probability to find the qubit in state |0〉,
analogous to the ubiquitous binary code used in modern computing, where
0s and 1s refer to currents in a transistor network that many millions of
transistors later form the devices that provided the technical revolution
of the twentieth century (as a comparison, there are roughly 1.75 Billion
transistors in a modern computer processor, at a density of 1̃7 million
transistors per square millimetre).

Using atoms themselves, or atomic-like systems that have non-degenerate
two level systems has been now successfully demonstrated in a variety of
realisations, from ultracold atomic gases [55], trapped ions [56], atomic
(nitrogen) vacancies in diamond lattices [57], to quantum optics, and quan-
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tum dots [58], each with their own unique benefits and challenges. Each
of these implementations has experienced significant development in the
past decades, and likely elements of many different implementations will
be used to best exploit the benefits of each in the future large scale hybrid
device that satisfies the requirements for a universal quantum computer
set out by DiVincenzo at the turn of the century [59].

The difficulty in making a quantum computer from atoms themselves is
that they are small, are extremely challenging to control in a reliable
way, typically have physical parameters that aren’t ideal, and are not
widely adjustable. What if we could emulate an atom using something
macroscopic, that is non-dissipative, with physical parameters tunable
within a wide bandwidth, such as the frequency of the atom, the coupling
to the cavity, the anharmonicity between additional energy levels, and
tunable not only in making the device, but also tunable in situ to enter
different regimes suitable for different activities - say talking to two dif-
ferent atoms individually, and then quickly coupling to a resonator and
resetting using the Purcell limitation. And on top of that, we want it to
be scalable, potentially on an industrial scale, with the time for individ-
ual manipulations/computational operations comparable to conventional
computing.

For each of these, superconducting qubits have become perhaps the most
promising, most developed, and most likely go-to choice. First demon-
strated in 1999 [60], the past twenty years has shown tremendous progress
in these superconducting qubits, with over an order of magnitude in coher-
ence time improvements (from ≈ 10 ns to ≈ 100μs), increasing the number
of operations one can perform on an individual quantum state before it
statistically loses the information to decoherence. Superconducting qubits
have gone from a extremely specialist technique few labs in the world
were capable of achieving, to in the course of this thesis, now having noisy-
intermediate-scale quantum architectures available for not only academics,
but also to the general public to generate quantum software on their mobile
devices, communicated and interpreted using a cloud based server. It is
then compiled into nano-second pulses sent to a quantum chip such as the
IBM Q experience in New York [61].

With these superconducting qubit devices integratable with other super-
conducting circuits, and providing a well-developed means of simulating
an artificial atom using a mesoscopic device where one can control aspects
such as coupling, excitation frequency, and coherence, they are an ideal
component to study the thermodynamics of quantum systems, so how do
we make one?
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3.1 Designing a Superconducting Artificial Atom

The basic requirement for a superconducting artificial atom is that the
energy spectrum should be non-degenerate ( leading to anharmonic energy
levels), and ideally non-dissipative.

A superconducting qubit is, essentially, a superconducting LC oscillator
with capacitive and inductive elements, where the inductor is replaced by
a non-linear inductor, to raise the degeneracy and form anharmonic energy
levels and thus forms an often named ‘artificial atom’ energy spectrum.
As we have a non-linear inductor in the form of a Josephson junction,
this is the basic element in constructing a superconducting artificial atom.
In fact, it is possible to make both qubits with the degree of freedom in
the superconducting phase or flux using a single junction, however these
devices are usually challenging to fabricate and operate, so often qubits
have a minimum of two junctions.

The qubits that we consider in this thesis operate in what is known as
the transmon regime, first proposed in [62]. These consist of a SQUID,
shunted by a large capacitance, reducing the sensitivity to noise originating
from charging effects. For Josephson energy EJ and charging energy
EC (inversely proportional to the device tunnel junction resistance RN ,
and device self-capacitance CΣ, respectively, defined by 3.1 and 3.2), they
operate in the regime where EJ >> EC. This reduced sensitivity to charge
noise however comes at the cost of reduced anharmonicity.

EJ = RQΔ

2RN
(3.1)

EC = e2

2CΣ
(3.2)

where RQ = h/4e2 � 6.46kΩ is the quantum resistance, and Δ is the super-
conducting gap, which for aluminium Δ� 200μeV. For example, in Publica-
tion I, RN = 8.24kΩ and CΣ = 35.8fF, the Josephson energy is EJ = 78.2μeV
and the charging energy is EC = 2.23μeV.

In the transmon regime, the transition frequency of the qubit can be
described by

hν01 =
√

8EJEC −EC (3.3)

and the effective Hamiltonian that describes the qubit is given by

H = 4EC(n̂−ng)2 −EJ cos φ̂, (3.4)
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where n̂ is the difference in the number of Cooper pairs across the super-
conducting electrodes; ng is the effective offset charge, and φ̂ is the phase
difference.

Hence, by tuning EJ with the magnetic flux through the SQUID, either
by a local inductive magnetic field, or by a global solenoid; the transition
frequency of the qubit should follow a

�
cos(Φ) dependence, and be tunable

to resonate across a wide bandwidth, bounded at the high frequency limit
by the Emax

J , and at low frequencies by asymmetry in the SQUID junctions,
and Purcell limited at frequencies matching other resonant modes in the
environment, i.e. any superconducting resonator cavities.

The self capacitance, CΣ, can be designed geometrically, dominated by the
capacitance of a shunting capacitor, which can be simulated using finite
element modelling. The tunnelling resistance is chosen by a combination
of geometric (to determine the area) and in the fabrication process, where
the tunnel barrier thickness can be tuned by the amount of oxide grown
forming the barrier.

The frequency range of operation is dictated by two limits, with the typical
frequency range used in superconducting cQED experiments 3 - 10 GHz.
The high frequency limit is defined by the superconducting gap - which
on approach would drive the superconductor through a transition back to
its normal, dissipative state. The low frequency limit is dictated by the
average temperature of electrons in the cavity, in order to suppress sponta-
neous excitations due to thermal fluctuations, and as such, is limited by
the cooling performance and how well-thermalised the device is - typically
10 - 100 mK is the operating temperature for a superconducting qubit
device.

So now we have an artificial atom, how do we connect it to the room
temperature electronics, and actually operate it on a single excitation
level?

This is achieved by not addressing the qubit directly, but by coupling
the qubit to a readout resonator, in our case capacitively, and measuring
the dispersive shift of the qubit on the dressed resonant frequency of the
resonator.

3.1.1 The Jaynes-Cummings Hamiltonian

Cavity Quantum Electrodynamics was first derived to study light-matter
interactions, one of the first examples being an atom trapped in an optical
cavity. This somewhat simple concept is actually an incredibly powerful
tool that continues to enable probing of fundamental quantum mechanics
by enabling us to probe individual energy levels of the atom, and by
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embedding the atom in an off-resonant cavity of sufficiently high quality to
suppress spontaneous emission of the specific energy levels one wishes to
probe, one can also probe the coherence dynamics of an atom, and readout
individual quantum states.

One of the most prolific results in this field is the Jaynes-Cummings
Hamiltonian [63, 64], a simplification of the Rabi interaction [65] under
the rotating wave approximation (RWA) for a two level system in a cavity,
thereby ignoring the effects of decoherence to the environment.

If we take the dispersive limit where the coupling g of the atom to the
cavity through the electromagnetic field interaction is smaller than the
detuning Δ between the cavity frequency ωr and the transition frequency
ωq, with the dispersive effect of the atom on the cavity frequency χ, then
the Jaynes-Cummings Hamiltonian for the system can be written as Equa-
tion 3.5, where � is the reduced Planck constant, σz the Pauli Z matrix,
and a,† denoting the excitation creation and annihilation operators respec-
tively.

H = �ωra†a+ 1
2
�ωqσz +�χσza†a (3.5)

The first term here can be identified as the bare energy of the cavity, the
second as the energy of the atom, and the final term as the interaction
between them.

It is this interaction that manifests as a dispersive shift of the cavity fre-
quency when spectroscopy of the cavity is performed that is the basis of the
majority of current state-of-the-art quantum information readout protocols,
sometimes referred to as a quantum non-demolition measurement.

In this dispersive limit, χ= g2/Δ, and as g <Δ by this approximation, this
shift is small, but can be resolved in sufficiently high quality cavities.
Fortuitously, these high quality cavities can also act as filters for the atom,
reducing the number of modes that the atom can decohere into, resulting
in an increase in the atomic coherence timescales. If however the detuning
is small (Δ ≈ 0), in the limit where equation 3.5 is no longer valid, the
dispersion takes the form χ= g/π, known as the vacuum Rabi frequency.
This can be observed as a splitting of the resonance peak of the cavity, and
gives rise to the Purcell limitation [14], where the coherent interaction
between the atom and the cavity is limited by losses in the cavity.

