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Chalmers University of Technology

Abstract
Recently, circuit Quantum Electrodynamics (cQED) has enabled study of light mat-
ter interaction in superconducting circuits. In this work, we study transitions from
hybridized modes in a cQED architecture. We obtain hybridized modes from de-
generate levels of capacitively coupled transmon qubits. We collectively couple the
qubits to two microwave waveguides, so that each hybridized mode selectively de-
cays into one of the waveguides. We design this quantum circuit by using electro-
static and lumped-element simulations. To test the design, we perform microwave
spectroscopy measurements of a nanofabricated sample cooled down in a dilution
refrigerator. Our measurements confirm that the two hybridized modes respond as
effective two-level systems, each strongly coupled to a different waveguide. This
arrangement could be used to explore heat transfer between waveguides, mediated
by a quantum system, paving the way for experiments in quantum thermodynamics.

Keywords: Hybridised modes, Resonance fluroscence, Quantum thermodynamics,
Circuit QED.
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1
Introduction

Maxwell's demon [3] and the single-particle thought experiment of Szilard [4] seem-
ingly violated the second law of thermodynamics. This lead to equivalency between
information and entropic degrees of freedom, in the form of Landauer's principle
[5]. At the same time, the advancements in information processing have lead to a
search for new paradigms of computing, and quantum information processing [6] has
emerged to solve certain problems faster than classical computers. The advantage
in speed up of information processing makes us investigate heat transport processes,
as to if there is a quantum advantage. It is necessary to understand, if engines and
refrigerators made at the nanoscale show an advantage and if quantum coherences
have a role to play in them.

The ability to trap and control single particle like electron or an atom has
lead to the implementation of many thought experiments. Landauer's principle has
been demonstrated in a colloidal double potential well [7]. Extraction of heat from
Szilard engine cycle using a single electron transistor has also been demonstrated [8].
There are proposals to investigate measurement-assisted cooling and nonequilibrium
�uctuations in quantum system acting as heat engines or refrigerators [9],[1].

In the last 15 years, great progress on the measurement and control of individual
quantum systems has been achieved in an architecture called circuit quantum elec-
trodynamics (cQED). In cQED, superconducting circuits including resonators and
�arti�cial atoms� based on Josephson junctions are cooled down to very low tem-
peratures (<100mK) and addressed using microwave signals. This architecture was
recently exploited in Google's landmark experiment claiming �quantum supremacy�
using a quantum processor consisting of 53 bits [10]. This architecture could lend
itself well to studies of quantum thermodynamics, too. However, only a limited
number of experiments have been so far performed in this direction [11, 12, 13], and
the search for a genuine quantum advantage in thermodynamics is still open.

In this MSc thesis work, we take the �rst steps towards realizing a cQED system
that is amenable to implement the quantum measurement cooling concept described
in Ref. [1]. The proposed protocol comprises two qubits and two heat baths held at
di�erent temperatures. Each qubit can be coupled to a single heat bath, and the two
qubits can be entangled. A cooling cycle consisting of thermalization, entanglement,
and measurement of an individual qubit is used to extract work from a bath and
transfer it to the another bath at higher temperature, thereby achieving cooling.
The proposal also suggests that e�ciency of heat extraction is maximized when the
two qubits are maximally entangled.

In our realization of the proposal, we design an analog quantum circuit in which
quantum measurement cooling can be achieved with continuous operations. The two
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1. Introduction

qubits are resonant and strongly coupled to each other, so that they fully hybridize
and form a symmetric and antisymmetric mode. Using circuit symmetries, we en-
gineer the decay of the composite qubit system into two waveguides, so that each
mode predominantly decays into a selected waveguide. In addition, we couple each
qubit to a readout resonator, so that it can be measured with a variable strength by
driving the resonator with a coherent tone of given amplitude. A projective mea-
surement of one of the qubits randomizes its phase; in the hybridized based, this
leads to an equalization of the populations of the hybridized modes. This, in com-
bination with the engineered decay rates, can activate an energy transfer between
the two waveguides. In this thesis, we present the concept, design, implementa-
tion, and characterization of the device. In particular, we use power-dependent
spectroscopy measurements to verify that each of the hybridized modes is strongly
coupled to the intended waveguide, to which it primarily decays. The demonstration
of measurement-activated heat transfer is left for future studies.

