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1. Introduction

1.1 Motivation

Quantum computing [1] is on the verge of revolutionizing computational
problem solving, and hence, it may have a fundamental impact on our
society and everyday life. It can improve our ability to simulate quantum
mechanical systems such as complex molecules, and thus, for example,
advance the development of novel materials and medicines [1,2]. One of
the best-known examples of the opportunities for quantum computing is
factoring of large numbers with Shor’s algorithm [3]. Since the factoring of
large numbers is used for cryptographic purposes in our everyday life, it
shows the great potential of quantum algorithms over the classical ones.
However, the advantage of quantum algorithms is apparent only in certain
problems [2]. Nevertheless, one can expect a multitude of such problems
and algorithms to be found once one can build a fully functional large-scale
quantum computer. Since building a large-scale quantum computer is
very challenging [4], it is of utmost importance to experimentally test
the different aspects of a quantum computer. One of those aspects is the
control of the heat flows and dissipation, which we study in this thesis.

Perhaps the most promising architecture for quantum computing is
based on superconducting quantum bits, qubits [5–8], in the framework of
circuit quantum electrodynamics (cQED) [9,10]. The qubit is a two-level
system that can be used to store and process quantum information. State-
of-the-art superconducting qubits have been shown to exhibit coherence
times that are sufficiently long for quantum error correction algorithms [11,
12], which is an important step towards a large-scale quantum computer.
Although superconducting qubits benefit from the lack of resistance during
the computation, resistive components may be utilized, for example, in
realizing fast and accurate initialization protocols [13]. Consequently, the
integration of normal-metal components into cQED is a promising field of
research. However, the normal-metal components in cQED have not been

1
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sufficiently investigated in experimental setups although they have been
theoretically studied to some extent [13–17]. Notably, the applications
involving qubits and normal-metal components call for a tunable coupling
between them, which is a topic studied in this thesis. Moreover, in order
to further improve the coherence times, a thorough understanding of heat
conduction mechanisms is essential for the engineering of superconducting
qubits and quantum circuits that operate at sub-kelvin temperatures.

In addition to the very promising perspectives for quantum computing,
there are many other potential applications for extremely sensitive super-
conducting circuits. For example, superconducting detectors have been
shown to obtain very high sensitivities [18–23]. These detectors can be
operated in combination with parametric amplifiers [24–27] to increase
the signal with minimal added noise. Furthermore, in the field of quan-
tum sensing, quantum mechanical properties, such as entanglement, are
utilized to obtain measurements of various quantities with very high accu-
racies [28]. The environment of these detectors and amplifiers as well as
of other superconducting devices requires careful engineering for optimal
performance since heat leaks may substantially deteriorate the operation.

Besides applications, superconducting circuits provide a versatile plat-
form for different experiments on fundamental physics. The topics include,
for example, quantum-limited heat conduction [29, 30], Lamb shift [31],
dynamical Casimir effect [32], Maxwell’s demon [33–35], and many other
experiments in quantum thermodynamics [36–40]. For such experiments,
tunnel junctions [41] are beneficial since they provide nonlinear, tunable
inductors [42], and accurate thermometry [43,44], as well as refrigeration
and heating [36,45–47]. Furthermore, tunnel junctions can be utilized in
controlling heat flows [48–50].

1.2 Objectives and scope

This dissertation focuses on experimental studies of various heat transfer
mechanisms in superconducting microwave circuits at sub-kelvin tempera-
tures. The main objectives of the thesis are twofold: we investigate methods
for utilizing the interaction between microwave photons and normal-metal
resistors, and between the photons and the electrons tunneling through
hybrid normal-metal–insulator–superconductor (NIS) junctions for control-
ling heat in superconducting circuits. In particular, we study how to utilize
microwave photons to transfer heat, and how to control the microwave
photons. More detailed objectives are given below.

Firstly, we study how to efficiently transfer heat over long distances us-
ing photons in a microwave transmission line. Long-distance heat transfer
may find practical applications in various fields such as quantum comput-
ing and sensitive detectors. The heat is transferred by photons traveling
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in a superconducting waveguide terminated by two normal-metal islands.
Ideally, the photons travel from one resistor to the other without reflec-
tions. In such an ideal case, the quantum of thermal conductance gives the
maximum heat transfer through a single channel. Photonic heat transfer
approaching the quantum limit is studied in Publication I. Long-distance
heat transfer at the quantum limit has not been experimentally studied
before.

Secondly, we study methods for controlling microwave photons in super-
conducting resonators with NIS junctions. We study how to absorb photons
in Publication II, and how to emit photons in Publication III. Notably,
we demonstrate the operation principle of utilizing inelastic tunneling
in NIS junctions to exchange photons with a microwave resonator. In
addition, we utilize the inelastic tunneling to obtain full absorption of the
input microwave signal and to investigate the Lamb shift in Publication
IV. Because we do not study the Lamb shift from a theoretical point of
view in this thesis, the Lamb shift is considered as a purely experimental
observation. Inelastic electron tunneling in NIS junctions has not been
previously utilized in controlling microwave photons in superconducting
resonators.

Thirdly, we develop a versatile heat sink based on a resistor coupled
to a magnetic-flux-tunable resonator in Publication V. In particular, we
use two capacitively coupled resonators. One of them has ideally very
high quality factor enabling its utilization in qubit applications whereas
the other one has a low quality factor due to a resistive component. The
resonator with the low quality factor comprises also an integrated super-
conducting quantum interference device (SQUID), which enables tuning
of the resonance frequency. If the two resonators are in resonance, the
lifetime of a microwave photon in the originally high-quality resonator
is significantly reduced owing to photon absorption in the normal-metal
resistor.

Fourthly, we combine NIS junctions with tunable resonators in Publica-
tion VI. Thus, we can control the photon emission and absorption rate at
the NIS junction as well as the coupling between the resonators by tuning
the resonators into resonance. Therefore, we can study the most efficient
heat transfer between the resonators at the critical damping. This kind
of a circuit is not only potentially useful for applications requiring fast
energy dissipation but also in studying fundamental physics. Namely, we
can control the dissipation rate and detuning of the two resonators which
enables us to access an exceptional point (EP) in the parameter space
where the eigenvalues of the non-Hermitian matrix coalesce. The critical
damping is obtained at the EP.

In this thesis, we investigate tunable environments for superconducting
qubits. In applications based on qubits, a key requirement is that the
coupling between the resistor and the qubit can be effectively switched
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off during the actual computation. In addition to the qubits, the methods
studied here are potentially suitable for various applications that benefit
from controllable heat flows. Various tunable superconducting resonators
without normal-metal components have already been studied in cQED
(see e.g. Refs. [51–59]). Although the work in this thesis is motivated
by quantum computing, quantum computing itself is not studied here.
Importantly, this thesis paves the way for the integration of normal-metal
components into cQED for various applications.

1.3 Structure of the thesis

The structure of this thesis is as follows: The theoretical foundation and
the experimental methods for this thesis are described in Chapter 2. In
particular, we discuss NIS tunnel junctions, photonic heat transfer in a
waveguide terminated with resistors, and sample fabrication and measure-
ments. In Chapter 3, we focus on the results. First, we discuss the results
of the long-distance heat transfer experiments from Publication I. Then,
the focus is on the results of the experiments on the absorption and emis-
sion of resonator photons by photon-assisted tunneling in NIS junctions
from Publications II, III, and IV. Subsequently, we discuss the results of
the experiments on the tunable heat sink and the EP from Publications V
and VI, respectively. Finally, conclusions are drawn in Chapter 4.
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2. Background and methods

In this chapter, we introduce the theoretical concepts that are important
for the experiments in this thesis. In addition, we discuss the sample
fabrication and our measurement setup.

2.1 Superconductors

Superconductivity has been actively studied since its discovery over a
century ago by Heike Kamerlingh Onnes [60,61]. It is most notably charac-
terized by vanishing electrical resistance for dc currents. In addition, the
superconductors have also other important features, including expulsion
of magnetic fields known as the Meissner effect, and the Josephson effect
utilized in superconducting quantum interference devices, or SQUIDs, as
described below. The microscopic theory for the superconductivity was
developed by Bardeen, Cooper, and Schrieffer (BCS) in 1957 [62].

In this thesis, superconductivity is utilized for several reasons. Firstly,
it is possible to fabricate low-loss microwave resonators out of them due to
the lack of resistance. However, the resonators have some loss of energy
owing to, e.g., radiative losses and losses caused by excitations in the
superconductors known as quasiparticles [63]. Secondly, we use super-
conductivity in SQUIDs which are nonlinear inductors. Their inductance
can be tuned by applying external magnetic fields. Therefore, they can be
used as components in microwave resonators to obtain tunable resonance
frequencies. Thirdly, we use superconductors in NIS junctions which are
described in more detail below.

According to the BCS theory, there is a small attractive interaction
between the conduction electrons. This attraction can be explained in
conventional superconductors by lattice vibrations, i.e., the movement of
the ions in the solid-state lattice. The lattice vibrations can be described as
phonons, which have particle-like properties. Due to the phonon-induced
attractive interaction between the electrons, they form Cooper pairs which
have lower energy than unpaired electrons. Importantly, the Cooper pairs
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are bosons, and therefore, they can occupy the same ground state. Further-
more, the excitations from the collective ground state, or quasiparticles,
have an energy that is higher than the energy gap Δ. In order to break a
Cooper pair, an energy of 2Δ is required. Thus, the density of states for
the quasiparticles can be written as [36]

NS(E) = N0nS(E), (2.1)

where N0 denotes the density of states at the relevant energies E near the
Fermi level in the normal state, and the normalized density of states is
given by

nS(E) =

∣∣∣∣∣Re

(
E/Δ+ iγD√

(E/Δ+ iγD)2 − 1

)∣∣∣∣∣ . (2.2)

Here, γD is the Dynes parameter which takes into account the sub-gap
current that has been experimentally observed [36,64–66]. The density of
states given by Eq. (2.2) can be utilized in tunnel junctions, as discussed
below.

2.2 Normal-metal–insulator–superconductor junctions

In this section, we focus on the operation principle of the NIS junc-
tions. Previously, NIS junctions have been actively studied already for
many years for their application as electron refrigerators and thermome-
ters [36, 43, 45–47, 67–70]. First, we discuss elastic tunneling, which is
typically the dominating electron tunneling process. Subsequently, we
study the inelastic tunneling processes that are utilized in this thesis for
controlling the photon number in microwave resonators. In earlier work,
the focus has been on the effect of the electromagnetic environment on elec-
tron tunneling [41,66,71,72] but photon-assisted tunneling through NIS
junctions has not been utilized in refrigerating quantum circuits. The op-
eration principle of a structure consisting of two symmetrically connected
NIS junctions, i.e., of a SINIS, is presented in Fig. 2.1.

2.2.1 Elastic tunneling

Elastic tunneling through NIS junctions can be used for refrigerating the
normal-metal electrons as well as for heating them. Furthermore, the
NIS junctions are utilized as thermometers that measure the normal-
metal electrons since the current–voltage characteristics depend on the
temperature.