So using this framework of cavity QED, we have a way of measuring
quantum dynamics and generating, manipulating, and reading out in-
dividual quantum states - and is the basis for superconducting qubit
operation.
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3.2 Superconducting Circuit Fabrication

The fabrication of a superconducting circuit chip is a multistage process,
with multiple elements requiring operating on different length scales. In
fabrication, we first realise the microwave structure of the circuit with
feature sizes of order micrometres, which we do by an etching process.
We then complete the device with its sub-micrometre Josephson elements,
requiring much finer precision, achieved by a physical vapour deposition
process. We then conclude with post-processing to prepare the fabricated
chip for measurement. All processing is done within the Otanano in-
frastructure, using the Micronova cleanroom facilities. Images of a chip
demonstrating the different stages through the fabrication process are
presented in Figure 3.2.1 and explained in detail in the following:

Patterning of the microwave structure: The substrate used in Publication I
and Publication III is single crystal c-axis oriented sapphire. Alternatively,
another suitable option used in Publication II and Publication IV is un-
doped high resistance (ρ > 104Ωcm) silicon from MTI Corporation that is
devoid of a silicon oxide capping layer. A 200 nm niobium film is first pre-
pared by DC magnetron sputtering on the substrate then a high sensitivity
e-beam resist of AR-6200 is spin-coated onto the substrate (at 6000 rpm for
60 seconds) and then a 8 mm x 8 mm pattern of the microwave structure
is exposed by electron-beam lithography (EBL), typically consisting of a
feedline (connected to measurement electronics), inductively coupled λ/4
resonators, and capacitively coupled qubit elements, as well as lines for
local magnetic flux tuning. After patterning by EBL , we develop the resist
in AR600-546 developer and a reflow bake is performed to prepare the
patterned resist to act as a mask for reactive ion etching. The latter is run
with an SF6+O2 process to transfer the pattern from the resist into the
niobium film, removing the exposed niobium. The substrate is then cleaned
by removing the resist by immersion in AR600-71 (dioxolane-based) resist
stripper.

Deposition of nanoscale structures: To deposit the sub-micrometre struc-
tures, the substrate is prepared by spin-coating two layers of MMA(8.5)MAA
(11% ethyl lactate solution) resist to create a 1μm film of MMA(8.5)MAA
resist, followed by a single 200 nm layer of 950 PMMA (4% anisole solu-
tion). To avoid charging offsets during e-beam exposure on non-conductive
substrates, such as sapphire, a final layer of conductive polymer “E-spacer
300z” is added. The patterns are exposed using e-beam lithography, ini-
tially exposing the fine structure on the PMMA layer, before an additional
lower dose beam to form a favourable undercut in the MMA layer. Fol-
lowing lithography, the conductive polymer layer is removed by rinsing in
deionised water, whilst the resist structure is developed by immersion in
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Feedline

Flux
bias
line

/4 resonator

500 m qubit

(a)

50 m

Sapphire
Niobium

Aluminium

(b)

Aluminium

Niobium

Sapphire

(c)

Figure 3.2.1. a) Optical micrograph of a λ/4 resonator inductively coupled to a feedline
and capacitively coupled to a transmon qubit. This pattern is exposed
by EBL and etched from niobium using reactive ion etching. b) Optical
micrograph of the transmon qubit, with both the microwave and nanoscale
structures visible. c) Scanning electron micrograph of the SQUID element of
the transmon qubit, deposited using two angle physical vapour deposition.

methyl isobutyl ketone:isopropyl alcohol solution to open the PMMA top
layer structure, and then by immersion in a methyl glycol:methanol solu-
tion to clear the undercut in the MMA layer. The structure is then loaded
into an electron beam evaporation chamber, equipped with a tilting sample
stage to enable deposition from multiple angles, an oxygen inlet, and argon
ion milling capability. To allow favourable electrical contact between the
deposited metal and the niobium microwave structure already prepared on
the substrate, argon plasma milling is performed for 3 minutes. Following
this, a crucible containing the desired material is then heated using an
electron beam, typically with a current of 20 mA and acceleration voltage
of 10 kV, to cause the target material to evaporate. To ensure a ballistic
flow of high purity metal being deposited, this is done under high vacuum
(� 10−7 mbar) such that the mean free path of the evaporating material
is larger than the boundaries of the chamber. Where aluminium tunnel
barriers are required, after the deposition of the first aluminium layer a
suitable (� 10 mbar) amount of oxygen is injected into the chamber and
left to react for some minutes to form a thin aluminium oxide layer. The
second layer of metal is then deposited on top. As the material only reaches
the surface where the resist stack has been exposed, we then remove the
excess material with a lift off process in hot acetone. This process is addi-
tive, meaning multiple depositions can be done in subsequent lithographic
steps, for example to pattern the NIS junctions, which are also grown by
electron-beam evaporation.

Post-processing To characterise the yield, we can electrically probe specifi-
cally designed test structures on the chip using 1 micrometre point metal
probes. It may be required for a particular measurement setup (such as
RF) that the chip is diced to size. The structures are protected by a layer
of AZ5214E photoresist, and a dicing saw with a thin diamond-embedded
resin blade is used to dice the chip within a precision of tens of microme-
tres.
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Figure 3.3.1. The assembly used for mounting a sample to the dilution refrigerator. A
superconducting coil is mounted within the shielded enclosure near the
sample to produce global magnetic flux control.

3.3 Microwave Characterisation

Once a chip has been fabricated and post-processed (detailed in Chapter
3.2), it is glued to a copper sample stage using Apiezon N cryogenic vacuum
grease, which acts as both an adhesive and good thermal coupler, with neg-
ligible electrical conductivity. Thin metal wires are ultrasonically bonded
to the chip to connect it to a printed circuit board. On-chip wire bonds
are also added to provide uniform ground plane potentials. The sample
holder is covered with a copper shim, designed to limit the interaction with
microwave sample-box eigenmodes, and this assembly is mounted into a
cryogen-free dilution refrigerator with a base temperature of around 10
mK. As the chip contains magnetic flux sensitive structures, an assembly
consisting of two magnetic shields constructed from high magnetic perme-
ability metal optimised for cryogenic operation is used. A bonded chip, and
the full cryogenic measurement assembly are shown in Figure 3.3.1.

SMP plugs are used to address the assembly in transmission RF measure-
ments, with the option to control a global magnetic field with DC lines, or
on-chip local magnetic flux using an additional coaxial line.

The signal from the room temperature electronics is passed through a
series of impedance matched (to ensure the signal isn’t reflected) cryogenic
attenuators situated at different temperatures within the cryostat, to
reduce the amount of power dissipated to the sample, in the form of
Johnson-Nyquist (thermal) noise.
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The phenomenological origin of Johnson-Nyquist noise is in the thermal
motion of charge carriers in a conductor, giving rise to fluctuating voltage
values independent of an applied power. The voltage noise spectral den-
sity SV ( f ) is described by equation 3.6 that shows the relation between
resistance R, temperature T, and frequency f [66].

SV ( f )= 4R
(

hf
exp(hf /kBT)−1

+ 1
2

hf
)

(3.6)

In the low frequency limit (hf � kBT), which for room temperature elec-
tronics can be defined as below the terahertz band, equation 3.6 can be
simplified as SV ( f ) ≈ 4kBTR. To estimate the power that would then be
dissipated to the environment, we integrate the voltage spectral density
over the bandwidth δ f to give equation 3.7.

Pnoise =
〈δV 2〉

R
=
∫∞

0 SV ( f )d f
R

= 4kBTδ f (3.7)

We can now see why it is also necessary to have the attenuation to actually
generate the signals required. For example, a typical pulse required
for manipulating the qubit state requires a power of ≈ −127 dBm. The
Johnson-Nyquist noise, the theoretical minimum thermal noise, for a
device operating at room temperature (290 K), generating a 20 ns pulse,
is approximately -91 dBm. This is over an order of magnitude higher
than the required power at the sample, and hence the dynamics would be
limited by the noise. Providing a high power signal at room temperature
and having it go through 94 dB of attenuation, distributed to ensure that
the power dissipated at each stage of the cryostat is not more than its
thermal budget, and is not limited by the thermal noise at each stage, is a
suitable alternative.

To measure the output, the signal is first amplified inside the cryostat
using a cryogenic low noise amplifier, and then subsequently amplified by
room temperature electronics. A schematic of the full measurement setup
is shown in Figure 3.3.2

3.3.1 Dispersive shift ‘χ’ measurement

The first measurement that is performed is to ‘locate’ the qubit. As the
qubits are coupled capacitively to λ/4 resonators, we first must identify the
resonator by sending a tone of the correct frequency through the on-chip
feedline, and observing a dip in the S21, the scattering matrix coefficient
corresponding to the transmission from the input to output ports, at the
frequency corresponding to the resonator, designed at a specific frequency
in the range 6 - 8 GHz. As shown in Figure 3.3.3(a), a fit to the transmission
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Figure 3.3.2. A schematic of the measurement setup showing the microwave attenua-
tion at each stage of the dilution refrigerator, and the room temperature
electronics.

dip can be performed using the model presented in [67], yielding a coupling
quality factor Qc � 5500 with an internal quality factor Qi � 38600. This
would correspond to a resonator photon decay rate κ/2π� 1.4MHz.

Now that the resonator has been found, one can verify that in the low power
regime, a dispersive shift of the resonance frequency corresponding to the
population of the qubit can be observed. This is done by performing the
previous single-tone transmission spectroscopy, but now by additionally
sweeping the power of this tone. As shown in Figure 3.3.3(b), at low
power the qubit is in the ground state |0〉 and the resonator experiences a
frequency shift −χ/2π from the unloaded resonator frequency, whereas if
the qubit was in the first excited state, |1〉, the dispersive shift would be
+χ/2π. At higher input powers, the observed resonator becomes saturated
with many photons and the resonance frequency returns to that of the
unloaded resonator [68, 69]. Modelling this quantum-to-classical transition
was recently investigated in [70]. With a qubit-resonator detuning Δ0 =
990MHz, we observe a dispersive shift χ/2π� 3.9 MHz. We now use this
information to define the power regime in which we can address the qubit
in its ground state, and all further RF measurements presented will be
based upon this dispersive shift technique.
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Figure 3.3.3. (a) A typical transmission dip corresponding to a resonator at 7.5 GHz, and
(b) resonance frequency as a function of probe power, showing a dispersive
shift χ for a qubit-resonator detuning of 990 MHz.