This master thesis is organized into four chapters. In the second chapter, the
background needed to understand this work is discussed. The simulation related
to designing the quantum circuit is discussed in the third chapter. In the fourth
chapter, the results from the experiments are presented.
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2
Background

This chapter includes description of theoretical background required to understand
the experiments and results of this thesis. In the �rst a brief introduction about
Circuit QED and its di�erent elements are discussed, like a transmon qubit and
coplanar waveguide resonators. Coherent scattering between waveguides and qubits
follows the explanation about qubits and resonators. The description of the concept
of the experiment is explained in the last section of this chapter.

2.1 Circuit Quantum Electrodynamics

Circuit QED is the study of quantum optics using arti�cial atom made up of su-
perconducting qubits and transmission line resonators. The equivalency between
arti�cial atoms coupled to resonators, and atoms coupled to optical cavities, allows
one to use concepts of quantum optics to describe these systems. Simulation of
complex quantum systems using circuits has lead to increased interest in Circuit
QED. The implementation of error correction and various multiplexing techniques
in Circuit QED makes it a suitable choice for scalable quantum computing [14, 15].

2.1.1 Transmon Qubit

An arti�cial atom is made from systems having a well like potential also has discrete
energy levels. One such system involves a superconducting Josepshon junction.
The overlap of wavefunction of two superconducting electrodes across an insulator/
normal metal forms a Josephson junction. Superconducting qubits are made using
the non linear potential energy of a Josephson junction. Copper pair box was the
�rst charge qubit [20] made with superconducting tunnel junction in between a gate
electrode and a small metallic island. The Hamiltonian of a charge qubit is given
by

Ĥ = 4EC (n̂ � ng) � EJ cos ^' (2.1)

whereEC and EJ are analogous to the kinetic and potential energy, witĥn number
operator for Cooper pairs on the island,'̂ phase di�erence across the junction,
ng = ( CgVg + Qr )=2e, charge on the gate island in units of Cooper pairs; charging
energy

EC = e2=2C� ; (2.2)

3



2. Background

Figure 2.1: Layout of Transmon Qubit showing the two qubit islands, the drive
and the read out waveguide (Grey: Ground plane, Blue: waveguide, Red: Resonator,
Green and yellow: qubit islands).

whereC� = CJJ + Cg ; e is the elementary charge, andEJ = � 0I c=2� is the Joseph-
son energy (� 0 is the �ux quantum and I c is the critical current of the Josephson
Junction).

One of the dominant decoherence mechanism in a Cooper Pair Box qubit is
charge sensitivity noise. This is caused due disturbances in the charge on the gate
island. Energy of amth level Em and energy separationEm1m2 is dependent on the
charge on the island in both Copper pair box and transmon con�guration. Variations
of charge cause �rst order corrections (ofng) to the energy levels that can be modeled
by � m , the peak to peak value of energy dispersion ofmth level. This can be to
some extent mitigated by operating the qubit in a 'sweet spot' close to the charge
degeneracy point [21] as there is no variation of energy at this point (@Em

@ng
= 0).

In the transmon con�guration [16], charge sensitivity noise is resolved by adding a
large shunt capacitance in which the charge dispersion has a relation

� m = ( � 1)mEC
24m+5

m!

s
2
�

(
EJ

2EC
)

m
2 + 3

4 e�
p

8EJ =EC (2.3)

.
The total energy separation (for �rst two levels) has a dispersion relation

� = EC

s
2
�

e�
p

8EJ =EC (25 (
EJ

2EC
) � 29 (

EJ

2EC
)) (2.4)

By choosing values forEJ =EC one can exponentially reduce the charge sensitiv-
ity noise of the qubit. For decoherence times in the microsecond range theEJ =EC

can be in the order of hundred. While designing a qubit, targeted transition fre-
quency is �xed and by referring to the graph Fig. 2.2 for a preferred noise level the
charging energy is chosen and then the corresponding Josephson energy is calcu-
lated (2.5). By choosing a larger capacitive islands, lower charging energy and lesser
noise can be obtained. The resolution and reliability of the fabrication process also
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2. Background

limits the exact Josephson energy as the size of the junction is related to its critical
current.

