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Superconducting qubits are a promising technology for building a scalable quan-
tum computer. An important architecture employed in the field is called Circuit
Quantum Electrodynamics (circuit QED), where such qubits are combined with high
quality microwave cavities to study the interaction between artificial atoms and single
microwave photons. The ultra-strong coupling achieved in these systems allows for
control and readout of the quantum state of qubits to perform quantum information
processing. The work on circuit QED performed in this thesis consisted of realizing
an experimental setup for qubit experiments in a new laboratory, investigating the
coherence and decay of higher energy levels of superconducting transmon qubits and
finally demonstrating a novel coaxial form of circuit QED.

Designing and building a 3D circuit QED setup involved the following main accom-
plishments: producing high quality 3D cavities; designing and installing the cryogenic
microwave setup as well as the room temperature amplification and data acquisition
circuitry; successfully developing a recipe for the fabrication of Josephson junctions;
controlling and measuring superconducting 3D transmon qubits at 10 mK. Several
qubits were fully characterised and have shown coherence times of several microsec-
onds and relaxation times up to 25 us.

Superconducting qubits in fact possess higher energy levels that can provide signif-
icant computational advantages in quantum information applications. In experiments
performed at MIT, preparation and control of the five lowest states of a transmon
qubit was demonstrated, followed by an investigation of the phase coherence and de-
cay dynamics of these higher energy levels. The decay was found to proceed mainly
sequentially with relaxation times in excess of 20 us for all transitions. This ex-
periment was also reproduced on a 3D transmon fabricated and measured in Oxford,
where due to a higher effective qubit temperature a multi-level decay model including
thermal excitations was developed to explain the observed relaxation dynamics.

Finally, a coaxial transmon, which we name the coaxmon, is presented and mea-
sured with a coaxial LC readout resonator and input/output coupling ports placed
inline along the third dimension. This novel coaxial circuit QED architecture holds
great promise for developing a scalable planar grid of qubits to build a quantum
computer.
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Chapter 1

Introduction

“Fverybody really knows if you are ever going to make a
real quantum computer, it must be solid state.”
— Benjamin Schumacher

Live Science, Sept. 14, 2013, 'Beam Me Up:
Bits of Information Teleported Across Computer Chip’

1.1 Quantum Computing

The rise of the digital revolution in the course of the 20th century has deeply
transformed all aspects of human society through the development of digital com-
puters and communications technology. This “information age” now dominates our
personal lives, defines what drives the economy, and has become the basis for most sci-
entific progress. This has created the need for ever more power to process information
and large amounts of data, which has led to a tremendous amount of investments to
build gigantic supercomputers consuming vast amounts of energy. Notwithstanding
these impressive engineering developments, many problems are still too hard to solve
for the likes of any of modern computers, no matter how powerful. Moreover, the
computer industry’s focus on improving the processing speed and power by crunch-
ing ever smaller and ever more transistors (currently 10'* and multiple cores) onto

a chip is hitting a physical limit. As the physical size of transistors reaches atomic
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dimensions, the features of quantum physics take effect. Moore’s law, an observation
made in 1965 which states that the number of transistors in a computer of a given
price has been doubling every two years until today, is reaching saturation now be-
cause transistors have reached a width of less than 10 nm. Since technological change,
productivity, and economic growth have been driven by what Moore’s law describes,
it is of great interest to find an alternative to conventional information processing:
quantum information processing.

Quantum mechanics, which was developed at the beginning of the 20th century,
is essentially the theory of nature at small scales, and has arguably been the most
successful scientific theory in history. It studies the fundamental interaction of matter
and light. In the second half of the 20th century, physicists were no longer content
by simply studying and understanding quantum systems as given by nature, but
wanted to try designing and manipulating the systems. It was Richard Feynman
that proposed in 1981 how to use quantum systems to efficiently solve problems by
using quantum systems to simulate other quantum systems [66, [114]. In 1985 at the
University of Oxford, David Deutsch formulated the description of a quantum Turing
machine [I80], i.e. a model of a universal quantum computer [50], and in 1992 pre-
sented the first quantum algorithm as the Deutsch-Josza algorithm [51]. Although it
has little practical relevance, it describes and demonstrates for the first time a prob-
lem that “can be solved exponentially faster by a quantum algorithm than by any
possible deterministic classical algorithm”. The discovery that really fuelled interest
in quantum computing is Peter Shor’s algorithm in 1994 [172] which for the first time
demonstrated the power of a quantum computer in an application of high relevance.
It allows the factorisation into prime factors of large integer numbers in polynomial

time as opposed to exponential time on a classical machine. This is enormously rele-



1.1. Quantum Computing 3

vant to modern day encryption and secure communication since common “public-key”
cryptography (RSA encryption) is based on the fact that the factorisation problem is
too hard for any classical computer to solve. A second practical quantum algorithm,
discovered by Grover [74], allows for efficient search of database entries. This is an
example of an application that has real practical relevance today in light of the rise of
Big Data, i.e. an explosion in the amounts of data stored and processed by scientists,
businesses and governments worldwide for such uses as predictive analytics. Numer-
ous quantum algorithms have since been discovered [3, [80]. Potential applications
for a quantum computer include quantum simulation, which would allow to simulate
entire molecules (impossible with classical computers) and would lead to the ability
to design new materials or new drugs. Quantum chemistry could lead to the discov-
ery of a catalyst to sequester CO;. Furthermore, quantum computing could enable
efficient machine learning [IT5] and pattern recognition, and finally cryptography and
secure quantum encrypted communication. Just as today’s numerous applications of
computers were not imagined when computers were developed in the 1950’s, the po-
tential applications for quantum computers too, are to be expected to reach beyond
our wildest imagination.