We apply a voltage V across a single NIS junction which results in an
electric current [36,66]

I(V ) =
1

eRT

∫ ∞

0
nS(E)[f(E − eV, TN)− f(E + eV, TN)]dE, (2.3)
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Figure 2.1. Operation principle of SINIS junctions at an increasing bias voltage from
(a) to (d). The vertical direction indicates the energy, and the horizontal
direction the density of states with filled states indicated by the shading in
the different parts of the junction. The superconductor density of states is
calculated according to Eq. (2.2) with Δ = 200 μeV and γD = 10−4. In the
figure, the strongly peaked superconductor density of states is truncated for
clarity. The density of states is approximately constant in the normal metal,
and the filled states are given by the Fermi distribution at a temperature of
100 mK. The straight arrows indicate the quasiparticle tunneling, and the
wavy arrows photons with a frequency of 10 GHz. The red arrows indicate the
photon emission, the blue arrows the photon absorption, and the black arrows
the elastic tunneling. The dashed lines indicate strongly suppressed processes
due to lack of available empty states at the other side of the tunneling barrier.
(a) The Fermi levels, EF, of the S and N electrodes are aligned with a vanishing
bias voltage across a single NIS junction, V = 0. (b) By applying a bias voltage,
we can shift the Fermi levels of the electrodes with respect to one another.
At V = 0.9 × Δ/e, the normal metal is cooled down since cold electrons
tunnel into the island from the left superconductor, and hot electrons tunnel
out to the right. Elastic tunneling is the dominating process but photon
absorption is also possible. (c) At V = 1.05×Δ/e, the elastic tunneling heats
up the normal metal. Photon absorption is possible and emission remains
suppressed. Therefore, the photon environment can be cooled down although
the normal metal is heated up. (d) At V = 1.5×Δ/e, all tunneling processes
are energetically allowed.

where RT is the normal-state tunneling resistance of the junction, the
Fermi–Dirac distribution is given by f(E, TN) = {exp[E/(kBTN)]+1}−1 with
the Boltzmann constant kB, and the temperature of the normal metal TN.
Importantly, the current has essentially no dependence on the temperature
of the superconductor, TS, if it is well below the critical temperature of the
superconductor, TC. Therefore, NIS junctions can be operated as thermome-
ters measuring the electron temperature of the normal metal. Figure 2.2(a)
presents calculated current–voltage characteristics of a NIS junction at
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Figure 2.2. Performance of a NIS junction without inelastic processes. (a) Normalized
current as a function of bias voltage at different temperatures. (b) Normalized
voltage as a function of temperature for different bias currents. (c) Refrigera-
tion power at the normal metal as a function of bias voltage. The curves in
(a), (b) are calculated based on Eq. (2.3), and in (c) based on Eq. (2.4) with
Δ = 200 μeV, γD = 10−4, RT = 30 kΩ, and TN = TS = 100 mK.

various temperatures. When the temperature of the superconductor is
increased to TS � 0.5 × TC, the energy gap Δ starts to decrease, which
reduces the reliability of the thermometer. The energy gap disappears at
T = TC. We typically operate the NIS thermometer with a bias current. At
low bias currents, even a small change in the electron temperature causes
a substantial change in the voltage, as shown in Fig. 2.2(b).

In addition to the electric charge, the tunneling electrons transfer heat
across the junction. The heat flow out of the normal metal is given by [36]

P =
1

e2RT

∫ ∞

−∞
nS(E)(E − eV )[f(E − eV, TN)− f(E, TS)]dE. (2.4)

The cooling power as a function of the bias voltage is shown in Fig. 2.2(c)
for typical junction parameters. Maximum cooling is obtained near the
edges of the energy gap, V ≈ Δ/e, as schematically presented in Fig. 2.1.
Outside the gap, the normal-metal temperature increases with increasing
voltage owing to Joule heating.

2.2.2 Photon-assisted tunneling

Here, we focus on the inelastic tunneling processes where the tunneling
electron either emits or absorbs a photon. We can analyze inelastic tunnel-
ing processes using the so-called P (E) theory which can be used to describe
the effect that a resonator has on electron tunneling [41]. This method is
used in Publications II and III. One can also use the transition rate theory
developed in Ref. [73]. The focus in the transition rate theory is on the
effect that a NIS junction has on the resonator. The transition rate theory
is used in Publication VI. These two methods yield agreeing results [73].
We denote the NIS junctions that are engineered to control photon number
in a microwave circuit as a quantum-circuit refrigerator (QCR).
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Here, we consider a resonator with angular frequency ω coupled to a
NIS junction. The transition rates of the resonator state from m to m′

photons corresponding to electron tunneling from N to S can be written
as [73]

→
ΓT
m→m′=

M2
m,m′

e2RT

∞∫
−∞

∞∫
−∞

dEdE′nS(E)[1−fS(E)]fN(E
′)δ[E−E′+�ω(m′−m)−eV ],

(2.5)
where δ is the Dirac delta function that takes into account the transferred
energy, the number of occupied states in the N electrode is proportional to
fN(E

′), and the empty states in the S electrode to [1− fS(E)]. The matrix
elements, which describe the overlap of the initial and final resonator
eigenstate, assume the form [73]

M2
m,m′ =

{
e−ρρm−m′m′!

m! [L
m−m′
m′ (ρ)]2, m ≥ m′,

e−ρρm
′−m m!

m′! [L
m′−m
m′ (ρ)]2, m < m′,

(2.6)

with the generalized Laguerre polynomials Ll
n(ρ). The parameter describ-

ing the environment, ρ, depends on the electrical circuit. For a simple
LC circuit, it is given by ρ = π/(CRKω0), where the von Klitzing constant
is RK = h/e2 ≈ 25.8 kΩ. Typically, ρ < 0.01, which strongly suppresses
multi-photon processes compared to single-photon processes. Above, we
neglect the effects owing to the charging of the normal-metal island. The
transition rate corresponding to the backward electron tunneling from S
to N is obtained similarly.

Typically, it is convenient to consider a SINIS junction coupled to a
resonator instead of a single NIS junction. In this case, the resonator
transition rate for the resonator from m to m′ photons is approximately
given by [73]

Γm,m′(V ) = M2
m,m′

2RK

RT

∑
τ=±1

→
F [τeV + �ω(m−m′)], (2.7)

where →
F (E) =

1

h

∫ ∞

−∞
dε nS(ε)[1− f(ε, TS)]f(ε− E, TN). (2.8)

These absorption and emission rates describe the performance of the SINIS
junctions in controlling the photon number in a resonator.

As discussed above, the single-photon transitions dominate over the
multi-photon transitions, and hence, we may neglect the multi-photon
processes. The total transition rate for single photon processes can be
defined as [73]

κQCR =
Γm,m−1

m
− Γm,m+1

m+ 1
. (2.9)

Consequently, the absorption and emission rates can be expressed as [73]

Γm,m−1 = κQCR(NQCR + 1)m,

Γm,m+1 = κQCRNQCR(m+ 1),
(2.10)
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Figure 2.3. (a) Coupling strength describing the inelastic tunneling as a function of bias
voltage across a single NIS junction. (b) The effective temperature of the
tunneling as a function of voltage. The curves in (a) and (b) are calculated
based on Eqs. (2.9) and (2.12), respectively, with Δ = 200 μeV, γD = 10−4,
RT = 30 kΩ, TN = TS = 100 mK, ρ = 0.005, and ω/(2π) = 10 GHz.

where the effective photon number corresponding to the inelastic tunneling
is given by

NQCR =
1

exp
(

�ω
kBTQCR

)
− 1

, (2.11)

and the effective temperature is given by

TQCR =
�ω

kB

⎧⎨⎩ln

⎡⎣∑
τ=±1

→
F (τeV + �ω)∑

τ=±1

→
F (τeV − �ω)

⎤⎦⎫⎬⎭
−1

. (2.12)

Consequently, the tunnelling appears as an environment with a temper-
ature TQCR owing to Eq. (2.10). In order to study the voltage dependence
of the inelastic tunneling processes, the coupling strength κQCR, and the
effective temperature TQCR are shown as a function of bias voltage in
Fig. 2.3. The coupling strength increases by several orders of magnitude
as the voltage is increased from zero to eV/Δ = 1, and it saturates at high
voltages. The effective temperature reaches its minimum at eV/Δ � 1, and
increases linearly at high voltages. The voltage-dependence of the coupling
strength is qualitatively explained in Fig. 2.1.

For completeness, we briefly discuss also the P (E) theory here. In this
theory, the transition rates for the tunneling electrons can be expressed
as [41]

Γ� =
1

e2RT

∫ ∞

−∞

∫ ∞

−∞
dEdE′nS(E

′)f(E ∓ eV, TN)[1− f(E′, TS)]P (E − E′),

(2.13)
where P (E) is a probability density for energy transfer E across the junc-
tion. The electric current is given by I = e(Γ→ − Γ←). When considering
only elastic tunneling, i.e., when P (E) is given by the Dirac delta function
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peaked at zero, one obtains the electric current in Eq. (2.3) [66]. When also
inelastic processes are included, the probability obtains the form [41]

P (E) = e−(ρa+ρe)
∑
m,n

ρma ρne
m!n!

δ[E − (n−m)�ω], (2.14)

where m and n are the numbers of absorbed and emitted photons, re-
spectively, and the corresponding environmental parameters are given by
ρa = ρ(1+N) and ρe = ρN . Here, N denotes the Bose–Einstein distribution
N = {exp[E/(kBTr)]− 1}−1 at resonator temperature Tr.

2.3 Superconducting quantum interference device

The celebrated Josephson effect [42,74] is based on the fact that a super-
current can flow through a weak link connecting two superconductors. The
weak link can be either an insulating barrier or other barrier types in the
form of, for example, a geometrical constriction, a normal-metal layer, or
graphene. These junctions are known as Josephson junctions, and they can
be described by the Josephson equations. The Josephson voltage–phase
relation can be written as [61]

dϕ
dt

=
2e

�
V, (2.15)

and the current–phase relation as

IJ = I0 sin(ϕ). (2.16)

Here, ϕ is the phase difference across the junction, V the voltage, IJ the
current, and I0 the critical current. The phase describes the macroscopic
state of the superconducting condensate. From the equations above, one
obtains the Josephson inductance

LJ(ϕ) =
Φ0

2πI0 cos(ϕ)
, (2.17)

where Φ0 = h/2e is the magnetic flux quantum. Interestingly, the in-
ductance can assume both positive and negative values. However, the
state corresponding to the negative inductance is energetically unstable.
Therefore, we can write the inductance as

LJ(ϕ) =
Φ0

2πI0| cos(ϕ)|
, (2.18)

where the absolute value restricts the inductance to the stable positive
values.