~! ge =
q

8EJ EC � EC (2.5)

Figure 2.2: Charge insensitivity noise equivalent frequency as a variation of charg-
ing energy for di�erent transition frequency of a transmon qubit

2.1.2 Coplanar Waveguide and Transmission line resonator

Coplanar waveguide (CPW) is a transmission line composed of 3 conductors, of
which 2 return lines (ground) separated with a gap from a central conductor on a
dielectric substrate. Such coplanar waveguides when shorted/grounded at their ends,
host a discrete set of modes, equivalent to a cavity in CQED. Boundary conditions
of the waveguide result in 2 di�erent types of resonators, a� /2 resonator, and a�= 4
resonator. As the name suggest either a half wavelength or a quarter wavelength
of a resonant electromagnetic �eld respectively. CPW resonators act as a cavity for
microwave radiation.

Resonators can be coupled to the transmission line either capacitively or in-
ductively depending on the boundary conditions. Transmission lines act as drive
and output lines for the resonator. The Notch con�guration of a�= 4 resonator is
obtained by coupling it to a transmission line (Fig. 2.3(c)).

5



2. Background

(a) (b) (c)

Figure 2.3: (a) Top view of coplanar waveguide showing the metalization of lateral
ground plane and central conductor (cc)[17]. (b) Side view of coplanar waveguide
resonator [18].(c) Notch con�guration showing a RLC oscillator coupled to a trans-
mission line. [23]

Figure 2.4: A transmission line to which a qubit is coupled at its end. The coherent
incident signal is � in and the signal re�ected from mirror is � r ef l

2.1.3 Coherent scattering from a two level system

When a resonant electromagnetic �eld is incident on atom, the atom gets excited and
re-emits the absorbed photons. Light may be scattered coherently or incoherently
by the atom. Coherent scattered light has zero relative phase, while incoherently
scattered light have random phase. When such a scattering experiments is conducted
with atom it is di�cult to have the atom emit into a single mode. But when an
arti�cial atom is coupled to a transmission line (2.4 ), its emission can be dominated
by decay into it. The steady state analysis of system of arti�cial atom with internal
losses coupled to a transmission line results in equation below for the re�ection
coe�cient of the transmission line:

r = 1 �
2�(� + � nr + 2i �)

� 2 + �� nr + � 2
nr + 4� 2 + 2
 2

P
(2.6)

where � is coupling between the qubit and the transmission line,� nr is the
loss rate in the qubit, � = ! -! ge is the frequency detuning from the fundamental
transition, and 
 P is the amplitude of the driving Rabi frequency.

If a coherent drive signal is incident on a waveguide coupled to a qubit either
the signal can be re�ected from the mirror or interact with qubit. In the interaction
the resonant signal will be absorbed and reemitted from the qubit. In microwave

6



2. Background

Figure 2.5: The re�ection coe�cient from an arti�cial atom in magnitude, phase
and IQ plane with decreasing drive power. A line cut of magnitude of re�ection
coe�cient at di�erent drive power is also shown

domain such measurements are recorded using re�ection coe�cients S11 =� out =� in .
S11 is a complex valued coe�cient and can be studied using its magnitude, phase
and IQ plane which is real value of S11 plotted against imaginary value of S11. S11
from re�ection spectroscopy of waveguide coupled to qubit is shown in Fig. 2.5.
Unlike a linear resonator the non linear qubit response is dependent on the input
power Fig.2.5(d). At high power (
 p > 16� ) the qubit is saturated and all the
incident signal is re�ected but the mirror. At Rabi amplitude � =

p
2< 
 <16 � there

is loerntzian dip in the magnitude close to resonance frequency and a small phase
change. When
 p= � =2 at resonance point there is complete destructive interference
of the incident and re-emitted signal from the qubit which has a� phase change.
When the input is such that 
 p< 0:04� , the information is in the phase of the signal.
S11 undergoes a� phase change at resonance at these lower frequencies.