3.3.2 Coupling ‘g’ measurement

We next demonstrate a magnetic flux dependence on the dispersive shift of
the resonator in the low-power regime. As the effective Josephson energy
of the qubit is flux dependent, as described in Equation 2.12, this indicates
the presence of a SQUID element coupled to the resonator.

We use a two-tone spectroscopy technique; measuring the transmission
through the resonator whilst sending a second probe tone to excite the
qubit, highlighting ν01(Φ), and measuring the effect on the resonator. We
then measure this scanning the flux domain, by controlling the global
magnetic field using a superconducting solenoid. Figure 3.3.4 shows the
two branches of interest, corresponding to the resonator and the qubit, with
an anti-crossing of the qubit and resonator states at around Φ = 0.23Φ0.
The frequency spacing between the resonator and qubit at the anti-crossing
defines the parameter g/2π= 54.3MHz, quantifying the coupling of the two
elements.

3.3.3 Rabi oscillations, T1 & T2 measurements

Whereas the previous RF measurements can be performed with continuous
tones, we now will discuss characterisation of the qubit that require control
and measurements in the time domain. We now need to switch to using
pulses, generated using an arbitrary waveform generator that can initiate
pulse sequences of a defined amplitude, duration, shape, and phase, that
is then mixed with an addressing tone provided by a signal generator.
For this measurement, we shape the pulses for driving and manipulating
the qubit into a Gaussian profile at the generator, however it should be
noted that pre-compensated pulse-shaping corresponding to the signal
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Figure 3.3.4. (a) Measured transition frequencies of resonator and qubit states deter-
mined by monitoring the resonator dispersive shift, as a function of applied
flux bias Φ. (b) Close-up of the resonator-qubit hybridisation point, showing
the anti-crossing of the resonator and qubit states.

The device can be designed in such a way that the difference between
the two lowest energy levels typically corresponds to a frequency in the
order of 10 GHz, exactly in the regime of superconducting cavities, with
these energy levels representing the |0〉 and |1〉 states we use for quantum
information processing. The qubit can then be driven between the two
states by a tuned microwave signal, whilst any spurious excitations due
to thermal noise are suppressed by cooling the systen to temperatures of
approx 20 - 100 mK, as discussed previously.

at the sample is not performed. Readout is performed by measuring the
transmission of a rectangular readout pulse addressing the resonator, to
determine the frequency shift and hence the population of the qubit. This
is then averaged over many identical protocols to determine the population
distribution of the qubit for that particular protocol.

Before we begin with these pulse measurements, we first use the global
(DC) magnetic field to tune the qubit excitation frequency to the flux
insensitive point; for example the maximum of the data in Figure 3.3.4.
This point is often denoted in literature as the ‘sweet spot’. By measuring
the dispersive shift of the resonator as we sweep a variable length of pulse
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around the qubit excitation frequency, we can measure Rabi oscillations
[65] corresponding to the periodic excitations in the qubit. The Rabi
oscillations are presented in Figure 3.3.5(a) and Fourier transformed in
Figure 3.3.5(b). The oscillations exhibit the typical pattern presented
in [71], with the lowest oscillation frequency, Ω = 6.17MHz, at the drive
frequency of 8.512 GHz. From this data, we find that a pulse of � 80 ns at
zero detuning excites the qubit with a probability close to unity. We call
this pulse a π-pulse, corresponding to a π rotation from the ground state to
the excited state on the Bloch sphere that corresponds to all possible qubit
states.

With this π-pulse, we can measure the energy relaxation time for the qubit.
To do this, we first initialise the qubit by allowing it to thermalise with
the bath, exciting it with a π-pulse and, after a variable delay, we measure
the residual population of the qubit. Fitting an exponential decay model
to the data presented in Figure 3.3.6(a) yields T1 = 4.72±0.06μs, which
compares favourably with the transmon relaxation times measured in
earlier experiments [72, 73, 74, 75].

Similarly, we can use the π-pulse calibration to generate a π/2-pulse and
measure the qubit phase coherence. To do this, we use the Ramsey echo
technique, of two π/2 pulses in the x-axis of the Bloch sphere, separated
by a variable delay τ with an intermediate π pulse in the y-axis. This
π pulse, whilst not required to measure the phase coherence, is used to
eliminate low frequency noise. After running this pulse sequence and then
measuring the dispersive shift to infer the population of the qubit, we
can fit a sinusoidal decay model to the data in Figure 3.3.6(b) to show a
phase coherence time of T2,echo = 6.69±0.18μs which is also favourable with
previous results in the literature.

Finally, we can measure T1 & T2 estimates for qubit excitation frequencies
using these protocols close to the anti-crossing with the resonator to show
that the coherence times diminish as the relaxation channels become
dominated by the qubit-resonator coupling, predicted by the Purcell effect.
T1 and T2,echo as a function of ν01 are plotted in Figure 3.3.7. This shows
that if we tune a qubit close to an unpopulated resonator, we can depopulate
the qubit effectively, whilst retaining significant coherence timescales (of
order few microseconds) when sufficiently detuned.
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Figure 3.3.5. a) Rabi oscillations recorded as a function of drive frequency and pulse
duration. b) Fourier transform of Rabi oscillation plot against pulse.
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Figure 3.3.6. The energy and phase relaxation times of the qubit measured at the ‘sweet
spot’ ν01 � 8.5GHz Insets show the pulse sequence used to record the re-
laxation rates. (a) Relaxation of the qubit. The fit to the data gives en-
ergy relaxion time T1 = 4.72±0.06μs. (b) Coherent evolution of the qubit
with the echo technique applied. The fit to the data gives dephasing time
T2,echo = 6.69±0.18μs.
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an enhanced relaxation rate as the qubit transition frequency approaches
that of the resonator. (7.51 GHz)
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4. Adding Dissipative Elements to
Superconducting Resonators

With our ability to design, fabricate, and measure nominally dissipation-
less superconducting circuits within the framework of cQED to generate,
manipulate, and readout quantum states of an artificial atom demon-
strated, the next step towards circuit quantum thermodynamics is to
investigate adding dissipative elements to act as thermal baths.

In the limit where photons in a cavity are almost-immediately absorbed
by a dissipative thermal bath, i.e., the quality factor is low; characterising
and even identifying a cavity can prove challenging. The resonance dip is
masked within the noise profile of the microwave measurement chain. A
technique we developed for performing such characterisation is presented
in Publication II and summarised here.

This low-quality limit is an important limit for the experiments that will
be presented in later parts of this thesis, as we wish to excite thermal
populations in our system, and measure them bolometrically using NIS
bolometers. To date, no examples of efficient broadband single microwave
photon detectors have been shown to have been developed.

To add this dissipative element to a resonator, we prepare (etch) a gap at
the current maximum of the niobium superconducting resonator, where
a thin film copper resistor is subsequently grown by electron-beam evap-
oration. To ensure good electrical contact between the resistor and the
niobium, an intermediate layer of aluminium to improve the metallurgi-
cal compatibility is grown immediately prior to the copper, resulting in
a niobium-aluminium-copper-aluminium-niobium path the ground. This
fabrication protocol follows the same procedure as that listed in Section 3.2,
removing the in-situ argon ion milling and replacing the second aluminium
layer with copper. Similarly, once processed, the device is diced and loaded
to the same assembly used for qubit characterisation. Both the device, and
the setup, can be observed in Figure 4.0.1.
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Figure 4.0.1. Device and measurement setup from Publication II. (a) Diagram of the chip,
consisting of two λ/4 resonators inductively coupled to a common transmis-
sion line, used for sending the probe signal. The left resonator contains
no dissipative elements, and is used as a reference. The right resonator
is, instead, terminated by an aluminium-copper-aluminium constriction.
(b) Scanning-electron micrograph of the dissipative constriction, in contact
with the center conductor of the resonator at the right side, and in con-
tact with the common groundplane at the left side. The image is coloured
with orange for copper, cyan for aluminium, and purple for niobium. (c)
An equivalent lumped circuit for the copper terminated resonator. The
coupled-inductor symbol represents the dominant coupling mechanism be-
tween the in/output transmission line and the resonator. The resistance R
represents the resistance of the copper termination. (d) Microwave mea-
surement setup. The microwave signal is introduced from port 1 by a vector
network analyser (VNA) at room temperature and passes through several
attenuators distributed at different temperatures to the input of the device
at 10 mK. The transmission is measured at the port 2 of VNA, with the
signal passed through through two cryogenic isolators and both cryogenic
and room temperature amplification stages
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4.1 Characterisation

As shown in Figure 4.0.1(d), the sample is loaded to the mixing chamber of
a dilution refrigerator, cooled to approximately 10 mK, and the microwave
transmission through the sample is measured by a vector network anal-
yser using a heterodyne measurement over a broad bandwidth. At this
temperature, the blue trace shown in Figure 4.1.1(a) is the result. While
the non-dissipative resonator is clearly visible at 7.246 GHz, the dip in
transmission corresponding to the dissipative resonator is not resolvable
within the frequency-dependent background of the measurement chain,
and indeed the expected dip has amplitude less than 1 dB.