When replacing a single Josephson junction by two parallel junctions
integrated in a closed superconducting loop, one creates a superconducting
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quantum interference device, SQUID. It can be described by Josephson
equations as well. One needs to replace the maximum critical current of a
single junction by that of the SQUID. A SQUID has an important property
that the phase difference can be controlled by applying a magnetic field
through the loop. The phase difference is periodic with the magnetic flux
quantum and, thus, the inductance of a SQUID can be written as

LS(ϕ) =
Φ0

2πI0| cos(πΦ/Φ0)|
, (2.19)

where Φ is the flux penetrating the SQUID loop. Here, we have assumed
a negligible inductance of the loop without the junctions, and symmetric
tunnel junctions. Using a SQUID rather than single junctions makes it
straightforward to control the inductance of an electrical circuit in situ.
Currently, SQUIDs are used in various applications such as low-noise
magnetometry and qubits [7,75].

2.4 Quantum of thermal conductance

Heat transfer can be analyzed by considering parallel heat transfer chan-
nels, each of which has a finite maximum heat conductance known as the
quantum of thermal conductance. The quantum of thermal conductance at
a temperature T is given by [76–78].

G0 =
πk2BT

6�
. (2.20)

This upper bound is valid for fermions, bosons, and anyons [77]. Im-
portantly, it depends on temperature. The quantum of thermal conduc-
tance is typically related to the quantization of electrical conductance,
Ge = e2/h, by the Wiedemann–Franz law [77, 79–82]. The ratio of the
thermal and electrical conductance divided by T is known as the Lorenz
number L0 = G0/(GeT ) = π2k2B/(3e

2).
The quantum limit for thermal conduction has been observed in differ-

ent systems: phonons [29], photons [30,83], electrons [80,84,85], anyons [86],
and non-Abelian states [87]. In Publication I, we study heat transfer by
microwave photons over macroscopic distances. A straightforward deriva-
tion for the quantum of thermal conductance is given in Section 2.6. A
more rigorous derivation can be found in Ref. [77].

2.5 Microwave resonators

In this section, some basic properties of transmission lines and microwave
resonators are briefly presented. Electromagnetic waves or photons travel
along the transmission lines ideally without losses. By introducing suitable
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boundary conditions to the transmission lines, it is possible to create
resonance conditions, i.e., superconducting resonators.

2.5.1 Transmission lines

A lossless transmission line can be modeled as a series of lumped-element
inductors and capacitors [88,89], as shown in Fig. 2.4(a). In the limit where
the circuit elements become infinitesimally small, Δx → 0, the model is
called a distributed-element model. Using Kirchhoff laws, one obtains a
wave equation for the current,

∂2
t I(x, t) = ClLl∂

2
xI(x, t), (2.21)

where Cl = C1/Δx and Ll = L1/Δx are the capacitance and inductance
per unit length, and C1, L1, and Δx are defined in Fig. 2.4(a). The phase
velocity of the current wave in the transmission line is v = 1/

√
ClLl.

Similarly, a wave equation can be written for the voltage, V (x, t), or the
charge, Q(x, t), along the transmission line. The characteristic impedance
of the transmission line is defined as the ratio of the voltage and current
amplitudes, Z0 = V/I =

√
Ll/Cl [88]. Furthermore, one can write a

classical Lagrangian and Hamiltonian for the transmission line in order to
carry out the canonical quantization [90].

Transmission lines form microwave resonators if the boundary condi-
tions given by the terminations support standing waves. Open termination
results in a current node, and shorted termination induces a voltage node.
Coplanar waveguide structure is convenient for applications in cQED since
it has relatively low loss [91]. A coplanar waveguide consists of a center
conductor and a ground plane on both sides of the center conductor.

2.5.2 Scattering parameters and transmission matrix

We are interested in the scattering parameters since they can be measured
conveniently with an off-the-shelf vector network analyzer. A general
two-port circuit is schematically shown in Fig. 2.4(b). The scattering
parameters can be defined in terms of the incoming voltages V1,in and V2,in,
and outgoing voltages V1,out and V2,out as [88](

V1,out

V2,out

)
=

(
S11 S12

S21 S22

)(
V1,in

V2,in

)
, (2.22)

where the matrix elements are defined as Sij = Vi,out/Vj,in with Vk,in = 0 if
k �= j. Alternatively, one can define the scattering parameters in terms of
power, as in Ref. [92]. We typically measure the transmission coefficient S21,
which describes the transmission from Port 1 to Port 2, and the reflection
coefficient at Port 1, S11.
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Figure 2.4. Lumped element model and a general two-port circuit. (a) A transmission line
is presented as a series of lumped inductances L1 and capacitances C1, which
correspond to a section of the transmission line with a length Δx. Voltages
and currents in the circuit at point i are denoted by Vi and Ii, respectively.
(b) A two-port circuit with incoming and outgoing voltages and currents at
both ports as indicated in the figure.

Another useful method for analyzing microwave circuits is the trans-
mission matrix, or ABCD matrix, which can be defined as [88](

V1

I1

)
=

(
A B

C D

)(
V2

I2

)
, (2.23)

where Vi is the sum of incoming and outgoing voltages, and Ii the difference
of incoming and outgoing currents at Port i. Different circuit elements can
be presented with different matrices, and the total ABCD matrix of the
circuit is obtained by multiplying the matrices corresponding to the differ-
ent parts of the circuit [88]. The conversion factors for the matrix elements
in different methods can be found in Refs [88,92], and, for example, the
S21 parameter can be written as

S21 =
2

A+B/ZL + CZL +D
, (2.24)

where ZL is the characteristic impedance of the external measurement
cables to which the studied circuit is connected.

2.5.3 High-quality resonators

A resonator with a resonance frequency f = ω/(2π) can be characterized
by its quality factor, or Q factor, which can be defined as Q = ωE/P, where
E is the energy stored in the resonator, and P the power loss [88]. We can
define separate Q factors for different loss mechanisms with powers Pk as
Qk = ωE/Pk. Typically, the resonator losses are divided to internal and
external losses, and the total losses are described by loaded quality factor
QL defined by Q−1

L =
∑

k Q
−1
k . The dissipation in a resonator can also be
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characterized by coupling strengths to different loss mechanisms, defined
by κk = ω/Qk.

High-quality resonators are essential for reading out the state of the
qubits in cQED. Previously, quality factors above 106 have been obtained [93].
Two-level systems (TLS) at the interfaces and, especially, in the amorphous
oxides are assumed to limit the quality factor in case of low fields of ap-
proximately a single photon [63, 94]. The TLS loss can be minimized by
using low frequency and high power, which is not possible in the case of
resonators in qubit applications [63]. Other approaches for lowering the
TLS losses include using different materials such as TiN since nitrides are
stable against oxidation [95], and deep-etching of the substrate [96]. In
coplanar waveguides, increasing the distance between the center conductor
and the ground plane reduces the TLS losses since it reduces the electric
field but it also increases radiative losses [63]. The TLSs in the amorphous
aluminum oxide of the Josephson junctions in the qubits can be minimized
by reducing the junction area owing to discreteness of the TLSs [63]. In
Publication V, we fabricate high-quality resonators out of sputtered Nb by
minimizing the oxide volumes at the interfaces.

2.6 Photonic heat transfer

Let us investigate heat transfer between two reservoirs A and B at temper-
atures TA and TB, respectively. Photonic heat transfer has been studied in
Refs. [30,83,97,98]. The power density carried by photons with energy �ω

traveling from a reservoir A to B through a channel with a transmission
coefficient t(ω) can be written as

PAB(ω) = �ω|t(ω)|2 1

exp
(

�ω
kBTA

)
− 1

, (2.25)

where the number of photons is given by Bose–Einstein distribution. Due
to symmetry, the following holds for the power carried by photons traveling
from B to A:

PBA(ω) = �ω|t(ω)|2 1

exp
(

�ω
kBTB

)
− 1

. (2.26)

The net power is obtained by integrating over all frequencies,

PΓ =

∫ ∞

0

dω
2π

[PAB(ω)− PBA(ω)]

=

∫ ∞

0

dω
2π

�ω|t(ω)|2
[

1

exp( �ω
kBTA

)− 1
− 1

exp( �ω
kBTB

)− 1

]
. (2.27)

In case of full transmission, |t(ω)|2 = 1, one analytically obtains

PΓ =
πk2B
12�

(T 2
A − T 2

B). (2.28)
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Furthermore, by defining T = (TA + TB)/2, the power assumes the form

PΓ = G0(TA − TB), (2.29)

where G0 = πk2BT/(6�) is the quantum of thermal conductance discussed
in Section 2.4. In a more general case, the transmission coefficient t(ω) can
be obtained by applying Kirchhoff laws to the circuit, as discussed below.

Let us focus on the boundary conditions for a connection of two trans-
mission lines with characteristic impedances Z1/2. The voltage waves
moving right and left are denoted by V �

1/2, and the current waves by I�1/2.
The voltage and current at the connection are given by

V →
1 + V ←

1 = V →
2 + V ←

2 , (2.30)

I→1 − I←1 = I→2 − I←2 . (2.31)

Since Z1/2 = V →
1/2/I

→
1/2 = V ←

1/2/I
←
1/2, we can write the current equation above

as
1

Z1
(V →

1 − V ←
1 ) =

1

Z2
(V →

2 − V ←
2 ). (2.32)

The voltage wave obtains a phase φ = ωs/v, when traveling over distance
s at a phase velocity v. One can carry out the canonical quantization, and
obtain annihilation operators for the right- and left-moving photons [90,99].
Consequently, one obtains the quantum mechanical boundary conditions
similar to the classical boundary conditions in Eqs. (2.30) and (2.32).

For a transmission line with characteristic impedance Z0 terminated by
load impedance ZL, the reflection coefficient is given by [88]

S11 =
ZL − Z0

ZL + Z0
, (2.33)

and the same equation holds for the reflection from a transmission line with
characteristic impedance ZL. Consequently, also a resistor can be modeled
as a semi-infinite transmission line with the characteristic impedance
equal to the resistance [90].

Let us study the circuit consisting of a transmission line terminated at
both end by resistors, as shown in Fig. 2.5(a). This circuit represents the
samples in Publication I. We model the resistors as semi-infinite transmis-
sion lines. Consequently, we can consider the circuit shown in Fig. 2.5(b),
which defines the annihilation operators âL/R, b̂L/R, ĉL/R, and d̂L/R. The
quantum mechanical boundary conditions are given by [90,99]

1√
Z0

(b̂L − b̂R) = − 1√
RA

(âR − âL), (2.34)

1√
Z0

(ĉR − ĉL) = − 1√
RB

(d̂L − d̂R), (2.35)√
Z0(b̂L + b̂R) =

√
RA(âR + âL), (2.36)
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Figure 2.5. Circuit for photonic heat transfer. (a) A transmission line with length s
and characteristic impedance Z0 is terminated by resistances RA/B. (b) The
resistors are presented as semi-infinite transmission lines with characteristic
impedances RA/B. The figure defines the annihilation operators for right- and
left-moving photons at different locations in the circuit. The figure is adapted
from Publication I.

