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Quantum thermal machine driven by electrical noise

A study in quantum thermodynamics using superconducting qubits
Simon Sundelin

Department of Microtechnology and Nanoscience (MC2)
Chalmers University of Technology

Abstract

Akin to the quantum advantage a quantum computer has over its classical counter-
part, the possibility of such an advantage existing in thermodynamics has in recent
years gained more attention. A paradigmatic goal within the eld of quantum ther-
modynamics, is the realization of quantum thermal machines which is the topic of
this thesis. We present a novel quantum thermal machine consisting of two strongly
coupled ux tuneable qubits and two microwave waveguides acting as thermal baths
which predominantly couples to separate transitions of the hybridized qubits. The
guantum thermal machine is then driven by controlling the dephasing rate of the
gubits using white noise and synthesized thermal elds inside of the heat baths.
We also present a theoretical model of the expected heat ows between these heat
baths. Using independently extracted parameters, this model coincides with the
experimentally observed heat currents measured to be on the order of a single aw.
The results demonstrate the workings of a heat valve and helps to pave the way for
further studies in the search of a quantum advantage in thermodynamics.

Keywords: Quantum thermodynamics, Heat valve, Heat ow, Quantum thermal
machine, Circuit QED
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1

Introduction

Since the advent of quantum mechanics, pioneered by physicist such as Werner
Heisenberg, Niels Bhor and others in the early decades of the 20th century, many
elds of research has been revamped as a consequence. This quantum revolution
allowed for, among others, an explanation of the periodic table and enabled the de-
velopment of many new technologies such as the laser and transistor, upon which our
modern society is based upon [1]. However, in the year of 2012, Serge Haroche and
David Wienland received a Nobel price for their work in accessing single quantum
systems [2,3]. This pioneering work laid the foundation for the second quantum revo-
lution allowing for measuring and control capabilities on single quantum systems [4].

In light of this second revolution, the suggestion that R.P Feynman made in the
early '80s suddenly became feasible. His suggestion was thajuantum computer
which is a computer harnessing the quantum mechanical properties of superposition
and entanglement, might be able to solve certain problems exponentially faster then
its classical counterpart [5,6]. The interest to build such a quantum computer is
therefore high but in order to achieve ajuantum advantagen computing many chal-
lenges must rst be overcome. These include the construction of high delity and
error tolerant quantum processors along with useful algorithms to solve problems
which would require polynomial time when simulated on a classical computer. In
2019 such a quantum advantage was demonstrated by Arute et al. at Google [7].
They performed a quantum mechanical algorithm on their quantum processor in
200 seconds, whereas the classical equivalent algorithm when performed on a state-
of the art classical supercomputer was estimated to take approximately 10000 years.
However, according to IBM an optimized algorithm would on their classical super-
computer only take 2,5 days [8]. While this is not as great an improvement between
the quantum processor and its classical counterpart as Google claimed, these results
still highlights the advantage that the quantum computer holds over the classical
computer for this particular algorithm.

The main building blocks in the quantum processor utilized by Arute et al. are
so calledsuperconducting qubitsvhich are arti cial atoms engineered with super-
conducting electrical circuits. In essence, these are LC-circuits operating in the
microwave regime but with the inductor exchanged by dosephson junction(JJ)
resulting in a non-linearity in the circuits potential energies. This anharmonicity in
the qubits energy levels results in that the energy spectrum of this arti cial atom
then resembles that of an actual atom [9]. The details of the working principles
behind the superconducting qubit will be described in greater detail in section 2.1,
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1. Introduction

but the most important consequence of this anharmonicity is that the qubit can be
treated as a two-level system (TLS). This allows one to selectively excite the qubit
to only the rst excited state since the energy di erence between the ground and
rst excited state corresponding to~! o; is not equal to that between the rst and
second excited state~! 1,. The most simple type of superconducting qubit is the
Single Cooper-pair Box (SCPB) consisting of a superconducting island onto which
so-called Cooper-pairs (see section 1.1) can tunnel to and from. However, these type
of qubits are very sensitive to charge uctuations resulting in uctuating energy lev-
els, making it very hard to control. A better alternative to the SCPB is instead the
transmon qubit where an additional capacitance has been added to shunt the su-
perconductors, resulting in stable energy levels. Additionally, instead of using only
a single JJ, one can construct a transmon consisting of a superconducting quantum
interference device (SQUID) which allows one to tune the energy levels of the qubit
by applying an external magnetic eld [10]. Such a ux-tuneable transmon is one
of the main building blocks in the device that is studied in this thesis.

Not only are superconducting qubits a good basis upon which quantum processors
can be built, but they are also useful to explore quantum optics which is the study
of light-matter interactions [11]. The study of such interactions on a superconduct-
ing circuitry platform is referred to as circuit quantum electrodynamics (CQED).
However, the interaction between photons and e.g. an arti cial atom is limited by
the ne structure constant and results in a rather weak coupling between them. In
cQED it is however possible to engineer both the atom and the environment in order
to reach the strong or even ultra-strong coupling regime where information losses to
the environment no longer exceed the coupling strength between the photons and
atom [26]. One way of reducing losses to the environment is to restrict the envi-
ronment to one dimension using waveguides [13]. In cQED such a one-dimensional
waveguide consists of a coplanar transmission line which directs the elds/photons
inside of it. A waveguide can therefore be used as a channel through which one can
probe or control e.g. a qubit.

At this point we have given a short introduction to the two main building-blocks
used in this thesis, that is the concept of a waveguide and a ux-tuneable transmon.
However, the topic of this thesis lies in the realm ajuantum thermodynamicsthat

is the fusion of quantum mechanics and thermodynamics. Akin to the quantum
advantage found in computing the eld of quantum thermodynamics tries to answer
the question if the utilization of quantum mechanics in thermodynamics could yield
a similar advantage [14]. Furthermore, the motivation behind exploring the impact
that quantum mechanics could have on thermodynamics also lies in that the minia-
turization of electronics require us to understand the thermodynamical properties
of quantum systems. In the search of quantum features within thermodynamics,
a lot of theoretical work has been done [52 56], but a robust experimental plat-
form upon which quantum thermodynamical experiments can be performed is still
needed. Apart from e.g. metallic-islands [58] and nitrogen-vacancy centers [59], a
promising candidate for such a platform is cQED. On this platform, current state of
the art experiments as performed by Yong Lu et.al. [57] involves the measurement of



1. Introduction

Figure 1.1: lllustration of a thermal machine consisting of a hot and cold heat
baths with a working medium in between. The heat ow can be measured between
the baths and the working medium from which work can be extracted. Credit:
Daniel ‘pafek / Neuron collective.

heat ows on the aW scale from a hot environment (being heated with a resistive
element) into a cold waveguide. The heat ows, corresponding to the transfer of
photons, was in those experiments enabled by a single superconducting qubit acting
as the transfer mechanism.

A paradigmatic goal in the eld of quantum thermodynamics is the the realiza-
tion of quantum thermal machines, which like their classical counterpart (see Figure
1.1) can utilize work to refrigerate (refrigerator) or transform heat to useful work
(heat engine) [15]. In a heat engine the heat ows with the temperature gradient
between a hot and a cold thermal bath while in the case of a refrigerator the heat
ows against the temperature gradient. In addition to the impact which quantum
refrigerators and engines could have on emerging technologies, the study of heat
ows in the quantum realm could deepen our understanding in how energy ows on
the nanoscale [16].