2.2 Concept of the experiment

Level diagram Fig.2.6 captures the idea of the experiment. Considering composite
system of two capacitively coupled qubits degenerate states hybridise forming sym-

7



2. Background

Figure 2.6: (a)Level diagram of the composite qubit system. The two qubits, reso-
nant and coupled with strengthgc, hybridize to form symmetric and antisymmetric
modes, jgei � j egi . The symmetric (antisymmetric) mode decays into the ground
state with rate � S (� A ) by emitting a photon into the �hot� bath, H (�cold� bath,
C).

metric and antisymmetric mode. Symmetric mode wavefunction, upon interchang-
ing the states of qubits 1 and 2 gives back the same wavefunction therefore called
symmetric mode. Upon interchanging the states of qubit 1 and 2, the antisymmetric
wavefunction picks up a negative sign hence antisymmetric. If the transitions from
these hybridised mode is coupled to waveguide which has continuum of propagating
modes, it can act as heat baths. The study of heat transfer by exchanging photons
between the waveguides mediated by the hybridised levels means that quantum co-
herence is a�ecting the heat �ow of between the baths. One of the ways exchange of
photons would transfer heat is by measuring the qubits in single qubit basis. This
would also require that hybridised mode couple deferentially to two di�erent waveg-
uide. That is ideally, symmetric mode couples only to a symmetric waveguide while
the antisymmetric mode couples to a antisymmetric waveguide. This is a challenge
in itself. In this work this is partially achieved by circuitQED in an analog quantum
system.

In the composite system, the symmetric mode couples strongly to a symmet-
ric waveguide and weakly to the antisymmetric waveguide. The antisymmetric
mode couples strongly to the antisymmetric waveguide and weakly to the sym-
metric waveguide. Measurement based dephasing of qubit would equalize the popu-
lation of symmetric and antisymmetric mode enabling photon exchange between the
symmetric and antisymmetric waveguide. This is equivalent to exchanging photons
between hot bath (symmetric waveguide) and cold bath (antisymmetric waveguide).
An optimized circuit design should have very low coupling between symmetric (an-
tisymmetric) mode and antisymmetric (symmetric) waveguide.

In the discussions following this text symmetric mode which is superposition
of degenerates statesjgei and jegi , (( jgei + jegi )=

p
2) would be represented by +.

Antisymmetric mode (( jgei � j egi )=
p

2) would be represented by -. The waveguides
would be noted by A(S) for Antisymmetric (Symmetric) waveguide.

8



2. Background

Figure 2.7: Sketch of the circuit implementing the engineered decay rates of panel
(a). Red: Symmetric waveguide, Blue: Antisymmetric waveguide, Green: qubit
islands, Crosses: Josephson junctions. The relative phase of the excitations for the
two modes is indicated by plus/minus signs. Constructive/destructive interference
at the coupling points determines the enhancement/suppression of the coupling to
the waveguides.

9



2. Background

The quantum circuit which implements this system is shown in Fig.2.7. It shows
two transmon qubits represented by four green islands with Josephson junction.
The qubits are identical having the same transition energy, charging energy and
Josephson energy. The qubits are capacitively coupled leading to hybridisation
forming + and -. The S painted red in layout and A painted blue. The islands which
form the qubits have voltage vacuum �uctuations. Of the two di�erent islands that
form a qubit these �uctuations are opposite in polarity. The waveguides by design
enhance the �uctuations of voltage �uctuations of the islands that they are coupled
to. That is S enhances the �uctuations of similar polarity between the islands 2
and 3. The A enhances the �uctuations of opposite polarities on the islands 2 and
4. The enhancement is due to the constructive interference of these �uctuations
at the meeting point of the two arms of the waveguide. The coupling between +
(-) and S (A) is � S (� A ). Cooling will be determined by an interplay between
the measurement based dephasing-rate,� M , and the coupling rates� S and � A .
Therefore, it is necessary to design and characterize the coupling rate between the
modes and the waveguide. Other unintended relaxation channels are due to spurious
coupling between waveguides and islands and to the intrinsic decay channels of the
qubits. These relaxation channels will determine the internal quality factor of the
modes, as determined in a re�ection spectroscopy measurement. Finally, each qubit
in our setup is dispersively coupled to resonators for read out. The resonators are
coupled inductively to a common transmission line for multiplexed read out on the
same line. This design was made into a layout and fabricated for characterizing the
devices.