√
Z0(ĉR + ĉL) =

√
RB(d̂L + d̂R), (2.37)

ĉR = eiφb̂R, (2.38)

b̂L = eiφĉL. (2.39)

From these equations, we obtain the transmission coefficient [97]

|t(ω)|2 = 2

1 +
R2

A+R2
B

2RARB
+

R2
AR

2
B+Z4

0−R2
AZ

2
0−R2

BZ
2
0

2RARBZ
2
0

sin2(φ)
. (2.40)

The quantum mechanical boundary conditions are identical to the classical
ones in Eqs. (2.30) and (2.32) if we define a classical quantity proportional
to square root of power, i.e., proportional to V �

i /
√
R, where R is the char-

acteristic impedance.
The thermal power emitted by a resistor in the form of photons can

be considered as one-dimensional black body radiation, and it is known
as the Johnson–Nyquist noise [97, 100,101]. At low enough frequencies,
�ω � kBTA, we can approximate 1/{exp[�ω/(kBTA)] − 1} ≈ kBTA/(�ω).
Thus, if TB = 0 and the circuit is impedance-matched, RA = RB = Z0, the
power assumes the form PΓ = kBTAΔf , where Δf is the frequency band.
Noticeably, this power is independent of the value of the resistance. The
voltage noise produced by a single resistor RA can be written in the typical
form of the Johnson–Nyquist noise as V 2 = 4kBTARAΔf since half of the
voltage fluctuation originating from RA occurs over each resistor. Here, the
noise voltage can be considered in series with a noiseless ideal resistor.
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2.7 Other heat transfer methods

In this section, we introduce electron–phonon coupling, which provides
an important thermalization method for the electrons. In addition, we
discuss the heat transfer by quasiparticles in superconductors, and the
Joule heating encountered in resistive materials.

2.7.1 Electron–phonon coupling

Electron–phonon coupling causes the energy of the electrons to relax to
the phonon bath, which is often at a lower temperature than the electrons.
The phonon bath can also have a higher temperature if the electrons are
cooled using, for example, NIS refrigerators.

The power originating from the electron–phonon coupling can be written
as [36]

Pep = ΣNΩN(T
5
N − T 5

0 ), (2.41)

where ΣN is a material constant describing the coupling in the normal
metal, ΩN is the volume of the normal metal, and TN and T0 are the
temperatures of the normal metal and the phonon bath, respectively. If
TN ≈ T0, the power assumes the form

Pep = Gep(TN − T0), (2.42)

where the thermal conductance is given by Gep = 5ΣNΩNT
4
0 . In supercon-

ductors, the electron–phonon coupling is substantially reduced [102].

2.7.2 Quasiparticle heat conduction

In a superconductor, the cooper pairs do not transfer heat since they are in
the common ground state separated from the excited states by the energy
gap Δ. In contrast, the quasiparticle excitations may contribute to heat
transfer.

Let us consider quasiparticle heat conduction along a superconducting
lead with a cross-sectional area A between two normal-metal blocks. The
power can be expressed as [83]

Pqp = κSAT
′(x), (2.43)

where T ′(x) denotes the derivative of the temperature with respect to
position x, and the thermal conductivity in the superconducting state is
given by [103]

κS = γ̃(T )κN, (2.44)

where

γ̃(T ) =
3

2π2

∫ ∞

Δ/(kBT )

t2

cosh2(t/2)
dt, (2.45)
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and the normal-state thermal conductivity κN can be obtained from the
electrical resistivity ρ and the Wiedemann–Franz law discussed in Sec-
tion 2.4 as

κN =
L0T (x)

ρ
. (2.46)

Importantly, the thermal conductivity in the superconducting state is expo-
nentially suppressed as compared to the normal state at low temperatures.

2.7.3 Joule heating

A resistor R generates heat when an electric current I flows through it.
The Joule power is given by P = RI2 = V I, where V is the potential
difference across the resistor. Joule heating is important for the thermal
balance of the normal-metal islands. In addition, Joule heating plays a
role in the microwave regime as it converts the energy of the microwave
photons into heat and, thus, reduces the quality factor of the resonators.

2.8 Exceptional points

Exceptional points, EPs, are square root singularities in the parameter
space of a system described by a non-Hermitian Hamiltonian [104–107].
The eigenvalues of the Hamiltonian coalesce, which, for a system described
by a 2 × 2 matrix, implies that there is only a single eigenvector. This
feature is very different from the more typical degeneracy, where there are
two eigenvectors even if there is only a single eigenvalue [105,106].

In recent years, EPs have been actively investigated in different sys-
tems [108–114]. The intriguing phenomena that can be investigated with
an EP include, for example, the spontaneous symmetry breaking in parity–
time symmetric systems [115–118]. Parity–time symmetric systems oper-
ating in the quantum regime may have properties that are substantially
different from the semiclassical models, including new phases originating
from quantum fluctuations [119, 120]. Furthermore, EPs are related to
the disappearance of the beating Rabi oscillations [121], and to the chiral
states in microwave systems [122], and they can be utilized for topological
energy transfer [107, 109, 110]. One can observe EPs in open quantum
systems as well as classical systems which exchange energy with their
environment. However, EPs have not been thoroughly investigated in
superconducting microwave circuits [123] since the focus is typically on
minimizing the losses rather than utilizing them.

To better understand the topological structure of the eigenvalues in the
parameter space of independently adjustable parameters, let us focus on
two coupled microwave resonators. As discussed in Section 3.6 and Publica-
tion VI, we can realize an EP in a system consisting of two superconducting
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Figure 2.6. The eigenvalues of the effective Hamiltonian according to Eq. (2.49). (a) The
real part of the eigenvalue as a function of decay rate κ2 and mode detuning δ.
(b) Similarly for the imaginary part. The red circle denotes the EP. The used
parameters are κ1 = 2π× 260 kHz, and g = 2π× 7.2 MHz, and they are based
on the samples in Publication VI. The figure is adapted from Publication VI.

resonators, one of which has a tunable frequency and dissipation rate. For
the two coupled resonators with a coupling strength g and a frequency
detuning δ, one obtains an effective non-Hermitian Hamiltonian [59]

H =

(
−iκ1

2 g

g δ − iκ2
2

)
, (2.47)

where κ1 is the decay rate of the first resonator, and κ2 is that of the
second resonator. The Hamiltonian is scaled with �, and it is in the basis
ψ = (A,B)T, where A and B are the field amplitudes in the resonators. We
can write a time-dependent Schrödinger equation for the system as

d
dt

ψ = −iHψ. (2.48)

Furthermore, we can express the eigenvalues of H as

λ± =
1

4
(2δ − iκ1 − iκ2 ± s) , (2.49)

and the eigenvectors as

ψ± =

(
−2δ − iκ1 + iκ2 ± s

4g
, 1

)T
, (2.50)

where
s =

√
4δ2 + 16g2 − (κ2 − κ1)2 − i4δ(κ2 − κ1). (2.51)

The real and imaginary parts of the eigenvalues form self-intersecting
Riemann surfaces in the parameter space of κ2 and δ, as shown in Fig. 2.6.
The real part describes frequency shift, whereas the imaginary part yields
the damping rate. The eigenvalues and eigenvectors coalesce if s = 0. This
condition is fulfilled if δ = 0, and |κ2 − κ1| = 4g. In our samples, κ1 � κ2,
and hence, the the condition for the EP can be simplified to form κ2 = 4g.
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2.9 Experimental methods

In this section, we describe the sample fabrication process taking place in
a cleanroom. Subsequently, we discuss how to characterize the samples
at room temperature and how to carry out the actual measurements at
cryogenic temperatures.

2.9.1 Sample fabrication

All the samples presented in this thesis are fabricated in the Micronova
cleanroom facilities. The fabrication process consists of two main steps,
optical lithography (OL) and electron beam lithography (EBL). Both of
these steps consist of several substeps. We have developed several clean-
room processes depending on the desired sample structure and materials.
Here, we first present a basic process for fabricating the samples for the
measurements on quantum-limited heat conduction used in Publication
I, and for the experiments on photon-assisted tunneling in Publication II.
Subsequently, we describe the process for fabricating the samples for the
experiments on the microwave source in Publication III, on the Lamb shift
in Publication IV, and on the coupled resonators in Publications V and
VI. Figure 2.7 schematically presents the OL process with etching and the
EBL process with evaporation and lift-off. These processes are discussed
below.

In Publications I and II, we use 100-mm Si wafers covered with 300-
nm-thick layer of thermally grown SiO2. The fabrication process starts
with hexamethyldisilazane priming followed by spin-coating of the resist
AZ5214E. The resist is exposed with ultraviolet light using a mask aligner,
and developed in AZ351B. The resist AZ5214E can be used in both positive
and negative mode, i.e., either the exposed or unexposed resist is removed
in the development. The metal layers (Al 200 nm, Ti 3 nm, Au 5 nm) are
then deposited with an electron beam evaporator. We use Ti to improve the
adhesion and to separate Au from Al, and the layer of Au prevents oxidation
enabling galvanic contact with the nanostructures. The evaporation can
be carried out perpendicular to the wafer surface. The following lift-off
step is performed in acetone bath. Subsequently, the wafer is cleaned with
isopropanol (IPA). An example of a wafer after OL is shown in Fig. 2.8(a).
The wafer is pre-diced from the backside such that the depth of cut is
approximately half of the wafer thickness. This pre-dicing before the EBL
enables minimizing the number of steps after the sensitive nanostructures
are fabricated.

After OL, the nanostructures are patterned with EBL. The resist
for the EBL consists of two polymers: the lower layer is poly[(methyl
methacrylate)-co-(methacrylic acid)], and the upper layer is poly(methyl
methacrylate). The EBL is used to define the resist mask, which we first
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Figure 2.7. Schematical sample fabrication steps of (a)–(d) the etching process for the
resonators, and (e)–(h) lift-off process for tunnel junctions. (a) First, Nb is
sputtered onto the Si wafer. (b) Photo resist is deposited by a spinner onto the
Nb layer. The resist is exposed at selected areas with ultraviolet light through
a photo mask. (c) The metal is removed from selected areas by plasma etching.
Prior to etching, the exposed resist is removed in a development step. Reflow
bake produces rounded edges for the resist, and consequently, rounded edges
for the metal after the etching. (d) Finally, the resist is removed leaving the
etched metal structure on the wafer. (e) For EBL, the wafer is first covered
with two layers of resist. Then, the resist is exposed with an electron beam at
selected areas. (f) The resist is developed removing the exposed resist. The
bottom layer of the resist is removed from a larger area than the top layer,
which produces hanging resist structures necessary for angle evaporation of
the metal. The evaporation may be carried out perpendicular to the surface
if no junctions are needed. (g) Evaporation of metal at a different angle.
Between the metalization steps, one can let O2 gas into the evaporation
chamber, which produces an oxide layer on the first metal layer. The oxide
between the overlapping metal layers serves as the insulator in the tunnel
junction. The second evaporation is optional if no junctions are needed. In
addition, a third evaporation can be applied at a different angle if needed.
(h) The resist layers are removed leaving the desired metal structures on the
wafer. The figures are not to scale.

develop with a 1:3 mixture of methyl isobutyl ketone and IPA, followed by
a development with a 1:3 mixture of methyl glycol and methanol, and fi-
nally the development is terminated and the sample cleaned with IPA. The
development with methyl glycol increases the undercut, and thus enables
the usage of larger angles in the following evaporation. However, it is not
always necessary depending on the sample structure. The structures are
metallized using a three-angle shadow evaporation method in an electron
beam evaporator. The first metal layer (Al) is oxidized in situ in the evapo-
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2 m

a b

Figure 2.8. (a) Photograph of a 100-mm Si wafer after optical lithography. Here, each
sample has a size of 10 × 10 mm2. The samples are similar to those in
Publication I. (b) A false-color SEM image of a sample after EBL. Parallel
lines originate from the three-angle evaporation process. This sample is used
in Publication I.

ration chamber prior to the next layer (Cu or AuPd). This step produces
the NIS junctions. The next layer (Al) is evaporated without oxidation
thus producing NS contacts between the normal metal island and a lead
connected to the center conductor of the resonator or the ground plane.
The lift-off is carried out in acetone, followed by cleaning in IPA. Finally,
the sample is separated from the neighboring samples by pushing with
tweezers and breaking the wafer along the pre-diced lines. An example of
the fabricated nanostructures is shown in Fig. 2.8(b).