In this thesis we present a novel quantum thermal machine driven by electrical noise
in a cQED platform. We demonstrate the theoretical model along with the experi-
mentally measured heat ows when operating the device as a heat valve. The device
itself consists of two strongly coupled ux tuneable qubits coupled to two waveguides
acting as heat baths, the temperature of which are controlled by synthesized thermal
elds. In essence, because of the coupling scheme and the strong coupling between
the qubits, the two waveguides only couple to two individual qubits with di erent
transition frequencies. By then applying synthesized environmental noise we show
that excitation transfer takes place, enabling measurable heat to ows between the
waveguides. The scope of the project was limited to experimental measurements
and theoretical modeling. The design and fabrication of the device has therefore
largely been omitted in this thesis but can for a similar device be found in the thesis
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1. Introduction

by Kowshik [47]. Before elaborating further on the principles behind our quantum
thermal machine we rst need to discuss the main physical phenomenon allowing
for the creation of superconducting arti cial atoms.

1.1 Superconductivity

In the year of 1911, H.K. Onnes [21] rst discovered the ground breaking phe-
nomenon known asuperconductivitywhen he observed that the electrical resistance
of mercury vanished bellow a certain critical temperatur@.. Ensuing this discov-
ery, the property of superconductivity was then found in several other metals with
di erent critical temperatures. The reason of why we observe this lack of electrical
resistance bellow certain temperatures is discussed by R.P Feynman in his lectures
on physics [22]. The interactions between electrons and vibrations of the atoms in
the lattice (phonons) bring about a small e ective attraction between the electrons.
Therefore, it is energetically more favorable for two electrons to form a so called
Cooper-pair rather than remaining separated. The remarkable consequence of this
is that the two electrons, which independently are spin 1/2 fermions, instead turn
into a spin zero boson when forming such a pair. Also, in contrast to Fermi particles,
these Cooper-pairs are Bose particles meaning that there is no limit to how many
such particles can occupy any particular state. The pairing of electrons then opens
up a gap in their previously continuous spectrum of allowed energy states [23]. This
results in that possible excitations must have some minimum energy and that excita-
tions involving small energies such as the scattering of electrons, becomes impossible.
This is what give rise to superconductivity. Unfortunately, the attraction is very
weak resulting in that the electrons are easily separated and Cooper-pairs break up
under only small thermal agitations. The thermal energy needed to break a Cooper-
pair is in turn dependent on the critical temperature of the material. At su ciently

low temperatures however, a large fraction of the electrons will occupy their lowest
energy state and the following pair formation gives rise to a Bose-Einstein conden-
sate. Since a Cooper-pair can be considered a Bose particle, it is then possible to
write the real-space wave equation of this composite boson as

q—
n=(ne® (1.1)

where we have a spatial dependence of the pair densityand phase’ .

The advent of superconductors opened up many new elds of research and ap-
plications. In particular, the process of Cooper-pairs tunneling through a thin
insulator separating two superconductors, forming the aforementioned Josephson
junction, is of great importance. This element is what allows for the creation of
nearly dissipationless, non-linear circuit elements and is the foundation upon which
the superconducting qubit lies upon.
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1. Introduction

Figure 1.2: lllustration of a Josephson junction. The Cooper-pair tunnels across
the insulator which acts as a potential barrier before continuing into the next su-
perconductor.

1.2 The quantum thermal machine

In essence, our quantum thermal machine presented in section 3.1.1 consists of two
waveguides acting as thermal baths, each coupled to a qubit. The photons inside of
the waveguides are bosons which do not obey the Pauli exclusion principle. The av-
erage number of thermal photonsig with a frequency! inside of a waveguide/bath

is thus characterized by the Bose-Einstein distribution when in thermal equilibrium
and obeys [17]

—— (1.2)
eseT 1
whereT is the temperature of the bath andkg Boltzmann constant. Therefore the
number of photons in the waveguide is dictated by the temperature of the heat bath.
Contrary to the thermal baths, the number of excitations in a qubit (e.g. an atom)

when in a thermal equilibrium with a heat bath obeys the Fermi-Dirac distribution

1

_ (1.3)
esT +1

n =

Figure 1.3: Depiction of the working principles behind the quantum thermal ma-
chine used in this thesis. There are two qubits, each coupled to a waveguide acting as
a thermal bath. Through the means of process not yet speci ed, excitation transfer
can take place.
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This entails that the population (number of excitations) of a qubit depend on the
temperature of the thermal bath to which it is coupled and will stabilize around some
certain value at thermal equilibrium. Because the population also is dependent on
the transition frequency of the qubit, the number of excitations will dier even

if Ty = T¢, that is even if the hot bath has the same temperature as the cold
bath. If one then introduces some process as illustrated in Figure 1.3, that results
in a transfer of excitations between the two qubits and thus new populations e.g.
n? = nY, the subsequent equilibration with the thermal bath will result in a net heat
ow. In order to conceptually illustrate this heat ow we study the example when
the qubit coupled to the hot heat bath has a transition frequency ; >! , and the
process results in the new populations? = n9 as illustrated in Figure 1.4. If the
initial populations satis ed n; > n,, the qubit coupled to the hot heat bath need
to absorb photons in order to equalize back while the other qubit emits photons,
back into the cold bath. This increase of photons in the cold bath and decrease of
photons in the hot bath thus entail a net heat ow with the temperature gradient and
this particular initial condition for the populations therefore correspond to a heat
engine. If the initial populations instead satisfyn; < n,, the equalization process
will instead result in that the qubit coupled to the cold heat bath will absorb photons
while the other emits photons. In this instance, the net heat ow goes against the
temperature gradient and this setup therefore correspond to a refrigerator. Note
that in both the case of a heat engine and a refrigerator, the work performed goes
into the respective waveguides.
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Figure 1.4: The working principles of the quantum thermal machine. When the
initial populations satisfy n; > n,, the system behaves as a heat engine due to the
thermalization with the heat baths. Photons will either be emitted or absorbed
by the qubits in order to equalize back to their initial populations.With the initial
populations instead satisfyingn, < n,, the system acts as a refrigerator because
photons will in this case ow from the cold to the hot heat bath.

1.3 Environment-assisted quantum transport

In this thesis the process resulting in a transfer of populations as mentioned in
the previous section is performed using environment assisted quantum transport
induced by pure dephasing noise. To illustrate this transfer we consider the simple
example given by Rebentrost et al. [18] where they discuss noise assisted transport
for a two-site system (comparable to our two qubits in the thermal machine). This
two-site system that consists of sit¢li and |[2i can each host one excitation has the
Hamiltonian

H = 5(jlihy | 2iha)+ %(jlith + j2ih1)) (1.4)

where the coupling strength between the two sites is denotgdand the energy mis-
match is denoted by . If initially there is an excitation at site 1 the system will
evolve coherently in the absence of any noise. When looking at this system on the
Bloch sphere it can be viewed as a state precessing about the z-a>%s at an angle
=sin 1 9 where the well known Larmor frequency is de ned as= 2+ @2
In the case of the excitation initially located at site 1, one nds that the average
probability of nding the excitation at site 2 is sin?( ). However, in the case of the
energy mismatch between the two sites is su ciently large, that is if >> g, no
transfer will occur and the excitation will remain at site 1. This regime with very
weak or no noise is thus often refereed to as the quantum localization-regime [19].
More speci cally the system is in a pure state where the excitation, initially local-
ized at site 1 evolves into a superposition of energy eigenstates but with a vanishing
probability of being found at the other site.