The technique that we use to measure the resonator, then, is to take advan-
tage of having two different superconducting materials in the device, with
different superconducting transition temperatures. Hence, by warming
the sample stage to a higher temperature (by heating the dilution refriger-
ator), it is possible to drive the superconducting materials into the normal
dissipative state, and measure the spectra of the resonator terminated by
an even larger dissipation, with correspondingly lower quality - effectively
a background reference.

In a parallel measurement, the DC electronic resistance of a co-processed,
nominally identical termination can be measured as a function of this
temperature, and is shown in the inset of Figure 4.1.1(a). We can see
clearly that the resistance change occurs at precisely the superconducting
transitions of aluminium, and later that of niobium. By measuring at
the points labelled by arrows - above and below the aluminium transition
temperature, we can take the ratio of the two traces and extract the signal
corresponding to the dissipative resonator from the background.

This extracted amplitude and phase of the scattering parameter S21, corre-
sponding to the transmission through the system, can be modelled using
Eq( 4.1), a standard notched resonator model [76].

Snotch
21 = aeiαe−2πi f τ[1− (Ql /|Qc|)eiφ

1+2iQl( f / fr −1)
]. (4.1)

Where a is the overall amplitude and α is the phase shift. Parameters
f and fr denote the probe frequency, and the resonance frequency of the
resonator, respectively. τ is the electronic delay caused by the length of
the cable and the finite speed of light, and φ quantifies the impedance
mismatch. Ql and Qc are the loaded quality factor and the coupling quality
factor respectively, with 1/Ql = 1/Qi +1/Qc, providing a means of extracting
the internal quality factor Qi. The Ql /|Qc| ratio determines the depth of
the notched transmittance and is maximised at Ql ≈Qc.
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Figure 4.1.1. (a) Transmittance spectra of the device show in Figure 4.0.1. The red and
blue curves are measured at 2 K and 10 mK, respectively, as indicated by
arrows in the inset, which shows the resistance of a co-processed copper
termination as a function of temperature, measured in parallel. The inset
highlights three temperatures of interest, corresponding to the supercon-
ducting transitions of the aluminium contact, and niobium resonator. The
yellow region highlights the frequency range of the resistively terminated
superconducting resonator, which can be extracted by the division of the
blue low temperature ‘signal’ trace by the red high temperature ‘background’
trace (b) The extracted resonance dip of the dissipative resonator, the left
inset showing the phase, and the dashed green line showing the fit to both of
these, giving fr and Qi as 6.71 GHz and 45. The right inset shows a similar
fitting to the reference resonator, with quality 2.8 x 104

This fit is shown by the dashed fitting lines in Figure 4.1.1(b), and using
this technique, we have extracted extremely low quality factors in the
range of 10 – 67 for resonators with different resistances (thicknesses) of
the copper termination element.
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5. Heat Transport Experiments

So with our thermal baths, the temperature is read out by probing of
the temperature dependent energy distribution of a piece of copper by
superconducting aluminium probes separated by a thin layer of aluminium
oxide (explained in Chapter 2). These thermal baths are then placed
at the current maxima of two superconducting resonators (characterised
in Chapter 4). Finally, interfacing the thermal baths with a tunable
superconducting qubit capacitively coupled to both resonators (designed
and characterised in Chapter 3), we can start to put everything together
to study the heat transport through a superconducting quantum circuit.
The general circuit diagram for this hybrid structure is shown in Figure
5.0.1.

This has a rather large parameter space to explore, and as such, we first
apply the constraint of making the two sides of the qubit symmetric, and
investigate how the interplay between the coupling between the resonator
and qubit g, and the decay rate of the resonator (primarily through dis-
sipation in the copper resistor) γ can affect the locality of heat transport
through the system. This is the basis for Publication III, and is explained
in Section 5.2.

Then, in Section 5.3, we keep this ratio constant, and instead change the
frequency of the resonators to explore how one may engineer the direction-
ality of heat flow, and make a magnetic-flux tunable heat rectifier.

5.1 Measurement Methods

These experiments were both performed in a custom-made plastic dilution
refrigerator, designed in [77], able to reach base temperature values ≈
50mK.
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Figure 5.0.1. General circuit for the heat transport measurements performed in this
thesis, consisting a qubit central element, coupled to two superconducting
resonators of frequency 1/

�
LC, each terminated with a copper thermal

bath, that can be readout and prepared by superconducting probes through
a tunnel barrier of resistance RT . A third diagnostic resonator is also
included, which may be inductively coupled to a microwave feedline for qubit
characterisation. The superconducting qubit is tuned by an external solenoid
providing a magnetic flux offset through the superconducting quantum
interferometer, tuning the non-linear inductance of the qubit through a
f01 ∝�

(cos(Φ)) dependence.

A bonded chip, shown in Figure 5.1.2, is loaded to the mixing chamber of
this dilution refrigerator, with the measurement lines filtered by a 1m-
long Thermocoax wire segment, resulting in an effective signal bandwidth
of 0− 10kHz, for low-impedance loads, filtering out the high frequency
noise.

As the devices are very sensitive to magnetic flux, a high-permeability
magnetic shield is placed around the vacuum can of the dilution refrig-
erator, with the magnetic field then controlled by a superconducting
solenoid wound around the vacuum can, between the can and the magnetic
shield.

Electronic current bias for the thermometers, and signal generation for the
thermal bath engineering is performed by room temperature electronics,
divided by room-temperature voltage dividers to attain the low levels
required. Thermometry is then readout via a FEMTO Messtechnik GmbH
DLPVA-100 room-temperature low-noise amplifier, passed into an SRS
Lock-In Amplifier that is synchronised to the signal generator in order
to extract the first harmonic, reducing sensitivity to signal pickup and
low-frequency drifts of the voltage amplifier output by operating on a
square-wave modulated (22−42Hz) signal.

The power is then extracted from this voltage signal by first a thermal
calibration, then by using the electron-phonon coupling as the dominant
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(a) (b)

Figure 5.1.1. Images of the custom-built plastic dilution refrigerator, (a) enclosed in a
liquid helium dewer (b) open, the sample mounted at the base of the unit.

relaxation method, both methods as described in Chapter 2.

5.2 Quantum Heat Valve

Let’s write down a Hamiltonian for a superconducting qubit coupled to two
identical non-dissipative resonators. We can approximate this by a system
of three harmonic oscillators with energy levels hfq corresponding to the
qubit, and hfr corresponding the resonators, where we have assumed that
only the first excitation frequency and first harmonic of the resonators.
This is justified by operating in the low temperature limit hfr 
 kBT. The
Hamiltonian of the system then reads

Ĥ = hfr

[
(â†

DâD + â†
SâS)+ fq

fr
b̂†b̂+ g(b̂â†

D + b̂†âD + b̂â†
S + b̂†âS)+ g̃(âDâ†

S + â†
DâS)

]
,

(5.1)
where â†

S/D and âS/D are the creation and annihilation operations for the
source (S) and drain (D) resonators, depicted in Fig 5.2.1. b̂† and b̂ are
the creation and annihilation operators for the qubit, g is the coupling of
the resonators to the qubit, and g̃ quantifies direct resonator-to-resonator
coupling, bypassing the qubit.

It is possible due to non-perfect fabrication that minor differences Δ f in
the resonant frequencies of the resonators could occur, and we introduce
parameter a = Δ f / fr � 1. By choosing the minimal four-level basis of
{|000〉 , |100〉 , |010〉 , |001〉}, refering to the source-resonator, the qubit, and
the drain-resonator, respectively, results in the matrix representation
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Figure 5.1.2. A bonded chip on the sample stage, before being enclosed in two brass
Faraday cages and loaded to the mixing chamber stage of the dilution
refrigerator.

Ĥ = hfr

⎛
⎜⎜⎜⎜⎜⎝

0 0 0 0

0 1+a/2 g g̃

0 g fq
fr

g

0 g̃ g 1−a/2

⎞
⎟⎟⎟⎟⎟⎠

. (5.2)

The eigenmodes of this Hamiltonian are shown in Figure 5.2.2(b), and
experimentally verified by performing a two-tone spectroscopy to map out
the qubit interaction with non-dissipative identical resonators using the
same method and experimental setup presented in Chapter 3.
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Figure 5.2.1. a, b: Concept of the experiment and effective thermal model. A transmon
qubit having magnetic flux-tunable plasma frequency fq(Φ) is capacitively
embedded between two superconducting co-planar waveguide resonators
of identical length = 4.6mm, each terminated by a copper resistive thermal
bath, shown in (d) . We study the temperature of the drain reservoir TD
as a function of the temperature of the source reservoir TS and of the ratio
r ≡ fq/ fr, where fr is the fundamental resonant frequency of the resonators.
c: Lumped-element idealisation of the device; capacitors Cg couple the trans-
mon to each LrCr resonator. d: Colourised scanning electron micrograph of a
waveguide termination, including three tunnel electrodes. A copper resistor
(pink) is in clean contact with aluminium leads (light blue) connecting to the
patterned niobium film (light grey) on sapphire substrate (dark grey). The
inset shows a magnified orthogonal view of the area spanned by the normal-
metal element; the scale bar corresponds to 3μm. e: Colourised scanning
electron micrograph of the SQUID element in the transmon structure; the
scale bar corresponds to 10μm.
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Figure 5.2.2. (a): Two-tone transmission spectroscopy data of the qubit interacting with
the eigenmodes of the two symmetrical resonators, with the eigenmodes
derived from Equation 5.2 superimposed. (b): Eigenmodes derived from
Equation 5.2, with the arrows representing allowed transitions used in the
quasi-Hamiltonian (global) model, described by Equation 5.4.