The fabrication process used in Publications III, IV, V, and VI begins
with the deposition of the superconducting film (Nb) by sputtering. In
Publication V, the wafer is not oxidized in order to increase the quality
factor of the resonators. Prior to sputtering, the native oxide on the Si
wafer can be removed in situ in the sputtering machine by ion beam etching.
After sputtering, a resist mask is defined using OL as described above. A
reflow bake after the development produces rounded edges of the resist,
which subsequently results in rounded edges of the Nb structures required
for continuous nanostructure leads. The resonators are then defined to
the superconducting film by etching the material that is not protected by
the resist mask. This step is performed with reactive ion etching. The
next step is to cover the the sample with an Al2O3 layer with atomic layer
deposition (ALD) in Publications III, IV, and VI. The ALD step is omitted
in Publication V also to obtain high quality factors. Subsequently, the
nanostructures (NIS junctions, SQUIDs and resistors) are fabricated with
EBL as described above.

2.9.2 Sample imaging and characterization

The fabricated samples are investigated by imaging them with microscopes.
The used microscopy methods include scanning electron microscopy (SEM),
atomic force microscopy (AFM) as well as optical microscopy. Furthermore,
the atomic composition and the structure of the samples can be studied by
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energy dispersive X-ray spectroscopy, X-ray reflection measurements, and
X-ray diffraction measurements. However, the X-ray measurements are of
a minor importance in this thesis. Nevertheless, they provide information
about the atomic ratio of AuPd, which is used as a normal metal in some
of the samples. In addition to microscopy and X-ray methods, we use an
ellipsometer and a profilometer for film thickness measurements.

2.9.3 Refrigeration

The lowest temperatures used in this thesis are obtained with commercial
dry dilution refrigerators, an example of which is shown in Fig. 2.9(a), (b).
The base temperatures are approximately 10 mK, and temperatures up to
approximately 700 mK are conveniently obtained by applying a heating
power to the base plate. After changing the temperature of the base
plate, we wait until the temperature properly stabilizes before starting the
measurement.

Some measurements are performed in a liquid He bath at approximately
4.2 K. This temperature is below the critical temperature of several super-
conducting materials such as Nb (TC ≈ 9 K) and NbN (TC ≈ 15 K). Thus,
4.2 K is sufficient for measurements which do not require extremely low
thermal noise but do require superconductivity. The critical temperatures
depend on the film properties such as thickness and purity.

It is also possible to carry out some measurements at room temperature
and in liquid N2 (77 K). For example, the resistances of NIS junctions can
be measured at room temperature to check that the junctions are neither
shorted nor open.

2.9.4 Electrical measurements

For electrical measurements, the samples are connected to a printed circuit
board (PCB) by Al bonding wires. The structure of the PCB and the sample
holder depends on the measurement type since different number of rf
and dc lines are needed for the measurements, as described in Chapter 3.
Examples of PCBs together with samples are shown in Fig. 2.9(c), (d).
Some sample holders are self made whereas others are bought from a
commercial provider.

The measurements at dc and at low frequencies can be performed us-
ing thermocoax cables which connect the sample at the base plate of the
cryostat to the measurement setup at room temperature. High-frequency
measurements in the gigahertz range require different cables which are
fabricated out of superconducting materials (Nb and NbTi) if they connect
different temperature stages of the cryostat to each other below a tem-
perature of 4 K to minimize the heat load to the base plate. The thermal
noise power that is emitted at the high-temperature parts of the measure-
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Figure 2.9. Measurement setup. (a) The cryostat, shown in the middle of the figure, is
used to achieve temperatures down to 10 mK. In addition, some measure-
ment instruments are shown together with the control unit of the cryostat.
(b) Opened cryostat. There are several different temperature stages with the
lowest temperature at the bottom, as indicated. (c), (d) Examples of sample
holders. The sample in panel (c) is used for the heat conduction experiment
described in Publication I. It has a size of 20×20 mm2. The sample in panel (d)
is used in Publication VI, and it has a size of 10× 10 mm2.

ment setup and flows to the sample must be minimized in order to obtain
the lowest possible temperatures. Temperatures well below 100 mK are
used in the heat conduction measurements. Low temperatures are also
required for the resonator measurements since we are interested in the
quality factors at the single-photon level relevant for the applications in
quantum computing. The weak signals from the samples are amplified by
various amplifiers. At room temperature, the measurements are carried
out using, for instance, a multimeter, an arbitrary waveform generator, an
oscilloscope, and a vector network analyzer.
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3. Results

In this chapter, the main results of this dissertation are presented. First,
we focus on the long-distance heat transfer between two heat baths. Sec-
ond, we discuss the experiment demonstrating the application of photon-
assisted tunneling in cooling a superconducting resonator. Subsequently,
we present the realization of an incoherent photon source based on photon-
assisted tunneling and discuss the Lamb shift measurements. Finally, we
describe the results on a flux-tunable heat sink and the realization of an
exceptional point.

3.1 Long-distance heat transfer by microwave photons

The results from Publication I are discussed in this section. We aim to
realize heat transfer close to the quantum limit discussed in Section 2.4.
In our system, the heat is transferred between two normal-metal islands
through a single photonic channel in a transmission line.

3.1.1 Sample structure

Here, we study heat transfer along a superconducting transmission line
with a length of either 20 cm or 1 m. The sample structure is shown
in Fig. 3.1. The heat is transmitted between two normal-metal islands,
Islands A and B, which terminate the transmission line. We control the
temperature of Island B and measure the temperatures of both islands by
means of NIS junctions. To reduce the physical dimensions of the sample,
the transmission line has a double spiral structure. Thus, the physical dis-
tance between the resistors is shorter than the length of the transmission
line. Nevertheless, it is above 0.5 cm, which is also significantly longer
than in previous experiments.

Several samples with slightly different parameters are fabricated. The
analysis is focused on Sample A1 which has the best impedance matching
to the transmission line. To verify the effect of the photonic channel, we
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Figure 3.1. Structure of the sample used for studying long-distance heat transfer. (a) The
structure of the sample schematically presented. A coplanar waveguide trans-
mission line is terminated by normal-metal islands A and B at temperatures
TA/B. (b) The operation principle of the system. Heat conductance between the
islands is denoted by GAB, which is ideally given by the photonic channel at
the quantum limit. Both islands exchange heat with the phonon bath at tem-
perature T0 with heat conductances GA0/B0. We control TB by applying power
PNIS. Additionally, approximately constant powers Pconst,A/B affect the island
temperatures. (c) SEM image of the sample. (d) Optical micrograph showing
the coplanar waveguide transmission line in the double spiral. (e) Atomic
force micrograph showing the nanostructure thicknesses. (f) SEM image in
the vicinity of a normal-metal island. (g), (h) False-color SEM images of the
nanostructures together with the measurement connections. The electron
temperatures of the islands are obtained by measuring the voltages Vth,A/B
with fixed bias currents Ith,A/B through the junctions. Refrigeration and heat-
ing is induced with the bias voltage VB. (i) In the control sample, the center
conductor of the waveguide is shunted to ground to suppress the photonic
channel. The figure is adapted from Publication I.

fabricate and measure also a control sample with a shunted center conduc-
tor as shown in Fig. 3.1(i). The shunts at both ends of the transmission
line essentially block the photonic channel.

3.1.2 Thermal model

The photonic heat transfer between the islands depends on the impedances
in the system [97]. In the fully matched system where the characteristic
impedance of the transmission line equals the resistances of the normal-
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Figure 3.2. Full thermal model for the long-distance heat transfer. The heat transfer
methods included in the model are the photonic heat transfer PΓ, the NIS
cooling and heating powers at the temperature control junctions PNIS and
at the thermometer junctions Pth,A/B, the electron–phonon coupling in the
normal metals Pep,A/B/AR/BR, a constant heat leak from a high-temperature
environment Pleak,A/B, the quasiparticle heat transfer from the normal-metal
islands to nearby normal-metal reservoirs Pqp,A/B, and a weak parasitic heat
flow between the normal-metal islands Pp. The reservoirs are normal-metal
blocks located in the vicinity of the actual islands. The powers represented by
solid arrows are included in the simplified model. The figure is adapted from
Publication I.

metal islands, the photonic power is given by PΓ = G0(TA − TB), where
G0 = πk2BT/(6�) is the quantum of thermal conductance at temperature
T = (TA + TB)/2, as discussed in Section 2.6.

The operation principle of the sample is shown in Fig. 3.1(b). We use a
simplified thermal model which includes only photonic heat transfer and
the electron–phonon coupling, whereas the other powers are assumed to
be constant. In a linearized case, the differential temperature response is
given by

dTA

dTB
=

GAB

GAB +GA0
=

1

1 + aT 3
0

, (3.1)

where a = 30ΣNΩA�/(πk
2
B) is a predetermined constant. Here, we as-

sume that the thermal conductance between the islands GAB is photon
dominated and reaches the quantum limit G0. The thermal conductance
to the phonon bath at temperature T0 is approximated by the electron–
phonon conductance as GA0 ≈ Gep,A = 5ΣNΩAT

4
0 in Island A, as discussed

in Section 2.7.1. The simplified model does not include fitting parameters.
In addition to the simplified model, we devise a full thermal model

shown in Fig. 3.2 in order to take the sample structure into account more
precisely. In the full model, we take into account the photonic heat transfer,
the NIS cooling and heating powers, the electron–phonon coupling in the
normal metals, a constant heat leak from a high-temperature environment,
the quasiparticle heat transfer from the normal-metal islands to nearby
normal-metal reservoirs, the heat flows due to the thermometers, and a
weak parasitic heat flow between the normal-metal islands extracted from
the control sample. The nearby normal-metal reservoirs are a consequence
of the shadow evaporation process. The thermal balance equations for the
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two normal-metal islands and for two additional normal-metal reservoirs
in the vicinity of the islands are given by

PΓ + Pth,A − Pleak,A − Pp + Pep,A + Pqp,A = 0, (3.2)

PNIS − PΓ + Pth,B − Pleak,B + Pp + Pep,B + Pqp,B = 0, (3.3)

Pep,AR − Pqp,A = 0, (3.4)

Pep,BR − Pqp,B = 0, (3.5)

where the powers are defined in Fig. 3.2. From these equations, we solve
the temperatures of the two normal-metal islands and two additional
normal-metal reservoirs for a given bath temperature. The main heat
transfer methods are discussed in Sections 2.2–2.7. In addition, we take
non-idealities of the NIS cooling power into account. The back-flow power
of a single NIS junction can be written as [69] Pbf = β(IV + P ), where
P is the ideal power of the NIS junction calculated according to Eq. (2.4).
Here, we assume that a constant fraction β of the total power at the
superconducting lead flows back to the normal metal. Thus, the power of
the NIS junctions assumes the form PNIS = 2(P − Pbf), where the factor 2
arises from the two NIS junctions forming a SINIS. The back-flow power
may originate from over-heating of the superconducting leads [69]. In our
measurements, we observe a very weak heat transfer in the control sample
at very large temperature differences between the normal-metal islands
in Publications I and II. We take this parasitic power phenomenologically
into account by introducing a function Pp = αIBVB, where a fraction α of
the total Joule power dissipated at the junction flows to the other island.
The existence of a parasitic power is not very surprising since the samples
and the sample holders are not ideal. Nevertheless, the parasitic power is
of very little importance in the actual samples.