The introduction of noise into the environment will however have an e ect on the
transport capabilities of the system. In the case of such a noisy environment, the
two sites are characterized by a Lindblad master equation which depend on the pure
dephasing rate (as discussed in section 2.4.2). Assuming that this dephasing rate
is equal for both sites, the system obeys the Bloch equations [20]. Using conven-
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1. Introduction

tional Bloch analysis one nds that the system, instead of remaining localized at
site 1 as in the case without any noise, di uses over both sites and ultimately ends
up in a uniform mixture of j1i and |2i. In this fully mixed state the excitation has a
50% chance of being found at either of the two sites. This process of di usion, that
is the e ect of the pure dephasing, can be treated as a random walk on the Bloch
sphere with steps of of length occurring at the rate of

In summary, the addition of white noise to a system with an excitation initially
localized at site 1 induces dephasing resulting in that we go from a pure state to a
mixed state;

pure state ofjli!  mixed state ofj1li andj2i:

Since we have gone from the quantum localized regime to a mixed state where
the other site can be reached, this process is termed environment-assisted quantum
transport. Thus by controlling the pure dephasing rate using white noise, the system
can be put into a state wheren§ = nJ. If these two sites consists of the qubits as
described in the previous section, this system (including the waveguides) has the
potential to operate as a quantum thermal machine.



2

Theory

In this chapter we give a more rigorous treatment of the elements and theory upon
which the content of this thesis is based. We begin by building a quantized theo-
retical model of the qubit and the waveguide which are our two main components.
Later and following an explanation of how these components interact with each
other, we discuss the e ects of the light-matter interactions taking place between
the electromagnetic eld present inside of the waveguide and the qubit. Finally we
then turn to an analysis of the noise induced heat ow to be expected from our
measurements.

2.1 Quantization of superconducting circuits

This project revolves around superconducting arti cial atoms coupled to microwave
waveguides which can be viewed as one dimensional transmission lines. In essence,
a superconducting arti cial atom is a harmonic oscillator in the form of a LC-circuit

but with non-linear energy levels. Therefore we begin this section by describing
the quantization of a LC-circuit to which the Josephson junction will be introduced,
allowing us to model the superconducting arti cial atom i.e. the qubit. We then pro-
ceed by introducing the quantization of the eld inside of a semi-in nite waveguide
before describing how this eld interacts with the qubit in the next section.

2.1.1 The quantized LC oscillator

Following Devoret (1997) [24], the quantization of the LC-circuit begins by de ning
the node ux as a generalized coordinate of the system depicted in Figure 2.1.
This node ux is de ned as the time integral of the voltageV over the capacitor
Zy
= _v()d (2.1)

meaning that V (t) = —which allow us to express the energy contributions from the
two non-dissipative elements in the system in terms of this new coordinate. The
kinetic energy stored in the capacitance is

1
T=2C2 2.2
. (2:2)
and the potential energy stored in the inductor is
1
V= 2 2.3
oL (2.3)

9



2. Theory

Figure 2.1: lllustration of the LC circuit with inductance L and capacitanceC.
The node ux is de ned as the time integral of the voltageV across the capacitor.
Furthermore, q represents the node (capacitor) charge.

The resulting Lagrangian for the system is therefore given by
oy 1~ 2 1o

In order to write and later quantize the Hamiltonian H, we need the conjugate
momentum of the ux which is de ned as

(2.4)

p= —=C_— (2.5)
which corresponds to the node charge given by
Z t
p=_ 1()d (26)

where | is the current at the node. The Hamiltonian is now obtained through a
Legendre transformation [12] of the Lagrangian, resulting in

2 2
S
2C 2L

At this point it is worth to note the resemblance this Hamiltonian has to that of a

. . 2 . . . .
harmonic oscillatorH = £ + 2 2x2. This comparison enables us to identify the

resonance frequency = 1= LC and massm = C of the LC-oscillator. Following
the standard quantization procedure we now promote the coordinates to operators
as

H(Gpt)=p-L ; (2.7)

A
!

ol p (2.8)
with the commutation relation
[3 0 =i~ (2.9)
Furthermore, by introducing the ladder operatorsa’ and a de ned as
S
" = @+a (2.10)

2C!
10



2. Theory

S
p=i %C! & a: (2.11)
the Hamiltonian can be rewritten as

1
H=~ aa+ > (2.12)

which we again note is the familiar expression for a quantum harmonic oscillator
with evenly spaced linear energy levels.

h i
The ladder operatorsa’ and a follows the bosonic commutation relationa;a@ =1

and when operating on an energy eigenstajei they ful ll
a’jni = pn+1jn+1i (2.13)

ajni = pﬁjn 1 (2.14)
and the number operatora’a= N obeys the eigenequation

Njni = njni (2.15)

Thus they can be viewed as creation and annihilation operators which creates or
annihilates one quanta~! of energy in the system. The apparent problem of in nite
negative energy, obtained by applying the annihilation operator repeatedly on some
energy eigenstate, is resolved thanks to the ladder operators obeying the bosonic

commutation relation. This entails that
D E
n=MmMjNjni = n a’an =(ajni)’ajni > 0

meaning that the smallest eigen-value is 0 and thug0i = 0.

2.1.2 The arti cial atom

In order to introduce non-linearity into the harmonic energy spectrum found in the
guantized LC circuit we turn to the nonlinear element that is the JJ, as presented in
section 1.1. The behaviour of such a junction was predicted by David Josephson [25]
in the year of 1962, and is governed by two important equations. The current arising
from the phase di erence' (t) of the cooper pairs tunneling across the junction can
be expressed as

[(t) = Icsin' (t) (2.16)

wherel is the so called critical current of the junction and depends on the temper-
ature and material. The voltage across the junction do also depend on the phase
di erence between the superconductors and is expressed as
2e @'(t)
V()= ——=: 2.17
T (2.17)
It then becomes evident that this phase di erence corresponds to the time integral
of the voltage over the JJ [26] which we know is the magnetic ux
z t

"(t) = 2 . V(t9dt®=2 —; (2.18)
- 0

11



2. Theory

where we have de ned the magnetic ux quantum g = % Using these expressions
in the relationship between voltage and current over an inductoy = LI, one nds
that the JJ acts like a non-linear inductor

2 0 1

L; = = :
) ol c COS 21 ccos(2 = o)

(2.19)

So in contrast to a normal inductor we note thatL ; depends on the ux. Similarly
to how one can calculate the energy stored in an inductor, the energy stored in the
JJ can then be expressed as

z

2
E= dtVl= E;cos — (2.20)
0

where the Josephson enerdy; = g'c is the maximum energy that can be stored in
the junction. Therefore, by replacing the linear inductor of our LC oscillator by a JJ

as illustrated in Figure 2.2 b), the circuit is rendered nonlinear. Such a circuit with
an added shunting capacitance, is what in textbooks is refereed to a transmon and is
what is most often used for a superconducting anharmonic oscillator. In this thesis
we are however considering a slightly more complex system where instead of one JJ
we have two JJ connected in parallel and thus forming the aforementioned SQUID,
see Figure 2.2 c). This element behaves like a single JJ but with the di erence that
its critical current 1! 2I. cos can be tuned by a magnetic ux thread-

ing the SQUID [9] which results in a ux dependence of the Josephson eneigy() .