So with the non-dissipative environment now established, we can add the
thermal baths to the circuit, and look at heat transport through it, in the
form of power transmitted from the source reservoir to the drain reservoir,
PD.

In general, we can write the power to each reservoir simply as the sum over
all eigenstates k, l of the density matrix ρ, the transition energy Ekl, and
the rate ΓD

k→l determined by the drain reservoir, giving Equation 5.3.

PD =
∑
k,l

ρkk Ekl Γk→l (5.3)

Which we can then expand (derived in the supplementary materials of
Publication III) to give us

PD = 2πhf 2
r γ

∑
k, l

ρkk
| 〈k| âD − â†

D |l〉 |2

1+ ( fkl / fr− fr/ fkl )2

γ2

(Ekl /hfr)2

1− e−βDEkl
. (5.4)

where γ is the inverse of the quality factor of the resonator with resonant
frequency fr, and βD = 1/kBTD where TD is the temperature of the drain
reservoir.

We call this model ‘Quasi-Hamiltonian (QH)’, owing to its origins in the
Jaynes-Cummings Hamiltonian, coupled to the dissipation, and is experi-
mentally verified in Figure 5.2.3(a). In this figure, different coloured traces
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correspond to source-bath temperatures indicated by the colour bar, with
the unbiased temperature of the drain-bath indicated by an arrow.

Using a quality factor Qr = γ−1 = 20, we see that equation 5.4 accurately
describes the features experimentally observed, which is consistent with
similarly fabricated devices presented in 4 and Publication II. Optimised
fitting suggests the qubit-resonator coupling g ≈ 0.019 and the resonator-
resonator cross coupling g̃ ≈−0.020.

This Qr ≈ 20 yields a ratio g/γ = gQr ≈ 0.4. This ratio, while far from the
fully Hamiltonian limit g/γ→∞, is still sufficient to support the creation
of these full-circuit ‘global’ eigenmodes predicted and observed by equation
5.2 and Figure 5.2.2. Here, the resonator loss rate is of a similar order to
the qubit-resonator coupling.

We next investigate the limit where g/γ→ 0, where the dissipation is the
dominating element of the resonator, with Qr → 0, by fabricating a lower
quality resonator.

In this regime, eigenmodes for the global system should be suppressed, and
only the qubit-resonator coupling g should be the dominating element in
the tunable photonic heat transport, with a contribution from the resonator-
resonator coupling acting as an effective background contribution.

The power from source-reservoir to the drain-reservoir in this highly dissi-
pative non-Hamiltonian ‘local’ case, described in [7] reads

PD =πhgf 2
r

n(βShfq)−n(βDhfq)
[1+Q2

r (r−1/r)2][coth
(
βShfq/2

)+coth
(
βDhfq/2

)
]

+πhg̃ f 2
r

∫ ∞

0

n(xβShfr)−n(xβDhfr)
[1+Q2

r (x−1/x)2]2 x3dx

, (5.5)

where n(βS/Dhf )= 1/(exp
(
βS/Dhf

)−1) is the temperature-dependent popu-
lation in each resonator, following the Bose-Einstein distribution. The
second term describes the direct resonator-to-resonator photon transfer,
quantified by g̃.

This ‘non-Hamiltonian’ (NH) model is experimentally verified in Figure
5.2.3(b), with optimal fitting at Qr = 3.15±0.14 and g ≈ 0.0156, with g/γ=
gQr ≈ 0.05.

The optimised fitting parameters for both sets of experimental data are
given in Table 5.1. Note, that whilst it is perhaps interesting that these
microwave parameters can be extracted from a quasi-DC measurement,
each can be independently confirmed by a microwave spectroscopy mea-
surement, leading to the main fitting parameter being the quality factor
Qr, which falls within the range reported by Publication II.

This ‘Quantum Heat Valve’ device demonstrates the subtlety in tuning
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Figure 5.2.3. Total heating power absorbed by the drain reservoir as a function of the
applied magnetic flux Φ. Different traces are colour-coded to the source
temperature values TS shown in the adjacent legend bar. In each plot, exper-
imental data is juxtaposed to the optimal fit of the appropriate theoretical
model. Panels a, b correspond to quasi-Hamiltonian (Equation 5.4) and
non-Hamiltonian (Equation 5.5) regimes, respectively.
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design FH QH NH

fr (GHz) 6.4 5.39 5.30±0.04 5.61±0.15

Qr 20 N/A 20 3.15±0.14

g×102 2.0 2.0 1.93±0.02 1.56±0.06

g̃×102 N/A −1.5 −2.01±0.05 0.21±0.05

EC/h (GHz) 0.2 0.15 0.15 0.15

EJ0/h (GHz) 45 45.0 28.8±0.3 35.7±1.1

d N/A N/A 0.57±0.01 0.08±0.59

Table 5.1. Summary of parameter estimates and measurements. Values quoted with
uncertainty are those obtained by fitting Equations 5.4 and 5.5 determined for
samples quasi-Hamiltonian (QH) and highly dissipative non-Hamiltonian (NH),
respectively. Note that the variable g̃ represents a subtly different quantity in
each model. Values quoted without uncertainty, either by design or measured
on non-dissipative, fully Hamiltonian (FH)-type samples, have been used as
constraints in modelling samples QH, NH. d represents the possible critical
current asymmetry in the SQUID junctions.

simply two parameters, the qubit-resonator coupling g, and the reservoir-
resonator relaxation γ. The interplay of these two parameters influence
both the transmitted power and the locality of the heat transport. It
interesting to see that while the quasi-Hamiltonian ‘global’ regime opens
extra eigenmodes, resulting in a higher power transmitted through the
system, these extra eigenmodes results in a weaker tuning ratio, as the the
qubit-resonator coupling, and our ability to tune it via the magnetic flux
tuning of the qubit plasma frequency, plays a reduced role in the photonic
heat transport. This tuning ratio is shown in Figure 5.2.4.

5.3 Heat Rectification via an artificial atom

So now that we have an understanding on the role that the qubit-resonator
coupling g and the reservoir-resonator relaxation γ play on the heat trans-
port through our symmetric system, we now remove the symmetry to
investigate the role of anharmonic coupling of the qubit asymmetrically
to the two microwave resonators. This details the work performed in
Publication IV.

In a pure two-level system, shown in Figure 5.3.1, we can consider the
power flow from left to right using Equation 5.3, assuming one of the
temperatures is T = 1/(kBβ) > 0 and the other one to be = 0, or vice versa,
and now using left bath-qubit coupling γ1 and right bath-qubit coupling γ2,
takes the form

P = γ1γ2

γ1 coth
(
Eβ/2

)+γ2
En(E), (5.6)
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Figure 5.2.4. Valve modulation ratio (maxΦPD - minΦPD)/maxΦ|PD| as a function of the
source temperature TS for non-Hamiltonian (NH) and quasi-Hamiltonian
(QH) regimes.

where n(E)= 1/(eβE −1) is the Bose-Einstein distribution. This expression
is particularly interesting, as it implies that the power flow is directionally
impeded when γ1 = γ2, unlike in the fermionic case where the power flow is
symmetric.

Taking the rectification ratio R of power Pi to bath i in the forwards (+)
and backwards (−) direction [78] in the two level approximation for the
transmon as

R = |P+
i |

|P−
i |

=
γ1 +γ2 coth

(
β�ω01

2

)

γ1 coth
(

β�ω01
2

)
+γ2

. (5.7)

Any value R = 1 corresponds to heat rectification. By introducing the
asymmetry in qubit-bath coupling factors δ= 1−γ1/γ2, this expression can
be simplified for |δ|� 1 to read

R = 1+ e−β�ω01δ . (5.8)

This, in fact, is the simplest realisation of a spin-boson rectifier proposed
by [79], and one of the few experimental realisations of heat rectification
[80, 81, 82], despite the ubiquity of its electronic rectification counterpart,
the electronic diode, omnipresent in modern day electronic devices, and a
fundamental tool for electronic logic.

We can fabricate and measure a device using the same protocol as in Sec-
tion 5.2, changing the resonators to be at 2.8 GHz and 6.7 GHz respectively.
We can similarly perform spectroscopic characterisation of the qubit in-
teracting with the two resonators using two-tone spectroscopy, and show
that not only do we couple to these two resonators, but also we can see the
qubit interacting with the second harmonic of the 2.75 GHz resonator, at
5.5 GHz.
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Figure 5.3.1. Diagram of the sample, consisting of a centrally located transmon type
superconducting qubit, coupled to two superconducting co-planar waveguide
resonators at 2.8 GHz and 6.7 GHz, respectively. Each resonator is termi-
nated at the current maximum with a thin-film copper microstrip resistor,
acting as a mesoscopic thermal bath. One of them is shown in the left
inset by a colourised scanning electron micrograph of the copper microstrip
resistor (orange), with 4 superconducting aluminium probes (green) (sepa-
rated from the copper by an insulator, not visible) for temperature control
and readout, and two superconducting aluminium contacts to the co-planar
waveguide resonator (blue). The superconducting quantum interferometer
is shown similarly on the right inset. The topmost diagram represents a
simple model of the system, with the resonator-qubit-resonator structure
represented as a diode, and the forward and reverse directions drawn in
purple and green respectively. A third electrode can be seen on the transmon
island, which in non-dissipative variants of the device used for spectroscopy,
connects the transmon to a readout resonator
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Figure 5.3.2. Two-tone spectroscopic readout of resonator-qubit-resonator structure per-
formed using a tertiary readout resonator coupled to a third electrode of
the qubit. We observe qubit-resonator couplings at 2.78 GHz, corresponding
to the low frequency resonator, 5.5 GHz, corresponding to the second mode
of this resonator, and at 7.05 GHz, corresponding to the high frequency
resonator. The parameters used in the calculated energy spectra, shown in
the upper right figure, are: EJ/h = 45 GHz and EC/h = 0.15 GHz, which give
ω01(Φ= 0)/2π= 7.2 GHz.