3.1.3 Experimental observations

The measured temperature changes ΔTA/B(VB) = TA/B(VB) − TA/B(0) are
shown in Fig. 3.3 together with the corresponding results from the full
thermal model. The island temperatures are constant at low voltages,
decrease near VB = Δ/(2e) ≈ 0.4 mV owing to refrigeration by the NIS
junctions, and increase at high voltages due to Joule heating. At high bath
temperatures, ΔTA(VB) ≈ 0 due to strong thermalization to the phonon
bath. The theoretical model is in good agreement with the measurements.

The temperature TA as a function of TB is shown in Fig. 3.4(a) at various
bath temperatures T0. Furthermore, we extract the differential temper-
ature response dTA/dTB as a function of T0 in Fig. 3.4(b). The experi-
mental results agree rather well with the simplified model especially at
T0 ≈ 150 mK. The island temperatures saturate below T0 ≈ 100 mK which
results in discrepancy between the simplified model and the experiments.
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Figure 3.3. Experimental and calculated temperature changes in the long-distance heat
transfer. Experimental temperature changes with respect to zero voltage
temperature (a) ΔTA and (b) ΔTB as functions of bias voltage and bath temper-
ature. (b), (c) The corresponding results from the full thermal model showing
good agreement with the experimental data. The figure is adapted from
Publication I.

The full model, which is fitted with realistic parameters, follows the exper-
imental results well. The inset in Fig. 3.4(b) shows the extracted fractions
η = GAB/G0. According to the simplified thermal model, η is between
0.4 and 0.9 depending on the value of the electron–phonon coupling con-
stant [36] at T0 ≈ 150 mK. Furthermore, η obtains values near unity
according to the full thermal model. However, there is some uncertainty in
the exact value of η due to the uncertainty in the exact value of the sample
parameters. Nevertheless, the sample shows photonic heat conductance
close to the quantum of thermal conductance, which is the main result in
Publication I.

3.2 Observation of photon absorption by tunnel junctions

In this section, the results from Publication II are discussed. First, we de-
scribe the structure of the sample consisting of a superconducting resonator
and two embedded normal-metal islands with NIS junctions. Subsequently,
we discuss the experimental results. The main observation is that we can
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Figure 3.4. Experimental electron temperature and differential temperature response
together with simulations for the long-distance heat transfer experiment.
(a) The temperature of Island A as a function of the temperature of Island B at
various bath temperatures in Sample A1. Control sample results at 100 mK
are shown for comparison. (b) Differential temperatures as functions of the
bath temperature for several samples as indicated in the figure. The solid
black line shows the full-model simulation for Sample A1, and the dashed
lines show simulation results with 80 % and 115 % of the quantum of thermal
conductance. The red lines show the results for the simplified model with
two different literature values [36] for the electron–phonon coupling constant
of copper: ΣN↓ = 2 × 109 WK−5m−3 (right), and ΣN↑ = 4 × 109 WK−5m−3

(left). The inset presents the fraction η = GAB/G0 as a function of T0 for the
simplified model with ΣN↓ (���) and ΣN↑ (���) and for the full thermal model (���)
for Sample A1. The lines are guides for the eye. The figure is adapted from
Publication I.

reduce the average photon number in a microwave resonator by inelastic
electron tunneling through the NIS junctions, i.e., the NIS junctions can
efficiently refrigerate the resonator. The theory for the inelastic tunneling
is discussed in Section 2.2.2.

3.2.1 Sample structure and thermal model

The structure of the sample is presented in Fig. 3.5. The sample consists of
a coplanar waveguide resonator with two embedded normal-metal islands,
or resistors, near the ends of the resonator. The resistors are labeled
as the quantum-circuit refrigerator, QCR, and as the probe, and they
are nominally identical. There are four NIS junctions at both normal-
metal islands. We measure the electron temperatures of the islands with
NIS thermometry, and apply a bias voltage through a SINIS junction at
QCR. The current has nodes at the ends of the resonator, as schematically
shown in Fig. 3.5(a). Consequently, the current through the resistors is
relatively small. Nevertheless, the small current couples the resistors to
the resonator mode owing to the respective Joule heating.

We also investigate a control sample with a very weak heat flow origi-
nating from the photon-assisted tunneling. In the control sample shown in
Fig. 3.5(e), the resistor is shunted by a superconducting wire, which sub-
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Figure 3.5. Sample structure of the experiment on photon absorption by NIS junctions.
(a) Schematically presented structure of the sample consisting of a transmis-
sion line resonator with two normal-metal islands, probe and QCR. The figure
also shows the current and voltage profiles for the fundamental mode with
a frequency of 9.3 GHz. (b) Optical image of the sample. (c) SEM image
in the vicinity of the QCR island. (d) False-color SEM image of the QCR
island showing the NIS junctions. Temperature is extracted from voltage
Vth measured at a bias current Ith. Refrigeration and heating is obtained by
applying a bias voltage VQCR. (e) SEM image of the control sample where
the normal-metal islands are decoupled from the resonator by a supercon-
ducting shunt. (f) Thermal model of the sample. The QCR and probe are at
temperatures TQCR and Tprobe, respectively. The included powers are the power
due to photon-assisted tunneling PT, Joule heating PΓ,QCR and PΓ,probe, and
electron–phonon coupling Pep to phonon bath at temperature T0. In addition,
we include a constant leakage power Pleak, residual heat leakage between the
islands Pres, and an excess power Px with a constant conductance Gx to an
excess heat bath Tx to properly explain the experimental results. The figure is
adapted from Publication II.

stantially weakens the coupling between the resistors and the resonator.
Owing to the finite impedance of the superconducting shunt, there remains
a very weak coupling between the resistors and the resonator. In the active
sample, there is no shunt.

Figure 3.5(f) presents the thermal model of the sample and defines
the different powers that we include in the model. Importantly, reducing
the current amplitude in the resonator by absorbing microwave photons
decreases the steady-state temperature of the resistors. In the simulations,
we calculate the steady-state electron temperature of the probe island
using the experimental values for the QCR temperature.
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Figure 3.6. Measurement results demonstrating photon absorption by inelastic tunneling
through NIS junctions together with simulations. (a) Experimental tempera-
ture change of the probe, ΔTprobe = Tprobe(V )− Tprobe(0), as a function of bias
voltage and bath temperature in the active sample, and the corresponding
results from the theoretical model. (b) Similar results for the control sam-
ple. (c) The temperature changes ΔTQCR/probe are measured with respect to
zero-voltage temperature at a phonon bath temperature of T0 = 150 mK. The
temperature of the probe decreases owing to direct photon absorption by the
QCR although the temperature of the QCR is increased in the highlighted
voltages. The black and green dashed lines indicate the theoretically modeled
probe temperatures with and without photon absorption, respectively. (d) Es-
timated resonator temperature (grey) and the corresponding photon number
(red) based on the thermal model. The figure is adapted from Publication II.

3.2.2 Experimental observations

Figure 3.6(a) shows the experimentally obtained temperature change of
the probe for the active sample at different bath temperatures and bias
voltages. In addition, the results from the theoretical model are presented
in very good agreement with the measurements. The strongest tempera-
ture response is observed at lowest bath temperatures. The probe is cooled
down at eVQCR/(2Δ) ≈ 1, and heated up at higher voltages. Similar results
for the control sample are shown in Fig. 3.6(b). The control sample shows
a substantially weaker temperature response than the active sample, as
expected. Notably, essentially no cooling can be observed in the control
sample, as expected due to the shunt.

Figure 3.6(c) shows the temperatures of the probe and the QCR as a
function of the bias voltage at a bath temperature of 150 mK. Importantly,
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the probe is cooled down although the QCR electrons are heated by the
dominating elastic tunneling events at the NIS junctions, as discussed
in Section 2.2. This qualitative observation is a clear indication of the
photon-assisted tunneling. The photon absorption rate is higher than
the emission rate at bias voltages slightly above eVQCR/(2Δ) = 1. The
photon number in the resonator is reduced owing to photon-assisted tun-
neling at QCR, and consequently, the probe temperature decreases due
to reduced Joule heating. Since the QCR temperature is increased, the
decrease of the probe temperature cannot be explained by a heat leakage
between the normal-metal islands. In the measurements, the bias voltage
is swept slowly to obtain steady-state results that do not depend on the
direction of the voltage sweep. The good agreement between the theoret-
ical model and the experiment gives further support for the observation
of photon-assisted tunneling. We estimate the photon numbers and the
corresponding resonator temperatures based on the thermal model, as
shown in Fig. 3.6(d). The photon number in the resonator is substantially
reduced at eVQCR/(2Δ) ≈ 1. Thus, the resonator mode is efficiently cooled
down by the QCR, which is the key result of this publication.

3.3 Incoherent photon emission from tunnel junctions

The results from Publication III are discussed in this section. We measure
the microwave power generated by inelastic tunneling processes at NIS
junctions. These measurements demonstrate the operation of NIS junc-
tions as incoherent microwave sources, which can be used, for instance, for
in situ power calibration in microwave circuits.

3.3.1 Sample structure and model

The sample structure is shown in Fig. 3.7. The sample consists of a coplanar
waveguide resonator terminated at one end by a normal-metal island with
four NIS junctions. The normal-metal island is capacitively coupled to the
center conductor of the resonator, whereas the other end of the resonator
is capacitively coupled to external microwave circuitry. Eventually, the
amplified signal is measured with a spectrum analyzer. The photons are
generated by inelastic tunneling at one pair of NIS junctions. The other
pair of NIS junctions enables a simultaneous measurement of the electron
temperature in the normal metal.