If one does not include the shunting capacitanc€s and connect the circuit to a
voltage sourceV via a gate capacitanceCg, we instead have a circuit corresponding
to a single cooper pair box (SCPB) with a Hamiltonian

QZ

H= Ej()cos "

= o (2.21)

HereC = Cg + 2C; also includes the small capacitanc€; of the junction. In
essence we now have a superconducting island inhabitedrby % cooper pairs. By
tuning the voltage V, one can then e ectively change the number of cooper pairs
on the island resulting in the new charg® = (2e(n  ng)) where we have a o set
charge given byng = Cgev. By promoting the number of cooper pairs and the phase
di erence to operators we can quantize our circuit and write the Hamiltonian as

H=4Ec N ng° E,()cos? (2.22)

where we have introduced the so called charging energy = % However, this

Hamiltonian do not have an exact solution but thanks to the commutation relation

between our operators[® A] = i, the Hamiltonian can be rewritten in the phase
basis as |
@ °
H = Ec i@ Ng E;()cos ™ (2.23)

12



2. Theory

Figure 2.2: (a) The quadratic potential well with linear energy levels (dashed
lines) of the LC oscillator, each with an energy di erence of! ;. The lled line
indicates the cosine potential well for the transmon with anharmonic energy levels
characterized by the anharmonicity Ec. (b) The transmon is a SCPB with
the addition of the shunt capacitorCs and with the cross indicating the Josephson
junction with Junction capacitance C; and Josephson energi;. (c) Exchanging
the single JJ for a SQUID the transmon becomes ux tuneable by means of applying
an external ux . Figure taken from [26].

Using Mathieu's functions [28] this Hamiltonian yields the exact energy levels which
depend ong—g, and nq. However, when xing the values for the ux and energy

ratio, which for a SCPB often isg—; 1 [29], the energy levels are strongly anhar-
monic but prone to noise in theng variable as seen in Figure 2.3, which can strongly

in uence the decoherence of the qubit. As mentioned previously, the transmon does
in contrast to the SCPB include a shunting capacitoCs which increase< thus de-
creasingEc which in turn mcreases . The result of this is that the anharmonicity
becomes smaller but the qubit becomes much less prone to noise and the coherence
time of the transmon Whengé >> 1is therefore greatly improved compared to the
SCPB [9].

Similar to the Hamiltonian in equation 2.22 but with a modi ed E¢, the energy
eigenvalues when approximated in th{% >> 1 limit as can be obtained as

L Ec greienes (2.24)

qi
En Es()+  8EcE;() n+§ 12

In this limit we have a weakly anharmonic oscillator with transition energies given
by

~l eg() :( E, Eo) 8ECE; cos — Ec (225)
0

<
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Figure 2.3: The energy di erence of the rst three energy levels for di erent rations

of E;=Ec. Note that when increasing this ration the system becomes less sensitive to
noise in the o set charge variableng. However the anharmonicity decreases meaning
that one has to be mindful of the interplay between letting the device having large
anharmonicity versus being noise sensitive. Figure taken from [26].

as illustrated in Figure 2.2 a). The absolute anharmonicity between the rsfei and
second excited statgf i is for this system Ec and when only operating the
transmon in the subspace of the ground and rst excited state it can be regarded as
a TLS with the Hamiltonian |

- eg()

2 z
where the Pauli z matrix is de ned as , = jgihg] ] ehg .

H = (2.26)

In summary we now have a model for the qubits used in this thesis whose tran-
sition frequencies can be tuned by applying an external ux as per equation 2.25.
Furthermore, by operating the qubit as a TLS it can be described by the Hamilto-
nian given in equation 2.26. However, as of this point we do not have any tools to
interact with the qubit. By utilizing coplanar waveguides one can both detect pho-
tons scattered by the system as well sending in signals to directly control the qubit.
In addition to this, it is also of interest how the photons inside of the waveguide
interacts with the qubit, which relates to the detected photon ux in and out of the
waveguide when operating the device as a quantum thermal machine.

2.1.3 Coplanar waveguide

The primary structure in cQED used to interact with transmons are transmission
lines which are one dimensional coplanar waveguides (CPW) which are the two-
dimensional equivalent to a coaxial cable. In addition to acting as a channel through
which one can transmit and read signals they are in thesis used as quantum optical
reservoirs that constitutes the heat baths for the quantum thermal machine. We
initially start with the model of a open ended waveguide before restricting it to
the case of the semi-in nite waveguide used in this thesis by choosing appropriate
boundary conditions.

14
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Figure 2.4: Distributed element representation of the transmission line. It con-
sists of a a large number of inductors in series and parallelly connected grounded
capacitors with inductancel, and capacitanceC, per unit length X respectively.
Figure taken from [12].

As illustrated in Figure 2.4, the transmission line can be modeled using distributed
elements [30, 31]. With this representation the system of length d can be seen as an
in nite chain of LC-oscillators with a capacitance Cy and inductancel per unit
length spaced evenly with the interval x and ux nodes at ,. Because we already
know how to quantize a LC-circuit we start by formulating the Lagrangian in the
continuous limit where we consideN ! 1 segments of the transmission line of

length x ! 0. The Langrangian can thus be expressed as the integral
2 I ,3

£4,C @(xt) *, 1 @(xt)

0 2 ot 2L @x

where (X;t) now corresponds to the ux density at point x and time t. The equation
of motion can now be derived from the Euler-Lagrange equation of motion

ea a
QQy; @

L =

(2.27)

=0 (2.28)

from which one obtains
@2(x;t) 2@2(X N _
@1 @%
This we note have the same form as the wave equation with the speed of light inside

of the waveguidev = p— being determined by the capacitance and inductance
per unit length. The wave equatlon has the well known general solution of the form

(2.29)

(x;t) = ? A,cosknx + p)cosknpvt+ ) (2.30)
n=1
where the parametersA,;k,; » and , depends upon which boundary condition
we choose for our transmission line. BotA, and , are determined by the initial
conditions but by de ning open boundaries at the pointsx = d and x = 0, the only
way for equation 2.30 to be a solution to the wave equation is to havg, = 0 and
Ky = %. When substituting this solution into equation 2.27 we get

X C 2
L = —nz n 2.31
o1 2 n 2Ln ( )
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with , = Ajcosk,vt+ ,);Cnh = %% andL, = %, As expected we note that
this is simply an in nite chain of LC oscnlators WhICh we know how to quantize.
The Hamiltonian can therefore be written as

X
[

H=" ~, aa,+ (2.32)

N

with the possible mode frequencies de ned ds, = 97 o p— The previ-
ously mentioned regime that we are interested in for thls thesis |s the semi-in nite
waveguide where the length d of the waveguide is very large. In this regime the fre-
guency di erences between the modes are extremely small meaning that essentially
all modes are supported within the waveguide. The Hamiltonian for the semi-in nite
waveguide therefore takes the the form of an in nite integral
Z, 1
H = ~ aa, + = d! (2.33)
0 2
where the annihilation and creation operators for the modes inside of the waveguide
has been rede ned to include thatd ' 1 . [32].