Figure 5.3.3. (a)Power transmitted between the two baths at three voltage (heating) bias
points, with the subplots corresponding to 420 mK (1000 fW), 400 mK (750
fW), and 380 mK (600 fW) source temperatures (powers), in descending
order. The bath temperature is kept fixed at 150 mK. Purple is the forward
direction, and green the reverse, as shown in Figure 5.3.1. (b) Rectification
ratio of traces from (a), with the non-tunable contribution removed.
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Writing down the Hamiltonian for this higher Hilbert-dimensionality de-
vice is more challenging than in the quantum heat valve case, as we lose
the ability to use the same symmetry considerations. We can write the
Hamiltonian as

Ĥ = �ωLâ†
LâL+�ωqâ†

qâq+�ωRâ†
RâR+g(âqâ†

L+â†
qâL+âqâ†

R+â†
qâR)+ g̃(âLâ†

R+â†
LâR).

(5.9)
Where �ωL, �ωq, and �ωR are the energies of the left resonator, qubit and
the right resonator, respectively, g is the common coupling constant of
the qubit to the two resonators, and g̃ is the cross-coupling between the
resonators. In the eleven-level basis of |000〉, |100〉, |010〉, |001〉, |110〉, |101〉,
|011〉, |111〉, |200〉, |210〉, |300〉, |310〉, where the entries in each state refer
to the left resonator, the qubit, and the right resonator, respectively, the
matrix form of the Hamiltonian can be written as shown in the supple-
mentary materials of Publication IV. This basis allows up to the third
harmonic of the low frequency left resonator, whilst limiting the qubit and
high frequency right resonator to single excitations.

The spectra of these states as a function of the ratio r = fq/fr, the analogous
plot to that shown in Fig 5.2.2 for the Quantum Heat Valve, is shown
alongside the experimental spectroscopic readout of the non-dissipative
qubit-resonator interactions in Figure 5.3.2.

We can now turn to look at what the power through the system looks like,
in both the forward and reverse directions, plotted in purple and green
respectively for a series of heater temperatures in Figure 5.3.3(a), with
the rectification ratio plotted in Figure 5.3.3(b), to remove a non-tunable
rectification for visual clarity. This non-tunable rectification is believed to
be an artefact of uncertainty in heater temperature preparation, resulting
in large differences in the overall transmitted power, in addition to the
direct coupling between resonators.

We see that there is a strong dependence on the magnetic flux-tuning of
the superconducting qubit, with features occurring when the qubit is tuned
to resonant modes of the system, with the rectification tunable from 0 to
10%.
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6. Conclusions

At the beginning of this thesis, we argued the relative lack of understanding
of heat transport in quantum systems, and the increasing need to explore
this interface of quantum thermodynamics - not just as a purely academical
pursuit to understand a fundamental physical boundary, but also to better
understand and develop industrial quantum technologies, in particular as
the recently-proposed quantum volume, a metric of number of quantum
bits (quantum width) and how coherently coupled they are (quantum
depth) appear to be following an equivalent Moore’s law to that of the
semiconductor microprocessor.

Sufficiently advanced today is the field of quantum computing that during
this thesis, the author has not only been involved in the scientific pursuits
presented in this thesis, but also in the development of products for the
public, such as a quantum dice, using the IBM Q cloud-based quantum
computing platform as a quantum-limited dice roll, and in partnership
with IBM on the development of a quantum arcade of video and tabletop
games. Yet, despite this, there are still plenty of fundamental physics
challenges required to achieve a useful universal quantum computer.

This thesis has taken advantage of the tools developed in the develop-
ment of superconducting quantum information processing, such as the
qubits explained, demonstrated, and characterised in Chapter 3 and Pub-
lication I, and interfaced it with dissipative elements designed to look at
role of dissipation and heat transport in these superconducting quantum
circuits.

This has required interfacing a wide combination of sometimes contrast-
ing techniques and technologies, in particular the high-fidelity extremely
low energy microwave engineering technologies in both frequency and
time-domain for superconducting circuit QED studies, with the highly
dissipative, slow timescale regime required for thermodynamics.

To reconcile these two regimes, we have have explored the effect of strong
dissipation on superconducting resonators in Chapter 4 and Publication II,
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which involved having to develop a technique for isolating and characteris-
ing extremely low quality resonators from a typical quantum information
microwave background. We then looked at how dissipation can suppress
eigenmodes of a resonator-qubit-resonator system, and how we can tune
to the qubit in these systems to enhance or suppress the heat transport
based on the Purcell effect, in Section 5.2 and and Publication III, which
we named the Quantum Heat Valve.

Finally, we demonstrated rectification of heat currents when one uses
asymmetric resonators and the non-linear anharmonic energy levels of the
artificial atom, and by heating sufficiently to populate several modes of
the heated resonator, photonically blockading energy states of the artificial
atom, we can engineer a system that favours heat transport in a particular
direction - again tunable using the Purcell-limited qubit coupling to the
resonators.

These experiments combined give an idea of how dissipation could play
a role in more complex superconducting circuits, such as those used in
quantum computing and information processing, as well as some prospects
on how we might manipulate the flow of heat in these systems to improve
their performance.

The outlook is quite clear, we should adapt more of the tools of cQED, es-
pecially entangling multiple qubits, and as the technology allows us, with
more sensitive bolometry (moving to calorimetry), and look to moving to-
wards single quanta excitations/detection and qubit-coherence timescales.

There are some extremely interesting and important experiments to per-
form in this space, that would be able to truly explore the interface of
quantum dynamics with mesoscopic physics, for example - the energy re-
laxation of a qubit into a well-characterised bath on single trajectories, to
look at the energy distribution would be of fundamental interest, and will
require a broad bandwidth ultra-sensitive calorimeter, perhaps realised us-
ing a dissipative absorber with tunnel junction based readout. Additionally,
looking at using a qubit (or multiple qubits) to make a quantum heat en-
gine is currently a topic of great interest in the quantum thermodynamics
community.

We hence hope that the work in this thesis goes towards providing a
versatile platform for looking at heat transport, by offering an environ-
ment with a high dimensionality that can be tuned to engineer specific
physical domains, towards quantum heat transport and circuit quantum
thermodynamics.

44



References

[1] J Pritchard and S Till. UK Quantum Technology Landscape 2014.

[2] C. L. Degen, F. Reinhard, and P. Cappellaro. Quantum sensing. Rev. Mod.
Phys., 89(3):035002, July 2017.

[3] Peter W. Shor and John Preskill. Simple Proof of Security of the BB84
Quantum Key Distribution Protocol. Phys. Rev. Lett., 85(2):441–444, July
2000.

[4] Michael A Nielsen and Isaac L Chuang. Quantum Computation and Quan-
tum Information. Cambridge University Press, Cambridge; New York, 2010.
OCLC: 700706156.

[5] T. D. Ladd, F. Jelezko, R. Laflamme, Y. Nakamura, C. Monroe, and J. L.
O’Brien. Quantum computers. Nature, 464(7285):45–53, March 2010.

[6] Ronnie Kosloff and Amikam Levy. Quantum Heat Engines and Refrigerators:
Continuous Devices. Annu. Rev. Phys. Chem., 65(1):365–393, April 2014.

[7] B. Karimi and J. P. Pekola. Otto refrigerator based on a superconducting
qubit: Classical and quantum performance. Phys. Rev. B, 94(18):184503,
November 2016.

[8] B Karimi, J P Pekola, M Campisi, and R Fazio. Coupled qubits as a quantum
heat switch. Quantum Sci. Technol., 2(4):044007, December 2017.

[9] Sai Vinjanampathy and Janet Anders. Quantum thermodynamics. Contem-
porary Physics, 57(4):545–579, October 2016.

[10] Jukka P. Pekola. Towards quantum thermodynamics in electronic circuits.
Nature Phys, 11(2):118–123, February 2015.

[11] M. H. Devoret, A. Wallraff, and J. M. Martinis. Superconducting Qubits: A
Short Review. November 2008.

[12] G. Wendin and V. S. Shumeiko. Quantum bits with Josephson junctions
(Review Article). Low Temperature Physics, 33(9):724–744, September 2007.

[13] R Barends, J Kelly, A Megrant, D Sank, E Jeffrey, Y Chen, Y Yin, B Chiaro,
J Mutus, C Neill, P O’Malley, P Roushan, J Wenner, T C White, A N Cleland,
and John M Martinis. Coherent Josephson Qubit Suitable for Scalable
Quantum Integrated Circuits. Phys. Rev. Lett., 111(8):80502, August 2013.

[14] E. M. Purcell, H. C. Torrey, and R. V. Pound. Resonance Absorption by
Nuclear Magnetic Moments in a Solid. Phys. Rev., 69(1-2):37–38, January
1946.