Let us discuss how to obtain the resonator temperature and photon
number from the spectrum analyzer data. The generated output power
with respect to the power at VB = 0 can be written as

ΔPout = Pout(VB)− Pout(0) =
2C2

4�ω
3
0Z0

�resCres
[nres(VB)− nres(0)], (3.6)
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Figure 3.7. Structure of the sample used as a photon source. (a) False-color SEM image of
the region near the NIS junctions at the end of the transmission line resonator.
(b) SEM image of the normal-metal island together with the schematic of the
external circuit connected to the junctions. The colors highlight the different
parts of the sample. There is a 50-nm-thick layer of Al2O3 between the normal-
metal island and the center conductor of the resonator providing a capacitive
connection. The photon generation is controlled with a bias voltage VB. The
thermometer voltage and current are denoted by Vth and Ith. (c) SEM image of
a single NIS junction with a capacitance CJ highlighted in red. (d) Schematic
drawing showing the sample layout and the external microwave circuit. The
inset shows an SEM image of the capacitance C4 between the resonator and
the transmission line leading through a circulator and amplifiers to a spectrum
analyzer. The circulator blocks radiation from high temperature stages from
entering the sample. The capacitances between the island and the resonator
are denoted by C3, and between the leads of the junctions and the ground
plane by C1 and C2. (e) Electrical circuit diagram of the sample connected to
the external transmission line with a characteristic impedance Z0. The figure
is adapted from Publication III.

where the average photon numbers are given by Bose–Einstein distribution
nres = 1/{exp[�ω0/(kBTres)]− 1}, the parameter �res denotes the resonator
length, Cres the capacitance per unit length, and C4 the capacitance to the
external microwave line. The derivation of Eq. (3.6) can be found in the
supplementary material of Publication III. Due to power balance in the
steady state, the net power from the tunneling electrons to the resonator,
PJR, and the net power from the resonator to the transmission line, PRT,
must be equal. According to the measurements described below, the output
power vanishes at eVB/(2Δ) ≈ 1. Using P (E) theory, one can calculate
the resonator temperature, which results in vanishing PJR at a given
voltage. Note that this temperature is also the resonator temperature at
VB = 0. Consequently, one can obtain the resonator temperatures and
photon numbers from the measured powers at all voltages using Eq. (3.6).

3.3.2 Experimental observations

The experimental results are shown in Fig. 3.8. The power spectral density
is peaked at the resonance frequency, and it increases symmetrically above
|eVB/(2Δ)| = 1 with increasing positive and negative bias voltages, as
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Figure 3.8. Measurement results of the photon generation experiments. (a) Power spectral
density as a function of the bias voltage and frequency in a broad and a
narrow voltage range. The voltage-independent background is normalized
by subtracting the zero-voltage spectrum from all the spectra. (b) Power
spectral density as a function of frequency for selected bias voltages. (c) The
generated power as a function of the voltage. The power is obtained by
integrating the spectral density over frequency. The vertical black lines denote
the standard deviation of selected measurement points, and the solid green
line is obtained from a theoretical model. The inset shows a broader voltage
range. (d) Extracted resonator temperature and average photon number as a
function of voltage. The inset shows a broader voltage range, where the black
solid line shows a theoretically obtained high-voltage result. The figure is
adapted from Publication III.

shown in Fig. 3.8(a), (b). By integrating the power spectral density over
frequencies, one obtains the output power. The generated power and the
corresponding photon emission rate increase with the bias voltage, which is
shown in Fig. 3.8(c). The photon number and the corresponding resonator
temperature shown in Fig. 3.8(d) can be obtained from the output power
using P (E) theory, as discussed above. Similar theoretical results can
be obtained using the transition rate theory developed in Ref. [73]. The
extracted resonator temperature corresponds to values well above the
critical temperature of aluminum, which is used as the superconductor
in the NIS junctions. Consequently, the NIS junctions can be used as an
efficient incoherent photon source.
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Figure 3.9. Sample structure and measurement setup for the Lamb shift experiment.
(a) Schematic presentation of the sample structure and simplified measure-
ment scheme. The SINIS junction biased with a voltage 2V is capacitively
(CC) coupled to a coplanar waveguide resonator (dark blue). The measurement
signal is directed from a vector network analyzer (VNA) to the sample through
a circulator, and the reflected signal is directed back to the VNA. (b) False-color
SEM image of the NIS junctions. The figure is adapted from Publication IV.

3.4 Full microwave absorption and the Lamb shift

In this section, the results of Publication IV are presented. Here, we focus
on the absorption of the input microwave signal, which is potentially useful
for the control of heat in various applications. In addition, we discuss the
experimental observation of the frequency shift. A theoretical discussion
on the results can be found in Publication IV. The main result of this
publication is the observation of a broadband Lamb shift that can be tuned
in situ utilizing an engineered environment.

3.4.1 Sample structure and reflection coefficient

The samples are similar to those discussed in Section 3.3 and Publication
III. A simplified measurement setup is shown in Fig. 3.9 together with the
schematic sample structure. The sample consists of a coplanar waveguide
resonator terminated by a capacitively coupled normal-metal island with
NIS junctions. We investigate the reflection coefficient of the sample with
a vector network analyzer at different NIS bias voltages.

We measure the reflection coefficient Γ as a function of the bias voltage
across a single NIS junction, V , and the probe frequency, ωp/(2π). The
reflection coefficient can be expressed in terms of the internal damping
rate γi and the external damping rate γe as [59]

Γ =
γe − γi + 2iδ

γe + γi − 2iδ
, (3.7)

where δ = ωp − ωr, and ωr is the resonance frequency at zero voltage. The
internal damping rate includes the contribution of the inelastic tunneling,
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Figure 3.10. Results of the Lamb shift measurements. (a) Amplitude of the reflection
coefficient as a function of the bias voltage and the probe frequency. The
full absorption is obtained at the dark spots at |eV/Δ| ≈ 1. (b) Phase of the
reflection coefficient showing the shift of the resonance frequency. The 2π
phase rotation at |eV/Δ| ≈ 1 indicates the points of full absorption. The
figure is adapted from Publication IV.

which can be controlled with the bias voltage, and other loss mechanisms
in the resonator, including the two-level fluctuators and radiative losses.
The external damping rate describes the losses owing to the coupling to
the external measurement circuit. We can further write the equation as

Γ =
γ2e − γ2i − 4δ2

(γe + γi)2 + 4δ2
+ i

4δγe

(γe + γi)2 + 4δ2
. (3.8)

Full absorption is obtained when the real and imaginary parts of Γ vanish.
This condition is fulfilled at the resonance frequency, δ = 0, in a circuit
with matched internal and external losses, γi = γe.

3.4.2 Experimental observations

The measured amplitude and phase of the reflection coefficient are shown
in Fig. 3.10. The amplitude shows two points with large absorption at ωp ≈
ωr and |eV/Δ| ≈ 1. Importantly, our phase measurements confirm that the
amplitude completely vanishes at these points. Namely, by encircling the
point at eV/Δ ≈ 1 clockwise, the phase increases by 2π per cycle, and by
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encircling the point at eV/Δ ≈ −1 the phase decreases by 2π. Since the
phase is not well defined at these points, the amplitude must vanish to
yield a physical reflection coefficient. Thus, the above-mentioned condition
for the full absorption, γi = γe, is satisfied as the damping rate due to the
photon-assisted tunneling substantially increases at |eV/Δ| ≈ 1, as shown
in Fig. 2.3 and qualitatively explained in Fig. 2.1.

Furthermore, we observe a shift of the resonance frequency as a function
of the bias voltage. This shift is especially well pronounced in the phase of
the scattering parameter which shows a clear decrease in the resonance
frequency as the absolute voltage is increased from zero to |eV/Δ| ≈ 1.
The frequency shift is also visible in the amplitude data. We attribute
the frequency shift to the Lamb shift. The Lamb shift was first observed
in hydrogen atoms in 1947 [124, 125]. It is a shift of the energy levels
caused by coupling to the environmental electromagnetic modes when
they are in the vacuum state. After the first observation, the Lamb shift
has been measured in different systems [126–128]. In superconducting
microwave circuits, the Lamb shift has been previously measured only for
narrow-band modes [31].

3.5 Photon absorption in a flux-tunable heat sink

The results from Publication V are described in this section. We develop a
heat sink that can be switched on and off by changing the external mag-
netic field. The sample structure contains two coupled resonators, one
of which is flux-tunable as discussed in Section 3.5.1. Subsequently, we
demonstrate the operation of the heat sink using transmission measure-
ments in Section 3.5.2.

3.5.1 Sample structure and circuit model

The sample structure is shown in Fig. 3.11. The figure also defines the
parameters used below. The sample consists of two capacitively coupled mi-
crowave resonators, Resonators 1 and 2. Resonator 1 has a fixed resonance
frequency and a high quality factor, whereas Resonator 2 has a tunable
frequency owing to a SQUID and a low quality factor due to a resistor.
Tuning Resonator 2 into resonance with Resonator 1 increases the losses
in Resonator 1. Thus, Resonator 2 acts as a heat sink for Resonator 1.

We can analyze the circuit using the ABCD matrix method discussed
in Section 2.5.2. The scattering parameter S21 can be obtained using
Eq. (2.24) with the ABCD parameters from(

A B

C D

)
= M1M2M3M2M1, (3.9)
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Figure 3.11. Sample structure of the flux-tunable heat sink. (a) Optical image of the sam-
ple. (b) False-color SEM image showing the coupling capacitance between the
resonators, CT. (c) Coupling capacitance between Resonator 1 and external
measurement circuitry, CC. (d) SQUID with inductance L. The capacitances
CL connect the SQUID and the center conductor. (e) Terminating resistor
R and capacitance CR1 between the resistor and the center conductor, and
CR2 between the resistor and the ground plane. (f) The corresponding elec-
trical circuit diagram. The external transmission lines have characteristic
impedances ZL, and the resonators have Z0. The lengths of the resonator
sections are denoted by x1/2. The figure is adapted from Publication V.

where

M1 =

(
1 1

iωCC

0 1

)
, (3.10)

M2 =

(
cosh(γx1) Z0 sinh(γx1)
1
Z0

sinh(γx1) cosh(γx1)

)
, (3.11)
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M3 =

(
1 0
1

Zr2
1

)
. (3.12)

Here, the multiplied matrices correspond to different sections of the circuit,
and the input impedance of Resonator 2 is given by

Zr2 =
1

iωCT
+

Z0

{
ZS + Z0 tanh(γx2) +

Z0[Zterm+Z0 tanh(γx2)]
Z0+Zterm tanh(γx2)

}
Z0 + tanh(γx2)

{
ZS + Z0[Zterm+Z0 tanh(γx2)]

Z0+Zterm tanh(γx2)

} , (3.13)

where ZS = iωL + 2/(iωCL) denotes the impedance of the SQUID and
the capacitors between the SQUID and the center conductor, and Zterm =

R+ 1/(iωCR1) + 1/(iωCR2) is the terminating impedance.