With this we now have quantized models for both the elements used in this the-
sis but as of yet we do not have the tools to describe their interactions with each
other. Therefore, the next section elaborates on the interactions taking place be-
tween these elements.

2.2 Combined systems

This thesis lies within the realm of quantum thermodynamics and is studied on
a cQED platform where our qubits interacts with the electromagnetic eld inside

of the waveguides. In order to describe this interaction we turn to some standard
methods used in quantum optics, or more speci cally the quantum optical master
equation. This equation is needed in order to describe the dynamics of open systems
such as a qubit coupled to the eld inside of a waveguide. In addition to this we
also present the Hamiltonians describing the interaction between the elements and
the two new modes referred to as the symmetric and antisymmetric mode arising
from having two qubits coupled to each other.

2.2.1 Open quantum systems

For a closed quantum system with few degrees of freedom the dynamics obeys the
Schrédinger equation g

i dtj i=Hj i (2.34)
where the state vectorj i evolves under the system Hamiltonian [34]. However,
for many quantum mechanical systems it is often the case that that a single state
vector is insu cient since it could be in a statistical mixture of states. Therefore
the more general representation of the system which includes both pure and mixed
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states utilizes the density matrix de ned as P ipij iih ij where we have a
probability p; to be in the statej i. By starting from the Shrédinger equation, the
equation of motion governing the density matrix can be derived as [35]

= i[H; | (2.35)

This equation is called the Von Neumann or Liouville equation and similarly to the
Shrodinger equation, holds true for a closed or isolated system which entails that one
has to account for enough degrees of freedom in order to use them. Unfortunately,
in the case of a small system coupled to a larger system like a waveguide acting
as a reservoir, the number of degrees of freedom is vast. However, most often the
dynamics of interest are only related to a speci ¢ part of the combined system such
as a qubit and we don't care about the rest. This reduction makes the subsystem
of interest appear open and is termed aopen guantum systermand is done by
tracing out the unwanted degrees of freedom of the environment from the Liouville
equation. This leads to the so callednaster equationgoverning the evolution of an
open quantum system, the derivation of which is covered extensively in literature
[12, 35,36]. In this thesis we are interested in the master equation governing an
emitter such as a qubit coupled to the modes of the electromagnetic eld in its
environment and is expressed as [12]

= AH 1+ (n+)DL ]+ D[] + D[ .]: (2.36)

Here the rst term is the now familiar Liouvillian, evolving the system under its own
Hamiltonian. This is then followed bydissipators responsible for the dissipation in
the master equation. Before elaborating on the terms constituting the dissipation
we note that for a thermal bath in equilibrium, the average number of photonsa

at temperature T follows the Bose-Einstein distribution [37] given by equation 1.2.
From this we see that when the temperature goes to zero, so does the average number
of photons. In addition to the photon number in the bath, the master equation also
includes the coupling rate to the environment, the pure dephasing rate and

the Linbladian super operator

D[X] = XX ;ny ;X YX: (2.37)
The second term in the master equation governs both the decay of excitations into
the bath via both spontaneous and stimulated emission and corresponds to both
relaxation and dephasingof the system. The relaxation is described by the diag-
onal terms in the density matrix and relates to the state population. In contrast,
dephasing corresponds to the decay of the o -diagonal terms and the name comes
from the fact that these elements contain the phase information of the state [12].
The third term governs thermal excitations i.e. energy absorption from the bath.
However, because most experiments are performed closeTte= 0 one often sets
n = 0 resulting in that this term vanishes. The nal term only leads to dephasing
at the pure dephasing rate . In summary, the dissipators in the master equation
results in the process oflecoherencecorresponding to the loss of information.
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We are now equipped with the tools to describe open quantum systems such as
the case of a qubit coupled to a waveguide and can move on to describing the
interactions between the elements used in this thesis.

2.2.2 Qubit-qubit interaction

The initial interaction of interest is that between two transmons capacitively coupled
to each other. For such a combined system the Hamiltonian takes a similar form to
that of the famous Jaynes-Cummings Hamiltonian [33]

H= = .i+9 1 ,+ 5, : (2.38)
i=1 2
where we recognize the sum over the individual transmon Hamiltonian but with an
included coupling term. The coupling strength g of this term is proportional to the
coupling capacitance between the qubits. Additionally, we note thatjf";g corre-
sponds to the raising and lowering operators for the transmon which for a TLS can
be de ned as * = jeihgj and = joihej. The coupling part of this Hamiltonian
contains terms proportional to ; ; which corresponds to an excitation exchange
between the qubits. When the two qubits are resonarit; = ! , = | ; the Hamilto-
nian can be diagonalized by introducing two new modes that we call S and A [19].
By de ning the raising and lowering operators as g, = p% 1 > and similarly
for the other operators, a substitution of these into the Hamiltonian yields
[ |
H = 73 2s + 7“ ZA: (2.39)

This Hamiltonian we note corresponds to that of two uncoupled transmons with
mode frequencied s, = !y 0. These two modes are usually referred to as the
symmetric mode and antisymmetric mode which referees to the phase relation be-
tween the two coupled transmons. Furthermore, they are also sometimes termed
bright and dark modes [60] because of how they interact with a coupled waveguide,
something that will become evident in the next section.

2.2.3 Waveguide-qubit interaction

The second interaction of interest is that between a qubit and the eld inside of a
waveguide. As previously mentioned, the reduced dimensionality of the waveguide
(compared to a three dimensional cavity QED system) can give rise to strong light-
matter interactions [38]. The dynamics between the electromagnetic eld inside of
the waveguide when coupled to a qubit is described by the master equation 2.36 but
we have yet to express the governing Hamiltonian.

In accordance with the second quantization of the electromagnetic eld, the quan-
tized eld Hamiltonian is the same as for an in nite number of harmonic oscilla-
tors [12]. When only taking asingle modeof the eld into account, the interaction
between the qubit and that mode can be described with the Hamiltonian

|
H=2,+J &+ .a: (2.40)
2
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where! ¢ is the qubit frequency. In the derivation of this Hamiltonian found in [12],
the dipole approximation and the rotating wave approximation has been used. For
the actual case when the full continuum of modes is taken into account the inter-
ested reader is referred to Blais et.al. [26]. The rst of these approximations assumes
that the wavelength of the eld is much longer than the interaction range while the
second neglects all fast rotating terms and is only valid when the coupling strength
J <<! | The rst term in this Hamiltonian we note correspond to that of an un-
coupled transmon while the other describes the interaction between the transmon
and the eld and conserves the number of excitations.

If the qubit is periodically driven by light with a constant eld amplitude, the
Hamiltonian can be rewritten as [39]

H= " ,+ (2.41)

Here , = * + and is the so calledRabifrequency, which is rate at which
the state of the qubit is driven by the incoming eld and is given by [19]

S
F)
=2 (2.42)

This frequency depend on the applied microwave powét, the frequency! and
the coupling rate = |+ . The radiative coupling rate , corresponds to the
coupling to the waveguide (thus the excitation being radiated into the waveguide)
and depend on the capacitive coupling and the qubit frequency. In contrast, the
non-radiative decay . instead relates to the coupling to the environment, thus
information being lost and not radiated back into the waveguide.