45



References

[15] A. Imamog¯lu, D. D. Awschalom, G. Burkard, D. P. DiVincenzo, D. Loss,
M. Sherwin, and A. Small. Quantum Information Processing Using Quantum
Dot Spins and Cavity QED. Phys. Rev. Lett., 83(20):4204–4207, November
1999.

[16] Alexandre Blais, Ren-Shou Huang, Andreas Wallraff, S. M. Girvin, and
R. J. Schoelkopf. Cavity quantum electrodynamics for superconducting
electrical circuits: An architecture for quantum computation. Phys. Rev. A,
69(6):062320, June 2004.

[17] Herbert Walther, Benjamin T H Varcoe, Berthold-Georg Englert, and Thomas
Becker. Cavity quantum electrodynamics. Rep. Prog. Phys., 69(5):1325–1382,
May 2006.

[18] Neil W Ashcroft and N. David Mermin. Solid State Physics. Cengage
Learning, New Delhi, 2017. OCLC: 1053625129.

[19] Francesco Giazotto, Tero T. Heikkilä, Arttu Luukanen, Alexander M. Savin,
and Jukka P. Pekola. Opportunities for mesoscopics in thermometry and
refrigeration: Physics and applications. Rev. Mod. Phys., 78(1):217–274,
March 2006.

[20] H. Kamerlingh Onnes. Leiden Comm, 120b 122b 124c, 1911.

[21] E. Schrödinger. Quantisierung als Eigenwertproblem. Ann. Phys., 79(4):361–
276, 1926.

[22] A. Einstein. Über einen die Erzeugung und Verwandlung des Lichtes betref-
fenden heuristischen Gesichtspunkt. Ann. Phys., 17(1):132–148, 1905.

[23] Max Planck. Ueber das Gesetz der Energieverteilung im Normalspectrum.
Ann. Phys., 4(3):553–563, 1901.

[24] Louis de Broglie. Recherches sur la théorie des Quanta. Annalen der Physik,
3:22–128.

[25] W. Meissner and R. Ochsenfeld. Ein neuer Effekt bei Eintritt der Supraleit-
fähigkeit. Naturwissenschaften, 21(44):787–788, November 1933.

[26] F London and H London. The electromagnetic equations of the supraconduc-
tor. Proc. R. Soc. Lond. A, 149(A):71–88, March 1935.

[27] V.L. Ginzburg and L.D. Landau. On the Theory of Superconductivity. Zhur-
nal Eksperimental’noi i Teoreticheskoi Fiziki, 20(12):1064–1082, 1950.

[28] J. Bardeen, L. N. Cooper, and J. R. Schrieffer. Theory of Superconductivity.
Phys. Rev., 108(5):1175–1204, December 1957.

[29] M. Nahum, T. M. Eiles, and John M. Martinis. Electronic microrefrigerator
based on a normal-insulator-superconductor tunnel junction. Appl. Phys.
Lett., 65(24):3123–3125, December 1994.

[30] A. V. Feshchenko, L. Casparis, I. M. Khaymovich, D. Maradan, O.-P. Saira,
M. Palma, M. Meschke, J. P. Pekola, and D. M. Zumbühl. Tunnel-Junction
Thermometry Down to Millikelvin Temperatures. Phys. Rev. Applied,
4(3):034001, September 2015.

[31] S. Gasparinetti, K. L. Viisanen, O. P. Saira, T. Faivre, M. Arzeo, M. Meschke,
and J. P. Pekola. Fast electron thermometry for ultrasensitive calorimetric
detection. Physical Review Applied, 3(1):1–10, 2015.

[32] J. M. Rowell and D. C. Tsui. Hot electron temperature in InAs measured by
tunneling. Physical Review B, 14(6):2456–2463, September 1976.

[33] B.D. Josephson. Supercurrents through barriers. Advances in Physics,
14(56):419–451, October 1965.

46



References

[34] B.D. Josephson. Possible new effects in superconductive tunnelling. Physics
Letters, 1(7):251–253, July 1962.

[35] B. D. Josephson. Coupled Superconductors. Rev. Mod. Phys., 36(1):216–220,
January 1964.

[36] D. R. Schmidt, R. J. Schoelkopf, and A. N. Cleland. Photon-Mediated Thermal
Relaxation of Electrons in Nanostructures. Phys. Rev. Lett., 93(4):045901,
July 2004.

[37] Matthias Meschke, Wiebke Guichard, and Jukka P. Pekola. Single-mode
heat conduction by photons. Nature, 444(7116):187–190, November 2006.

[38] L. M. A. Pascal, H. Courtois, and F. W. J. Hekking. Circuit approach to
photonic heat transport. Phys. Rev. B, 83(12):125113, March 2011.

[39] J B Pendry. Quantum limits to the flow of information and entropy. J. Phys.
A: Math. Gen., 16(10):2161–2171, July 1983.

[40] Matti Partanen, Kuan Yen Tan, Joonas Govenius, Russell E. Lake, Miika K.
Mäkelä, Tuomo Tanttu, and Mikko Möttönen. Quantum-limited heat con-
duction over macroscopic distances. Nature Phys, 12(5):460–464, May 2016.

[41] David M. Pozar. Microwave Engineering. Wiley, Hoboken, NJ, 4th ed edition,
2012. OCLC: ocn714728044.

[42] A Megrant, C Neill, R Barends, B Chiaro, Yu Chen, L Feigl, J Kelly, Erik
Lucero, Matteo Mariantoni, P J J O’Malley, D Sank, A Vainsencher, J Wenner,
T C White, Y Yin, J Zhao, C J Palmstrøm, John M Martinis, and A N Cleland.
Planar superconducting resonators with internal quality factors above one
million. Appl. Phys. Lett., 100(11), 2012.

[43] J Burnett, L Faoro, and T Lindström. Analysis of high quality supercon-
ducting resonators: Consequences for TLS properties in amorphous oxides.
Supercond. Sci. Technol., 29(4):044008, April 2016.

[44] D Bozyigit, C Lang, L Steffen, J M Fink, C Eichler, M Baur, R Bianchetti,
P J Leek, S Filipp, M P da Silva, A Blais, and A Wallraff. Antibunching of
microwave-frequency photons observed in correlation measurements using
linear detectors. Nat Phys, 7(2):154–158, February 2011.

[45] J. R. Johansson, G. Johansson, C. M. Wilson, and Franco Nori. Dynamical
Casimir Effect in a Superconducting Coplanar Waveguide. Phys. Rev. Lett.,
103(14):147003, September 2009.

[46] C. M. Wilson, G. Johansson, A. Pourkabirian, M. Simoen, J. R. Johansson,
T. Duty, F. Nori, and P. Delsing. Observation of the dynamical Casimir effect
in a superconducting circuit. Nature, 479(7373):376–379, November 2011.

[47] Kuan Yen Tan, Matti Partanen, Russell E. Lake, Joonas Govenius, Shumpei
Masuda, and Mikko Möttönen. Quantum-circuit refrigerator. Nat Commun,
8(1):15189, August 2017.

[48] M. Partanen, K. Y. Tan, S. Masuda, J. Govenius, R. E. Lake, M. Jenei,
L. Grönberg, J. Hassel, S. Simbierowicz, V. Vesterinen, J. Tuorila, T. Ala-
Nissila, and M. Möttönen. Flux-tunable heat sink for quantum electric
circuits. Sci Rep, 8(1):6325, December 2018.

[49] Jani Tuorila, Matti Partanen, Tapio Ala-Nissila, and Mikko Möttönen. Ef-
ficient protocol for qubit initialization with a tunable environment. npj
Quantum Inf, 3(1):27, December 2017.

[50] Richard P. Feynman. Simulating physics with computers. Int J Theor Phys,
21(6-7):467–488, June 1982.

47



References

[51] D. Deutsch. Quantum Theory, the Church-Turing Principle and the Univer-
sal Quantum Computer. Proceedings of the Royal Society A: Mathematical,
Physical and Engineering Sciences, 400(1818):97–117, July 1985.

[52] P.W. Shor. Algorithms for quantum computation: Discrete logarithms and
factoring. In Proceedings 35th Annual Symposium on Foundations of Com-
puter Science, pages 124–134, Santa Fe, NM, USA, 1994. IEEE Comput. Soc.
Press.

[53] D. Deutsch and R. Jozsa. Rapid Solution of Problems by Quantum Com-
putation. Proceedings of the Royal Society A: Mathematical, Physical and
Engineering Sciences, 439(1907):553–558, December 1992.

[54] Lov K. Grover. A fast quantum mechanical algorithm for database search.
ACM, pages 212–219, May 1996.

[55] Maciej Lewenstein, Anna Sanpera, Veronica Ahufinger, Bogdan Damski,
Aditi Sen(De), and Ujjwal Sen. Ultracold atomic gases in optical lattices:
Mimicking condensed matter physics and beyond. Advances in Physics,
56(2):243–379, March 2007.

[56] R. Blatt and C. F. Roos. Quantum simulations with trapped ions. Nature
Phys, 8(4):277–284, April 2012.

[57] Romana Schirhagl, Kevin Chang, Michael Loretz, and Christian L. Degen.
Nitrogen-Vacancy Centers in Diamond: Nanoscale Sensors for Physics and
Biology. Annu. Rev. Phys. Chem., 65(1):83–105, April 2014.

[58] Floris A. Zwanenburg, Andrew S. Dzurak, Andrea Morello, Michelle Y. Sim-
mons, Lloyd C. L. Hollenberg, Gerhard Klimeck, Sven Rogge, Susan N.
Coppersmith, and Mark A. Eriksson. Silicon quantum electronics. Rev. Mod.
Phys., 85(3):961–1019, July 2013.