3.5.2 Experimental observations

The measured and simulated scattering parameters S21 are shown in
Fig. 3.12 for the four lowest modes of Resonator 1 as a function of the
frequency and the magnetic flux through the SQUID. The measurements
and simulations are in very good agreement. The odd modes have a voltage
node at the center of Resonator 1, where the coupling capacitance is located,
and thus, do not show flux dependence. In contrast, the even modes show
periodic modulation as a function of flux. Importantly, the quality factors
of the even modes show a clear modulation in Fig. 3.13(a). The qualitative
difference between the second and fourth mode of Resonator 1 can be
explained by the modes in Resonator 2, shown in Fig. 3.13(b). At the
frequency of the fourth mode of Resonator 1 at 10 GHz, Resonator 2 has
a mode that crosses the frequency when the flux is changed. In contrast,
at the frequency of the second mode of Resonator 1 at 5 GHz, there is no
mode crossing. Consequently, the fourth mode shows avoided-crossing-like
features, whereas the second mode shows only a minor modulation.

The quality factors of Resonator 1 remain of the order of 105 even
at the single-photon level with a power of approximately −140 dBm, as
shown in Fig. 3.13(c). The decrease of the quality factors with decreasing
power may originate from the TLS losses that typically dominate at low
powers [63, 94]. Figure 3.13(d) shows the quality factors as functions of
the mode number. The external quality factor decreases and the internal
quality factor slightly increases with increasing mode number.

In contrast to the quality factor of Resonator 1, the quality factor of
Resonator 2 is well below 100 at the relevant fluxes. Consequently, the
photons are almost immediately dissipated after they arrive in Resonator 2
from Resonator 1. Thus, Resonator 2 appears as an efficient heat sink for
Resonator 1.
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Figure 3.12. Scattering parameter S21 for the first four modes of Resonator 1 in the heat
sink sample. (a) Measured |S21| as a function of magnetic flux and frequency.
(b) Simulation results corresponding to (a). The scattering parameters are
normalized separately for each mode. The figure is adapted from Publication
V.

3.6 Optimized heat dissipation at an exceptional point

The results from Publication VI are discussed in this section. First, we
describe the sample comprising NIS junctions and a SQUID, which enables
an investigation of the effective Hamiltonian in a two-dimensional parame-
ter space. Then we focus on the experimental results that demonstrate the
realization of an exceptional point, EP, which is discussed in Section 2.8.
The EP enables the most efficient heat transfer between the resonators
given by the coupling strength without back and forth oscillation of en-
ergy [59].
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Figure 3.13. Measurements of the quality factor and simulations of Resonator 2 for the
flux-tunable heat sink. (a) Measured loaded quality factor QL for mode 2
(blue), and mode 4 (red) together with the simulations (dashed line and dash-
dotted line, respectively) as functions of magnetic flux through the SQUID.
(b) Simulation of |S21| for Resonator 2 as a function of frequency and flux.
The color scale is truncated for clarity. (c) Measured loaded quality factors
for the four lowest modes of Resonator 1 as a function of microwave power.
(d) The measured loaded quality factors QL, the calculated external quality
factors Qext, and the internal quality factors Qint as functions of the mode
number. The quality factors in (c) and (d) are obtained at half-integer flux
quanta. The figure is adapted from Publication V.

3.6.1 Sample structure and operation principle

The sample structure is presented in Fig. 3.14. The resonators closely
resemble those discussed in Section 3.5 and Publication V. However, the
sample operation is fundamentally different owing to the NIS junctions
that replace the resistor. The sample consists of two resonators: primary
resonator R1 and dissipative resonator R2. The primary resonator has a
fixed resonance frequency and a relatively high quality factor. In contrast,
the dissipative resonator has a flux-tunable frequency owing to a SQUID,
and a voltage-tunable dissipation rate owing to the NIS junctions which
operate as a QCR.

We use the frequency detuning, δ = ω2 − ω1, and the dissipation rate
of R2, κ2, as the control parameters in our experiment. The effective
Hamiltonian of the system given in Eq. (2.47) has coalescing eigenvalues,
i.e., an EP, at δ = 0 and κ2 = 4g, as discussed in Section 2.8. Furthermore,
the two resonators can be considered as a single damped oscillator in the
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Figure 3.14. Structure of the sample for the realization of an EP. (a) Optical image of
the sample consisting of two resonators, which are coupled with a coupling
strength g through a capacitance CC. The primary resonator R1 has a
fixed resonance frequency ω1 and dissipation rate κ1, and the dissipative
resonator R2 has a flux-tunable resonance frequency ω2 owing to a SQUID,
and a voltage-tunable dissipation rate κ2 owing to a QCR. (b) Schematic
presentation of two coupled resonators as analogous cavities. (c) False-color
SEM image of the QCR consisting of NIS junctions. The figure shows also a
simplified measurement circuit. The figure is adapted from Publication VI.

degree of freedom where the energy oscillates between the resonators R1
and R2. In case of critical damping, the energy is transfered from R1 to R2
without back and forth oscillation. The critical damping is obtained at the
EP, and it represents the optimally fast dissipation.

3.6.2 Experimental observations

In order to verify the existence of an EP in our circuit, we measure the
scattering parameter at different bias voltages. The measured amplitude
of the scattering parameter S21 is shown in Fig. 3.15 together with the
corresponding results of a circuit model. We analyze the sample using
a circuit model similar to the one discussed in Section 3.5.1. However,
we replace Zterm with an effective resistance Reff representing the QCR.
Importantly, the model is in excellent agreement with the experimental
data. We observe a transition from an avoided crossing of the resonance
frequencies with underdamped dynamics, through critical damping, to a
single modulating resonance with overdamped dynamics. The transition
from an avoided crossing to a single resonance manifests the existence of
an EP at the critical damping.

For further verification of the EP, we investigate the eigenvalues of the
effective Hamiltonian according to Eq. (2.49). We extract Reff by fitting the
circuit model to the experimental transmission coefficient. Consequently,
from Reff, we obtain the damping rate κ2 that is needed for the analysis
of the EP. The extracted damping rate of the bare resonator R2 can be
tuned continuously from approximately 20 MHz, which is below the critical
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damping 4g/(2π) ≈ 29 MHz, to above 1 GHz, as shown in Fig. 3.16(a). The
damping rate coincides with the critical damping 4g at eVb/(2Δ) ≈ 1 owing
to the rapid increase in the coupling strength of the QCR, κQCR, given in
Eq. (2.9). The crossing of κ2 and 4g confirms the existence of the EP. The
increase of the damping rate κ2 at high voltages is assumed to originate
from dephasing, quasiparticle generation, and resistive losses. However,
the exact mechanism is not further studied here.

Figure 3.16(b) shows the calculated effective damping rate defined as
κeff = −2Im(λ). At high voltages, we obtain two branches of eigenvalues
from κ2 using Eq. (2.49). These branches correspond to modes that are
predominantly located in one of the two resonators. The mode in the res-
onator R1 reaches its maximum decay rate at the EP. Therefore, the energy
stored in R1 can be most efficiently dissipated by tuning the resonators
into resonance and adjusting the bias voltage to yield the EP.
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4. Summary and discussion

In this dissertation, different heat transfer techniques for quantum circuits
have been experimentally studied. We have investigated how to transfer
heat with photons in a microwave transmission line, and how to control
the average number of microwave photons in a resonator.

In Publication I, we have measured very efficient heat conduction
through a single electromagnetic channel over macroscopic distances. The
heat conduction was close to the quantum limit for single-channel thermal
conductance. The investigated distance was four orders of magnitude
longer than in the previous experiments on the quantum of thermal con-
ductance. The essential features of the measurement results are explained
by our model, noticeably without free parameters. Further support for the
observation of nearly quantum-limited thermal conductance is given by
our detailed theoretical model.

In Publication II, we developed a novel method for controlling the res-
onator temperature, or the average photon number, based on NIS junctions.
The main observation was qualitative in nature, namely, the cooling of the
probe island although the QCR island was heated up. This observation
was explained by photon-assisted tunneling. In addition, our theoretical
model was in very good agreement with the experimental results, which
gave further support for our interpretation.

In Publication III, we realized an incoherent photon source based on
inelastic tunneling in NIS junctions. In particular, we showed that the pho-
ton generation is comparable to a thermal photon source at a temperature
higher than the critical temperature of superconducting aluminum. Thus,
the results further demonstrate the operation of resonator temperature
control based on photon-assisted tunneling. The measurements are in good
agreement with our model.

In Publication IV, we showed that we can obtain full absorption of the
input microwave photons by tuning the coupling strength of the QCR.
This observation was verified by the phase measurement showing a phase
change of 2π when encircling the point of full absorption. In addition, we
measured the Lamb shift originating from the coupling of the resonator to a
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broadband environment formed by the photon-assisted tunneling through
the NIS junctions. The magnitude of the Lamb shift was controlled by the
bias voltage in the MHz range.

In Publication V, we developed a versatile heat sink for a superconduct-
ing microwave resonator based on a resistor. The heat sink can be adjusted
by applying an external magnetic field through a SQUID embedded in the
dissipative resonator. The relevant quality factor was tuned from above
105 down to a few thousand, which demonstrated the effectiveness of the
method.

In Publication VI, we realized an exceptional point in cQED based on
two coupled resonators, one of which had voltage-tunable dissipation and
a flux-tunable resonance frequency. The existence of the EP was confirmed
by the qualitative observation that the resonance modes featuring an
avoided crossing undergo a transition to a single modulating resonance
when the dissipation is increased. On the applications point of view, the
EP is also the point with the fastest possible heat transfer between the
resonators without back and forth oscillation of energy, which may be
beneficial in the thermal management of various devices.

This thesis contributes to improving the understanding of different heat
transfer methods at cryogenic temperatures. In these experiments, we
have successfully integrated normal-metal components into cQED. We have
utilized both plain resistors and normal-metal components with tunnel
junctions. Previously, there has been only few experimental results on
normal-metal-embedded superconducting microwave resonators in cQED.
Consequently, the results of this theses are novel and potentially beneficial
for various different applications utilizing normal-metal components in
superconducting circuits. In addition to applications, also experiments on
fundamental physics may benefit from our results.

In the future, more experiments need to be carried out to fully under-
stand and utilize heat transfer in the nanostructures of superconducting
microwave circuits. The improved understanding of heat control in the
nanoscale will be potentially beneficial for the development of a supercon-
ducting quantum computer. In addition, very sensitive cryogenic detectors
can be further improved by improving the thermalization at will if the heat
currents can be efficiently engineered. In particular, thermal noise is often
a limiting factor preventing extremely high sensitivities.

An interesting experiment that was not presented in this thesis is the
realization of the qubit initialization algorithm developed in Ref. [13]. It
may result in an initialization time that is shorter than the current state
of the art. The algorithm may be realized either with a resistor similar to
Publication V, or a tunnel junction as in Publication VI.

Another interesting experiment utilizing two coupled resonators is to
use NIS junctions in both resonators to tune the dissipation rates. It will
give a new dimension to the adjustable parameter space, and hence enable
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more fascinating experiments on EPs. In addition, it will be interesting to
see the time-resolved encircling [109,110] of the EP by tuning the frequency
and dissipation rate in one of the two resonators. Furthermore, one can
couple more resonators and investigate singularities of the parameter
space with a more versatile structure [129].
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