2.2.1 Second order transitions

Qubits when interacting with a weak drive in the single photon range act as linear
circuits but are indeed non linear. The non linearity in a superconducting circuit
is produced by the Josephson Junction. The anharmonicity in a coupled qubit
circuit results in hybridisation of jeei , jgf i , and jfg i states and these states also
cause second order transitions. In a second order transitions the qubits de-excite
by simultaneously emitting 2 photons. The frequency of all the di�erent transitions
can be determined by solving for eigenvalues of a Hamiltonian,

H =

0

B
@

�
p

2g 0p
2g 0

p
2g

0
p

2g �

1

C
A (2.7)

The eigenvalues of the above Hamiltonian is given by

E1=~ = � (2.8)

E2=~ =
1
2

(� �
q

16g2 + � 2) (2.9)

E3=~ =
1
2

(� +
q

16g2 + � 2) (2.10)
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2. Background

The second order transitions measured in the experiment was numerically veri-
�ed to be at this frequency. This transition was observed when in measurement one
of the waveguide S or A was left �oating. Using the frequency of this transition one
can determine the anharmonicity of the designed qubits.

! sc = ! ge + 1=2(� +
q

16g2 + � 2) (2.11)
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3
Methods

This chapter describes the methods involved in circuit simulation and experimen-
tal procedure of this work. The �rst two sections describes the simulations, which
estimate the parameters of the quantum circuit. The experimental setup and mea-
surements are described in the last section.

3.1 Estimation of Coupling strength

To estimate the coupling between the qubits and the waveguides a full quantization
of the circuit is required. In the following section a method using which the cou-
pling can be estimated is described. The Lagrangian formalism for circuits uses the
�ux (charge) as the position (momentum) variable . The electrostatic energy in a
capacitive network is

L =
1
2

_� T � C � _� (3.1)

where, theC is the capacitance matrix between di�erent nodes in the circuit. The
diagonal elements in the capacitance matrixC represent the mass of a particular
node while the o� diagonal elements represent the coupling between the two nodes
in the network. The conjugate momentum of �ux is the charge which is determined
by

q =
@L

@_�
= C � _�

Rewriting the (kinetic part of the) Lagrangian in the charge basis would result
in

L =
1
2

qT � (C � 1) � q (3.2)

The diagonal elements of the capacitance matrix represents the total mass of the
element while the o� diagonal elements are the perturbative corrections. The above
consideration will let us estimate the strength of coupling and masses just by ana-
lyzing the matrix.

C = Cd + C � (3.3)

whereCd contains only the diagonal elements while the o� diagonals are present
in C�

C = Cd (1 + C � 1
d C � ) (3.4)

13
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Since the Lagrangian depends on the inverse of Capacitance matrix inverting (3.4)

C � 1 = ( 1 + C � 1
d C � )

� 1
C � 1

d (3.5)

In the limit Cd is far greater thanC� the above equation can be approximated
by

C � 1 = ( 1 � C � 1
d C � )C � 1

d (3.6)

The inverse hence can be written as

C � 1 = Cd
� 1 � (Cd

� 1C � C � 1
d ) (3.7)

The correction term element is of the formCij =(Cii Cjj ). The charge operator
can be written as a function of impedance

qi =
1

p
2Z i

(ai + ay
i ) (3.8)

where Z i is the characteristic impedance of thei th node with resonance frequency
! i = 1=

p
L i Ci . Further substituting correction term of Equation.3.7 in Equation.3.2

we can �nd the coupling between two capacitive elements as

gij =
1
2

! i ! j

q
Z i Z j Cij (3.9)

3.2 Estimation of qubit parameters

The circuit schematic which was simulated in Maxwell is shown in Fig.3.1. As
the waveguides S and A are coplanar the extra islands need to be which are wire
bonded to the ground plane of the chip. Symmetric grounded island (SGI) is added
in between the arms of the S waveguide while the Antisymmetric grounded island
(AGI) is added between the arms of the A waveguide. Dummy couplers are added
to the circuit to make the circuit spatially symmetric around the origin which is in
between the two qubits.