At this point it is also of interest to investigate the case of the interaction be-
tween the waveguide and two coupled transmons. From equation 2.41 and 2.38 we
can construct this Hamiltonian as [19]

S iy + +
Ez;j+jx;j+g 1 2% 21 (2.43)

i=1

and by moving into the symmetric/antisymmetric basis as we did for the coupled
transmon case (equation 2.39), we nd
X 1y
H = - zk Tk xk (2.44)
k=fS;Ag

where the driving rate now correspond to s.a = p%( 1 2). Therefore we note

that in the case ; = , the antisymmetric mode is not driven at all (it becomes
decoupled from the waveguide) while the symmetric mode experiences an enhanced
driving rate.
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2.3 Light-matter interaction

The main method of studying the qubit in this thesis is by sending in light through
the waveguide and observing the output. By probing the system in such a manner
one can characterize the system parameters and determine the internal dynamics
taking place. The light matter interaction between this incoming eld and the qubit,
results in so calleddressedenergy levels of which the e ects can be observed when
measuring the power spectral density (PSD) of the output signal. In this section we
therefore begin by introducing input-output theory before proceeding to describing
the dressed state picture.

2.3.1 Input-output theory

The purpose behind input-output theory is to predict the mode amplitude of the
output eld ay coupled to an atom, given that the input eld a;,, and the master
equation governing the internal dynamics is known. In the case of a coherent probe
eld we also write in.out = hanout i- In this thesis we consider a qubit coupled to
the end of a waveguide and use input-output theory to characterize the measured
re ection coe cient, de ned as [40]

r= 2% (2.45)

This expression is known as a scattering parameter and can be probed in spec-
troscopy using a vector network analyzer (VNA). If the input eld do not interact
with anything, then clearly ., = i and the re ection would be unity. However, if
the waveguide is not empty then the interaction Hamiltonian between the eld and
e.g. a qubit will determine the equation of motion for the output mode resulting

in a potential change of the re ection. The situation of interest for this thesis is
depicted in Figure 2.5 where the incoming eld with frequency 4 is scattered at a
qubit with a transition frequency ! .

Figure 2.5: |lllustration of the setup relevant to this thesis where a qubit with
transition frequency!  is coupled to the end of a waveguide. The eld with frequency
I 4 inside of the waveguide has an incoming and outgoing component and .
The non-radiative coupling to the environment occurs at the rate ,, and results in
that information is lost to the environment. In contrast, the radiative coupling rate

+ to the waveguide sends the information back into the waveguide.
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Figure 2.6: a) Magnitude of the theoretically expected re ection (equation 2.47)
from a qubit with resonance frequency at 5 GHz. The coupling parameters were
arbitrarily chosen and the driving rate calculated as per equation 2.42. At the
magic power we have coherent scattering and thus complete destructive interference.
b) The phase response of the re ection coe cient at the same input powers as in a).

According to input-output theory for such a situation, the relationship between the
incoming and outgoing elds are described in detail in [40] and is written as

S _
D E

out = in*t 2 A (2.46)
where iy = ;p=. Therefore, since the parameters for the input eld are gener-
ally known (such as power and frequency), the only part needed for a theoretical
expression of the re ection is the expectation value of the lowering operatbf i.
This is given by solving the systems master equation in steady state and extracting
the o -diagonal element ;0 = I i. This is rigorously done in the supplementary
information of Yong et al. [41] and yields the re ection coe cient

irl( i2)

r=1 :
2.+ 1( 2+ )

(2.47)

Here 1= + ,and ,= %+ and = jl4 g represents the detuning
between the qubit and the driving eld.

When a coherent signal is sent into a waveguide coupled to a qubit the incoming eld
can either get re ected or it can interact with the qubit. When the eld interacts it
will be absorbed and then reemitted from the qubit either coherently or incoherently
with respect to the incoming eld. While the incoherent scattering has a random
phase, the coherently scattered radiation has opposite phase to the incoming eld
and can thus destructively interfere with the incident eld [47]. However, the the
response of the qubit is strongly dependent on the power of the incoming eld and
can be studied using e.g. a VNA which can record the scattering paramet®, = r
(see Figure 2.6). This parameter consists of a complex number and thus include
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both magnitude and phase information about the scattering process. At high input
power the qubit is completely saturated (equal populations in ground and excited
state) meaning that the light is scattered incoherently resulting in no destructive
interference and thus no observable change can be seen in the re ection (r = 1 even
at the resonance frequency). Lowering the power results in that an increase in the
coherent scattering and a dip in the magnitude can be observed around the resonance
frequency in combination with a phase change. At the input power corresponding to
exactly = »5, we have complete coherent scattering and therefore full destructive
interference resulting in that the re ection at resonance frequency goes to zero and
we get a full phase shift. This power we therefore call thenagic power since we
here have full destructive interference. Lowering the power even further will however
result in fewer excitations and thus again an increase in the coherent scattering and
a smaller visible response in the measured scattering paramegas.

2.3.2 Dressed state picture

As seen in the previous section the re ection coe cient depends on the detuning
between the eld and the transition frequency of the qubit. The reason behind this

is that in the presence of an electromagnetic eld the energy structure of the qubit
will change. In fact, the eld and the qubit will merge into hybridized quantum
states resulting in so callediressedenergy levels [26,42]. When considering a single
mode inside of the waveguide, the combined system contains two types of quantum
numbers, n which indicates the number of photons andy or e representing the
ground and excited state of the TLS. The dressed eigenstates which energies are
separated by , can then be divided into manifolds

E(n) = fjg;n+ 1i;je; nig (2.48)

that contain two uncoupled states but with an equal number of excitations [12]. In

the case of a su ciently strong coherent pump eld being sent into the waveguide,

the energy structure of the TLS will change even further. The energy levels within a

manifold are split into levels where the energy di erence corresponds to the driving

rate r which we know from the previous section, is proportional to the strength

of the pump eld and the e ect this has on the dressed energy levels can be seen in

Figure 2.7. The new eigenstates for the coupled eld-qubit system in thg(n) can

be expressed as

. _jg;n+1i j eni
p—

j sni= 2.49
j i S (2.49)

q_ —
with the energy di erence of = 2+ 2 meaning that on resonance, the energy
di erence corresponds to the driving rate r [42].

One remarkable property of the dressed energy levels appears in the resonance o-
rescence spectrum of the TLS. When measuring the power spectral density (PSD) of
the output eld the spectrum contains one central peak at the resonance frequency

I o in addition to two sidebands. Together they form the famous Mollow triplet. In
the case of a qubit at the end of a waveguide the theoretical expression for the PSD
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Figure 2.7: Depiction of the dressed states in th&(n) manifold. Because of the
coupling between the eld and the TLS it causes the uncouple&l levalg;n+1i and

je;ni to turn into the dressed statesj ;ni separated by = 2+ 2. Figure
modi ed from [12]

has been derived in [12,61] and reads

( )
: 1~!0r s 22 s
S¢) 5 TSI T i T e (2.50)

where s =( 1+ )=2. The reason behind the three peaks can be understood

when taking the possible transitions between manifolds into account as displayed
in Figure 2.8. In this example we have two possible transitions at the frequency
I'o (red arrows) from the E(n + 1) manifold to E(n) resulting in the middle peak of

the Mollow triplet. In addition to these we also have one allowed transition at both
o corresponding to the blue and green arrows respectively which gives rise to

the two sidebands.