[59] David P. DiVincenzo and IBM. The Physical Implementation of Quantum
Computation. arXiv:quant-ph/0002077, February 2000.

[60] Y. Nakamura, Yu. A. Pashkin, and J. S. Tsai. Coherent control of macroscopic
quantum states in a single-Cooper-pair box. Nature, 398(6730):786–788,
April 1999.

[61] John Preskill. Quantum Computing in the NISQ era and beyond. Quantum,
2:79, August 2018.

[62] Jens Koch, Terri M. Yu, Jay Gambetta, A. A. Houck, D. I. Schuster, J. Majer,
Alexandre Blais, M. H. Devoret, S. M. Girvin, and R. J. Schoelkopf. Charge-
insensitive qubit design derived from the Cooper pair box. Phys. Rev. A,
76(4):042319, October 2007.

[63] E.T. Jaynes and F.W. Cummings. Comparison of quantum and semiclassical
radiation theories with application to the beam maser. Proc. IEEE, 51(1):89–
109, 1963.

[64] Michael Tavis and Frederick W. Cummings. Exact Solution for an N -
Molecule—Radiation-Field Hamiltonian. Phys. Rev., 170(2):379–384, June
1968.

[65] I. I. Rabi. Space Quantization in a Gyrating Magnetic Field. Phys. Rev.,
51(8):652–654, April 1937.

[66] H. Nyquist. Thermal Agitation of Electric Charge in Conductors. Phys. Rev.,
32(1):110–113, July 1928.

[67] M S Khalil, M J A Stoutimore, F C Wellstood, and K D Osborn. An analysis
method for asymmetric resonator transmission applied to superconducting
devices. Journal of Applied Physics, 111(5):54510, 2012.

48



References

[68] Jay Gambetta, Alexandre Blais, D I Schuster, A Wallraff, L Frunzio, J Majer,
M H Devoret, S M Girvin, and R J Schoelkopf. Qubit-photon interactions in
a cavity: Measurement-induced dephasing and number splitting. Phys. Rev.
A, 74(4):42318, October 2006.

[69] Lev S Bishop, Eran Ginossar, and S M Girvin. Response of the Strongly
Driven Jaynes-Cummings Oscillator. Phys. Rev. Lett., 105(10):100505,
September 2010.

[70] I. Pietikäinen, S. Danilin, K. S. Kumar, D. S. Golubev, J. Tuorila, and G. S.
Paraoanu. Observation of the Bloch-Siegert shift in the driven quantum-to-
classical transition of a dispersive transmon qubit. (c):1–6, 2016.

[71] Max Hofheinz, E. M. Weig, M. Ansmann, Radoslaw C. Bialczak, Erik Lucero,
M. Neeley, A. D. O’Connell, H. Wang, John M. Martinis, and A. N. Cleland.
Generation of Fock states in a superconducting quantum circuit. Nature,
454(7202):310–314, July 2008.

[72] A. A. Houck, Jens Koch, M. H. Devoret, S. M. Girvin, and R. J. Schoelkopf.
Life after charge noise: Recent results with transmon qubits. Quantum Inf
Process, 8(2-3):105–115, June 2009.

[73] J A Schreier, A A Houck, Jens Koch, D I Schuster, B R Johnson, J M Chow,
J M Gambetta, J Majer, L Frunzio, M H Devoret, S M Girvin, and R J
Schoelkopf. Suppressing charge noise decoherence in superconducting charge
qubits. Phys. Rev. B, 77(18):180502, May 2008.

[74] Max Hofheinz, H. Wang, M. Ansmann, Radoslaw C. Bialczak, Erik Lucero,
M. Neeley, A. D. O’Connell, D. Sank, J. Wenner, John M. Martinis, and
A. N. Cleland. Synthesizing arbitrary quantum states in a superconducting
resonator. Nature, 459(7246):546–549, May 2009.

[75] Jerry M Chow, Jay M Gambetta, A D Córcoles, Seth T Merkel, John A
Smolin, Chad Rigetti, S Poletto, George A Keefe, Mary B Rothwell, J R
Rozen, Mark B Ketchen, and M Steffen. Universal Quantum Gate Set
Approaching Fault-Tolerant Thresholds with Superconducting Qubits. Phys.
Rev. Lett., 109(6):60501, August 2012.

[76] S. Probst, F. B. Song, P. A. Bushev, A. V. Ustinov, and M. Weides. Efficient
and robust analysis of complex scattering data under noise in microwave
resonators. Review of Scientific Instruments, 86(2):024706, February 2015.

[77] J.P. Pekola and J.P. Kauppinen. Insertable dilution refrigerator for char-
acterization of mesoscopic samples. Cryogenics, 34(10):843–845, October
1994.

[78] T Motz, M Wiedmann, J T Stockburger, and J Ankerhold. Rectification of
heat currents across nonlinear quantum chains: A versatile approach beyond
weak thermal contact. New J. Phys., 20(11):113020, November 2018.

[79] Dvira Segal and Abraham Nitzan. Spin-Boson Thermal Rectifier. Phys. Rev.
Lett., 94(3):034301, January 2005.

[80] C. W. Chang, D. Okawa, A. Majumdar, and A. Zettl. Solid-State Thermal
Rectifier. Science, 314(5802):1121–1124, November 2006.

[81] R Scheibner, M König, D Reuter, A D Wieck, C Gould, H Buhmann, and L W
Molenkamp. Quantum dot as thermal rectifier. New J. Phys., 10(8):083016,
August 2008.

[82] J. Rossnagel, S. T. Dawkins, K. N. Tolazzi, O. Abah, E. Lutz, F. Schmidt-Kaler,
and K. Singer. A single-atom heat engine. Science, 352(6283):325–329, April
2016.

49



 

-o
tl

a
A

D
D

 
5

2
2

/
 9

10
2

 +d
gfii

a*GM
FTSH

9  NBSI 3-6588-06-259-879  )detnirp( 
 NBSI 0-7588-06-259-879  )fdp( 
 NSSI 4394-9971  )detnirp( 
 NSSI 2494-9971  )fdp( 

 
ytisrevinU otlaA  

ecneicS fo loohcS  
scisyhP deilppA  

 if.otlaa.www

 + SSENISUB
 YMONOCE

 
 + TRA

 + NGISED
 ERUTCETIHCRA

 
 + ECNEICS

 YGOLONHCET
 

 REVOSSORC
 

 LAROTCOD
 SNOITATRESSID

 r
oi

ne
S 

ne
dr

oJ
 s

ti
uc

ri
C 

mu
tn

au
Q 

gn
it

cu
dn

oc
re

pu
S 

ni 
tr

op
sn

ar
T t

ae
H

 y
ti

sr
ev

i
n

U 
otl

a
A

 9102

 scisyhP deilppA

ni tropsnarT taeH  
mutnauQ gnitcudnocrepuS  

 stiucriC

 roineS nedroJ

 LAROTCOD
 SNOITATRESSID

 

-o
tl

a
A

D
D

 
5

2
2

/
 9

10
2

 +d
gfii

a*GM
FTSH

9  NBSI 3-6588-06-259-879  )detnirp( 
 NBSI 0-7588-06-259-879  )fdp( 
 NSSI 4394-9971  )detnirp( 
 NSSI 2494-9971  )fdp( 

 
ytisrevinU otlaA  

ecneicS fo loohcS  
scisyhP deilppA  

 if.otlaa.www

 + SSENISUB
 YMONOCE

 
 + TRA

 + NGISED
 ERUTCETIHCRA

 
 + ECNEICS

 YGOLONHCET
 

 REVOSSORC
 

 LAROTCOD
 SNOITATRESSID

 r
oi

ne
S 

ne
dr

oJ
 s

ti
uc

ri
C 

mu
tn

au
Q 

gn
it

cu
dn

oc
re

pu
S 

ni 
tr

op
sn

ar
T t

ae
H

 y
ti

sr
ev

i
n

U 
otl

a
A

 9102

 scisyhP deilppA

ni tropsnarT taeH  
mutnauQ gnitcudnocrepuS  

 stiucriC

 roineS nedroJ

 LAROTCOD
 SNOITATRESSID

 

-o
tl

a
A

D
D

 
5

2
2

/
 9

10
2

 +d
gfii

a*GM
FTSH

9  NBSI 3-6588-06-259-879  )detnirp( 
 NBSI 0-7588-06-259-879  )fdp( 
 NSSI 4394-9971  )detnirp( 
 NSSI 2494-9971  )fdp( 

 
ytisrevinU otlaA  

ecneicS fo loohcS  
scisyhP deilppA  

 if.otlaa.www

 + SSENISUB
 YMONOCE

 
 + TRA

 + NGISED
 ERUTCETIHCRA

 
 + ECNEICS

 YGOLONHCET
 

 REVOSSORC
 

 LAROTCOD
 SNOITATRESSID

 r
oi

ne
S 

ne
dr

oJ
 s

ti
uc

ri
C 

mu
tn

au
Q 

gn
it

cu
dn

oc
re

pu
S 

ni 
tr

op
sn

ar
T t

ae
H

 y
ti

sr
ev

i
n

U 
otl

a
A

 9102

 scisyhP deilppA

ni tropsnarT taeH  
mutnauQ gnitcudnocrepuS  

 stiucriC

 roineS nedroJ

 LAROTCOD
 SNOITATRESSID


	Aalto_DD_2019_225_Senior_verkkoversio