The parameters of Josephson junction do not depend on the capacitance net-
work of the circuit, meaning the Josephson energy can be determined using the
properties of the junction alone. Also, the coupling strength between di�erent ele-
ments is dependant on the capacitance network without the junction. This allows
us to calculate the charging energy of qubits and their couplings using electrostatic
simulation in ANSYS Maxwell. The procedure of arriving at the design of the cir-
cuit is to obtain the capacitance matrix and calculate the charging energy. Use
the capacitance values from the capacitance matrix in the circuit in AWR o�ce
and obtain the coupling between the two qubits. Further discussion will be based
capacitance matrix given in Table.3.1.

14



3. Methods

Figure 3.1: Layout simulated in Maxwell showing the four metals (AQ1, BQ1,
AQ2, BQ2) of the qubit, the S and A waveguide shown in red and blue respectively,
resonators and SGI and AGI. Ground is denoted by grey and light blue denotes the
substrate.

Figure 3.2: Snapshot of the ANSYS Maxwell software showing the design, variables
and the properties of the design

15



3. Methods

AQ1 BQ1 AQ2 BQ2 A S Ground
AQ1 114 21.101 2.393 0.795 8.734 1.165 67.797
BQ1 21.101 110.73 25.745 2.379 2.100 9.760 48.887
AQ2 2.393 25.745 110.24 20.879 8.624 9.551 42.210
BQ2 0.795 2.379 20.879 112.85 1.045 1.133 74.51
A 8.734 2.100 8.624 1.045 - 0.0681 173.568
S 1.165 9.760 9.551 1.133 0.0681 - 123.543
Ground 67.797 48.887 42.210 74.51 173.568 123.543 -

Table 3.1: Capacitance matrix of the design obtained using electrostatic simulation
Note: the diagonal elements for the qubit islands represent the total capacitance of

the island with all other elements in the con�guration

3.2.1 Estimation of Charging energy of the Qubit

The simulation of circuit in ANSYS Maxwell is done by creating a simulation vacuum
cube of volumeV. The cube length goes from� l=2 to l=2, where isl coded as a
variable (Fig.3.2). This way upon changing the programmed variable value, the
dimensions can be changed while maintaining symmetry around origin. Then a
dielectric substrate with the properties of silicon is created within the box origin
(half of the box still being vacuum). A metal conductor is then added on top of the
silicon substrate denoting the ground plane of the circuit. The ground plane close to
origin is removed, and only the necessary metal islands are placed. The dimensions
of these islands are also coded similar to vacuum box making modi�cations to the
circuit easier. Then with voltage excitation to couplers, resonators and qubit islands
a capacitance matrix is obtained.

Determining charging energy from capacitance matrix is described in [17]. The
e�ective capacitance of an island of a qubitCisland is sum of its capacitance to
elements other than the second island of the qubit that is :

CA Q 1 = CA Q 1 total � C (3.10)

with C being capacitance between the two islands and

CB Q 1 = CB Q 1 total � C (3.11)

Charging energy of one qubit is given by

EC =
e2

C�
(3.12)

whereC� is de�ned as

C� =
CA Q 1 CB Q 1

CA Q 1 + CB Q 1

+ C (3.13)

For the capacitance matrix 3.1, and the transition frequency of! ge the calcu-
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Figure 3.3: Circuit equivalent of layout showing qubits as LC oscillator which are
coupled to the waveguides. Islands couple to the ground through capacitanceCgnd.
Cc is the capacitance between the two qubits.

lation is as follows

CA Q 1 = 114:0 � 21:101 = 92:899 fF

CB Q 1 = 110:73� 21:101 = 89:629 fF

C� = 66:718 fF

Ec=2� = 289:5 MHz

with ! ge=2� = 6:5 GHz

EJ =2� = 19:87 GHz and EJ =EC = 68:5257

(3.14)