Figure 2.8: lllustration of the possible transitions in the dressed state between
the two manifolds E(n + 1) and E(n). The bare states has an energy di erence
corresponding to! ; and the dressed states are split with a di erence equal to.
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2.3.3 Dressed qubits

The concept of dressed energy levels between a eld and an atom can also be ex-
tended to that of two coupled qubits. In the review by Blaiset al. [26], they show
that the linear part of the interaction Hamiltonian between a resonator (LC-circuit)
coupled to a TLS when expressed using creation and annihilation operators reads

H.=!,aa+ ! b+ J Pa+ ba : (2.51)

Herea¥; a and ;b correspond to the bosonic creation and annihilation operators for
the resonator! ; and the qubit ! ; respectively. We note that because the rst term

in this expression which corresponds to the resonator Hamiltonian has the same
form as the second term which describes the TLS, we can replace the resonator
related parts to that of a second qubit and exchange the coupling strength with

the coupling strength g between the two qubits. We can therefore express the
interaction Hamiltonian between the two qubits as

H="1qbb+! b+ g bib+ b (2.52)

and proceed with its diagonalization in the same manner as was done for equation
2.51 using the Bogoliubov transformation. This results in the Hamiltonian

H = +qldbl + ‘!“qztgbz: (253)

where the new dressed frequencies are

q__
b = Pt 2+49° ; (2.54)

q —
~ et 2+492 (2.55)

Nl NI

As expected we note that at resonance when the two qubit frequencies are equal
l'an = 2 = !, We get the same energy di erence dg between the two modes as
we found when discussing the qubit-qubit interaction in section 2.2.2.

2.4 The quantum thermal machine

The classical law of heat conduction within a material was stated by Fourier in 1822
and is expressed as [62]
J= rT: (2.56)

This expression relates the current of heal to the thermal conductivity of the
material and the heat gradient. In this thesis however, we focus on an equivalent
heat ow but in quantum mechanical systems. In particular the system of interest
is that of two coupled qubits with two independent waveguides (thermal baths) cou-
pled to the symmetric (SM) and antisymmetric (ASM) modes respectively. These
waveguides therefore e ectively see a qubit as described and illustrated in the in-
troduction and Figure 1.3. In this section we combine the tools we have acquired
so far in order to describe the heat currents in our system and how the added noise
a ects these ows.
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2.4.1 Heat ow

From the previous section we recall that the Hamiltonian of two coupled qubits both
with bare frequencied can be written as

H=1bib+ b+ g b+ B (2.57)

where the coupling term preserves the number of excitations and describes the "hop-
ping" of excitations between the qubits. In addition to the coupled qubits our sys-
tem also includes two waveguides which couple to the symmetric and antisymmetric
mode respectively. The dynamics of the system is therefore treated in the framework
of the quantum optical master equation and can for this double-waveguide scenario
be written as

=L = i[H ]+Ls +La + 5D[]: (2.58)

Here the termsLs andL, contains the local dissipation taking place between the
waveguides coupled to the SM and ASM respectively. As described in section 2.2.1,

these can be expressed in terms of super operators
h h i

Li-fsag = j(Mm+1)D ; + jnD [ (2.59)

The raising and lowering operators ;" and ; are expressed in the SM and ASM
basis meaning that in terms of terms of the bare qubits they are,, = 91—5 1 5
(and similarly for ,) as described in section 2.2.2.

The mean heat current owing between the two waveguides can be obtained by
following the arguments in [45]. In steady state, the time derivative of the energy
expectation value will vanish

gth-n:Tr(HL):o: (2.60)

For our system, heat currents can ow in and out of the two waveguides but energy
can also be exchanged through the dephasing channel. One can therefore view this
channel as a third waveguide acting as thermal bath longitudinally coupled to one
of the qubits. By inserting the master equation into 2.60 one would expect the
contributions of all three heat baths to be non-zero but cancel each other out. This
should amount to a positive heat current from the hot bath coupled to the SM and

a negative current into the cold bath coupled to the ASM. The net heat ow into
the symmetric or antisymmetric waveguide can thus be written as

Jiztsag = Tr(HL; ) (2.61)
with the heat ow from the dephasing channel similarly expressed as
!
Jdephasing =Tr H 7D [ 2] : (2.62)
By calculating the steady state solution for the systems master equation 2.58 we get

the net heat currents into the two waveguides as

_ ~(Na Nns) as (@ 'o)

st;ag - R a(2 L+ ) (2.63)
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with ! 3 being the bare qubit frequency for the two identical qubits. Similarly we
also obtain the heat ow from the dephasing line

29~(na ns) a s
s + a(2 st )

Jdephasing = (2.64)

As expected we note thatl, + Js + Jgephasing = 0 meaning that energy is conserved.
In addition to the heat ows, the occupation numbers of the two modes can be
extracted from the diagonal in the density matrix which turns out to be

:(na a+ns S) +2nssa

P 2.65
T @t ) (2:69
(na a + nS S) + 2na S a
Py = : 2.66
a s + a(2 S + ) ( )
The di erence in the populations can thus be calculated as
P - 2(nS na) S a (267)

S + 3(2 S+ )

which we see for zero dephasing results inP = ng  n,. This intuitive answer
without any dephasing is expected since in such a case at thermal equilibrium, one
would imagine that the populations would bePs = ng and P, = n,. This can also
be veri ed by solving the master equation in steady state and once again extract
the diagonal elements resulting irPs = (1 ng)ns nsandP,=(1 ngng N,
(for small occupation numbers).

By looking at the populations it is therefore true that in the absence of dephas-
ing the two modes thermalize separately while in the case of dephasing there exists
a competition between separate thermalization and population equilibration due to
the dephasing. Therefore we now proceed in the next section by describing how
applied noise relates to dephasing and what e ect this has on an individual qubit.

2.4.2 Classical noise environment

With the aim of describing the e ects which a classical noise environment has on
a transmon qubit we start from the quantity that governs the evolution of a single
ux tuneable qubit, its Hamiltonian

Ho = of )AZ: (2.68)

Here we recall section 2.1.2 where the ux dependence of the bare qubit frequency

was derived as v ,

lo= P 8ECE; cos — Ec: (269)
0

The charging energyEc and Josephson energ¥; can for higher temperatures
be subjugated to small uctuations but for the lower temperatures which are of
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interest in this thesis, these uctuations can be assumed negligible. Therefore these
parameters are xed after fabrication of the qubit and its frequency is thus only
parametrized by the external ux . This ux can however be a ected by noise
resulting in that we can express the uxas( t)= + ( t) where we have included
small uctuations around some working point value. In order to see how this noise
a ect the qubit we can expand the Hamiltonian around the working point value
as [44]

dH, 1 d’H

H=Hor 5= (D% 52

If we assume that the uctuations are small in relation to the working point value,
we can disregard terms of order ( t)?), resulting in an approximation of the Hamil-
tonian given by

(D?+0 (13 (2.70)

1 dl o '
- — 1 - =

(ot ! (1) |
; Yor "0 . (2.71)

2

As expected we see that the ux noise results in uctuations of the transition fre-
quency! (t) = ! o+ ! (t). The master equation governing the dynamics of such a
system is given by [43]

i (1)
= —1 - + 7 7 2.72
= Stol s 1+ — ) (2.72)
where we note the dissipator depending on the pure dephasing. It turns out as
shown in [19], that for white noise with amplitudeA the pure dephasing rate can
be expressed as |
diy ?

t= A q4 (2.73)
Therefore the dephasing rate depends upon both the amplitude of the noise as well
as the sensitivity of the bare frequency in regards to the magnetic ux.