The two qubits are assumed to be having the same transition frequency but
the Josephson junction can not be reliably fabricated having the same resistance
which in turn a�ects the Josephson energy. This could cause the two qubits to
have slightly di�erent transition frequencies, even if their charging energies were
exactly the same. For the fabrication process used in this thesis, a typical spread
in resistance for nominally identical junctions fabricated on the same chip is about
1%. Based on (2.5), we thus expect the two qubit frequencies to agree within about
30 MHz. Therefore, to ensure full hybridization, the coupling strength between the
two qubits should be designed to be much larger than that.
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Figure 3.4: Snapshot of simulation of circuit showing the two modes (Red:(-) and
Blue:(+)) and the capacitance values used for the simulation.

3.3 Lumped element model simulation

The quantum circuit is simulated in lumped element model to determine the reso-
nance frequency of the hybridised modes and also the coupling between the qubits.
The qubits are modeled using a LC oscillator with the Capacitance between the
islands (C) and the Josepshon junction inductance (L). The capacitance values for
the simulation is taken from the values obtained in the electrostatic simulation. It is
important to note that the capacitance is not the overall capacitance of qubit circuit
(C� ) explained in the section above. The complete circuit is constructed as in the
Fig. 3.3. The capacitive coupling between the two qubits is present and equivalent
to the capacitance between the two islands.

The two waveguides are shown with the respective coupling capacitance and a
port is connected to its ends to measure the response of circuit. The presence of the
two modes would be seen in the phase response but not in magnitude. The response
at resonance would be a� phase shift (Fig.3.4). This circuit neglects the spurious
coupling between the island and the waveguide. The Phase response does not hence
show a small phase roll at the resonance frequency of the other mode. As seen by
the arrangement of islands this is not true for the actual circuit. For instance the
island 1 couples to the symmetric coupler and island 2 couples to the asymmetric
one. We determine the coupling between the qubits to be about 250 MHz.

3.4 Experiment

3.4.1 Sample

Sample is designed in precision drawing software AutoCAD and fabricated. Two
�= 4 resonators were dispersively coupled to two qubits. In notch con�guration both
resonators couple to a common read out waveguide. The length of 2 resonators was
6.011 mm and 6.211 mm with an estimated resonance frequency of 5.1 GHz and 4.9
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Cool down number Sample Wiring diagram
1 A I
2 A II
3 B II

Table 3.2: Di�erent cool down conducted in this work with the sample used for
measurement and its corresponding wiring diagram

GHz. The common waveguide was routed along the boundary as shown in Fig.3.5.
Initially one of the four samples was wire bonded to be measured. SGI was

smaller than the minimum dimension to make a reliable wire bond (Fig.??). There-
fore the state of symmetric grounded island in the �rst sample can be connected to
ground, or shorted to the waveguide itself or �oating (Fig. 3.5 (b)). The state of
the island a�ects strongly the coupling between the symmetric waveguide and the
symmetric mode. A second sample was prepared in which the symmetric grounded
island was left �oating. In both samples, the island between the arms of the anti-
symmetric waveguide was successfully grounded.

(a) Layout of the chip (b) Zoomed in image of is-
lands

(c) Josephson junction in
between the islands

Figure 3.5: Images of the fabricated sample. The region showing only the islands
and the Josephson junction between the islands

The sample was wire bonded to a sample holder (Fig. 3.6). Sample holder is
a copper box with a mount to place the sample. The signal is carried in and out of
the sample by 8 coaxial cables of which the necessary ones are connected to the lines
in a cryostat. The lines from cryostat are connected to Vector Network Analyzer or
signal generator which generator and acquire microwave signals from the cryostat.

3.4.2 Measurement setup

Both the samples used for this work was measured in a dilution crystal named 'Thor'
in 3 di�erent cool downs. The sample was measured in the mixing chamber of the
cryostat at 7mK. The mixing chamber is magnetically shielded from noise sources by
a mu metal and absorber. Input line of the dilution cryostat showing the attenuation
of each stage.
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