This concludes this chapter and we now move on to a description of the device,
the experimental setup and the measurements performed in this thesis.
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Methods

In the previous chapter we introduced the theory governing the physics behind the
elements and important concepts related to this thesis. We therefore begin this
chapter by describing the device used as a quantum thermal machine. Because
the device used had been designed previous to this project by Dr. Aamir Ali, the
speci cs regarding the design choices and fabrication will be omitted. However,
since our device closely resembles the device presented by Kowshik [47], the curious
reader is referred to his thesis. After introducing the device, an overview of the
experimental setup will be given followed by the di erent measurements performed
throughout this project.

3.1 Experimental setup

In this section the cryogenic setup used for all the experiments will be presented in
conjunction with the coupling scheme connecting to the device. Also, the specics
regarding the device used as a quantum thermal machine will be elaborated upon.

3.1.1 Our device

The device studied in this thesis is very similar to that presented in [47]. It consists
of two ux-tuneable qubits with the capacitive plates marked in blue and green in
Figure 3.1. Each qubit comes with its own ux-line and by applying a DC-voltage

to these lines the resulting magnetic ux threading the SQUIDs enables one to
individually tune the bare frequencies of the two qubits. Additionally these qubits
are capacitively coupled to each other with a coupling strength resulting in that

the two qubits hybridizes and form dressed energy levels as seen in Figure 3.2.
Studying the symmetry (that is the parity) of the modes occupying these dressed
energy levels it turns out that the lowest excited level is antisymmetric while the
other is symmetric. When taking into account the oscillations within our circuit
we see that the symmetric waveguide (SWG) couples to the capacitor plates where
the voltage is in-phase. The antisymmetric waveguide (ASWG) on the other hand,
couples to the plates where the voltage is out-of-phase. Thus this coupling scheme is
engineered so that transitions involving the symmetric mode (SM) is predominantly
over-couples to the SWG while the antisymmetric mode (ASM) mostly over-couples
to the ASWG. In essence we therefore have symmetry selective decay into the two
respective waveguides.
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Figure 3.1: lllustration of the device studied in this thesis. Two ux-tuneable
gubits are capacitively coupled, each having its own ux-line. The two waveguides
labeled SWG and ASWG couples to the symmetric and antisymmetric modes re-
spectively.

Figure 3.2: The energy levels of the two qubits with coupling strengtly hybridize
resulting in dressed energy levels. In the right part of the gure the rst two higher
energy levels are illustrated. Because of the coupling scheme we then get symmetry
selective decay into the two respective waveguides.

While the details of the fabrication process are to be omitted the recipe closely
follows that discussed by J.J.Burnett et.al. [63]. The fabricated chip is bonded onto
a PCB with aluminium wirebonds and connected to the lines of the cryostat. The
device along with a cutout of the SQUID is shown in gure 3.3.

3.1.2 Cryogenic setup

The experiments performed throughout this project was performed in a cryostat,
also known as a dilution refrigerator. A cryostat enables us to reach extremely low
temperatures and thus allowing for experiments in cQED where superconductivity is
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Figure 3.3: Image of the fabricated device including a cutout of the connection
between the ux line and the SQUID. Note the so called air-bridges connecting
di erent regions which ensures that there is no voltage di erence between the outer
region and the regions encircled by the waveguide/ ux lines.

essential. Furthermore, when investigating quantum mechanical components such as
qubits, the temperature must also be very low in order to improve e.g. the lifetimes
of the qubits. The low temperatures also results in that the thermal background in
the GHz range (where our frequency points of interest lies) becomes negligible. In
addition to providing a low temperature environment a cryostat also provides good
shielding from electromagnetic elds in the vicinity which could otherwise interfere
with the device.

The cryostat used in this thesis is the BlueFors LD Dilution Refrigerator System
which was operated at a temperature near 9 mK. The speci cs behind how such low
temperatures can be reached can be found on BlueFors website [46] but the main
principle involves the mixing of the two Helium isotopesHe and 3He. However,

in order to connect room temperature electronics to the device placed in an envi-
ronment of a few mK, the cryostat has several temperature stages. One can then
probe the device through wires connecting the room temperature environment and
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the device. The wiring diagram along with the six di erent temperature levels are
shown in Figure 3.4 together with an image of the cryostat without any of the shield-
ing. Before proceeding and with a short explanation of the main wiring components
we introduce the so-called Traveling wave parametric ampli er (TWPA) which is
a quantum limited ampli er and a very useful tool in experiments involving weak
signals [64].

Classical low-noise semiconductor-based ampli ers such as the HEMT ampli er in
the wiring diagram, adds noise on top of the input signal [47]. This noise can over-
whelm the often very small signal coming from a quantum system, which is the case
in this thesis where we monitor signals that average out to be less than a single
photon! Fortunately, there is a way to reduce this noise by using quantum-limited
ampli ers which only adds the minimum possible noise of half a photon (at the
signal frequency) dictated by quantum mechanics. This means that in the purely
ideal case, the signal-to-noise ratio (SNR) corresponds to a factor of two where half
a photon is added to the incoming half photon. In this thesis we are using a sin-
gle traveling wave parametric ampli er (TWPA) constructed by the company VTT,
Finland. The concept behind the TWPA is a coplanar waveguide with a centre
conductor consisting of Josephson based elements allowing for a 3-wave mixing pro-
cess where the energy from a pumping microwave signal is transferred to the weak
incoming signal [48]. In addition to the pump tone, the TWPA also requires a con-
nection to a DC line providing a magnetic ux bias. In essence the TWPA provides

a broadband quantum noise limited gain to the signal. The signal which now has a
larger amplitude can then be sent into a classical ampli er without any signi cant
degradation in the SNR, allowing for better quality data.

Apart from the TWPA in the wiring diagram, we note the use of several atten-
uators on the input lines going to the devices and the TWPA. The purpose of these
are to prevent thermal photons on that temperature level to reach the TWPA or
device. Another crucial component is the circulator which is a non-reciprocal mi-
crowave component with three ports. The input signal passes through to the device
while the scattered signal is prevented from traveling back into the input line and
instead goes into the output line. The bias tee is a component allowing us to com-
bine DC with an RF signal. This is needed in order both send in DC to the ux
lines of the qubits but also sending in RF-noise through the ux line in order to
induce dephasing. The remaining components consist of di erent types of lters, a
directional coupler which adds two signals and isolators that only allows signals to
travel in one direction (it works as a unidirectional attenuator).

At room temperature the DC lines connected to the two ux lines of the device
and the TWPA ux were connected to three separate ports on a oating voltage
source. The connections to the other lines did in turn depend on what type of mea-
surement was being performed. Therefore we proceed to the next section where a
description of these connections are presented along with the di erent measurements
performed throughout this project.
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