The essence of a quantum computer is to take advantage of the quantum coherence
inherent in its building blocks. Similar to a classical computer, it stores information
in sequences of bits of states 0 or 1. As opposed to a classical bit though, the quan-
tum computer’s bits (qubits) are physically realized by a quantum system, and hence
the two bit states 0 and 1 can be in a quantum superposition state. This fundamen-
tally different nature of quantum information gives quantum computing advantages
like a natural massive parallelism and entanglement, leading to the possibilities of

implementing quantum algorithms and performing quantum simulations.
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1.2 Realizations of a quantum computer

The field of quantum information and quantum computation is comprehensively
presented in the influential book by Nielson and Chuang [T41], which gives an overview
of the theory and possible implementations of quantum bits. Current candidate
physical systems for realizing a quantum computer include quantum dots, solid-state
NMR, trapped ions, photonics systems, NV centres, and superconducting circuits.
Any candidate quantum system needs to be sufficiently isolated from the environment
in order to preserve the coherence of its quantum state, but at the same time it must
allow for coherent control on short timescales and with high precision. The difficulty
for any candidate system lies in the balancing of the various factors: coherence,
control, and connectivity.

Quantum dots use single electron spins [117, 69, 151] and solid-state NMR use
the nuclear spin state of phosphorous donors in silicon as qubits [97, [152], 168, [109].
Liquid-state NMR systems are realised by the nuclear spin state in liquid molecules
[72, 46, 42, 102, 185, 184} [167]. Ions traps systems use the electronic states of trapped
ions [129, [75, [76, 14, 13, 61, 130, 142, 1], and photonic systems use linear optics and
the polarized states of a photon [43], 177,105, 86]. Diamond NV centers [132], 197, [181]
use point defects in diamond as qubits. Each of these implementations has its own
strong and weak points. Quantum dots, NMR, ion traps, and NV centers obtain
very long qubit coherence times (on the order of seconds to hours) and gates with
very high fidelity [8], but have difficulty achieving strong enough coupling between
qubits to perform multi-qubit logic gates, and thereby scaling-up becomes very hard.
On the contrary, superconducting circuits have shorter lifetimes but are highly scal-
able [44]. Strong coupling between superconducting qubits is achieved and they can

be controlled and interconnected by circuit design, for example, using transmission
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lines and resonators. All elements and properties in superconducting circuits can be
designed, engineered, and fabricated with well-established and reliable microfabrica-
tion technologies known from conventional integrated circuits that make the devices
scalable to a large number of qubits. Moreover, since the superconducting qubits
are operated in the microwave frequency range 5 to 15 GHz, the control technol-
ogy in experiments is readily available from microwave applications in radar systems
and the telecommunications industry. It is the coherence times of superconducting
qubits that have posed the greatest challenge to considering them as serious candi-
dates for a quantum computer. However, since 2014 their lifetimes have reached the
threshold for fault tolerance with quantum error correction [9], and in 2015 quan-
tum error correction codes have been experimentally demonstrated in various forms
[160, 165, 164], 08, [45], 99], 196, 144], which preserves the qubit states from decoherence.
Considering these tremendous advances it has now become clear that superconducting
circuits are one of the most promising implementations for a scalable fault-tolerant
quantum computer.

The initial experiment that opened the possibility to use the macroscopic quantum
states in a Josephson-junction based superconducting circuit was the discovery that
the phase difference across a Josephson junction is subject to Macroscopic Quantum
Tunnelling (MQT) [188, [54]. Subsequently, it was shown that the energy levels of a
current-biased Josephson junction are quantized at milli-Kelvin temperatures [125].
The superposition of Cooper pair states was achieved in 1997 [137], and in 1999
the coherent manipulation of those states was performed in a Cooper pair box on a
nanosecond timescale [I38]. The following years gave birth to the flux qubit [146, [131],
the charge qubit “quantronium” [I87], and the phase qubit [124].

The great challenge is to improve the coherence times and quality factors of the
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qubits. The decoherence is caused by interactions with the environment and noise
in the control parameters. Extended efforts in several labs are made to identify the
sources of decoherence and describe the microscopic mechanisms leading to the en-
ergy relaxation (7} time) and dephasing (75 time) of the qubit state. The developed
qubits had very short lifetimes on the order of a few nanoseconds in 2002. Since then,
there has been remarkable progress: the lifetime of a single qubit has increased by five
orders of magnitude [53], see Fig. . An important step in this development was the
introduction of circuit Quantum Electrodynamics (circuit QED) [22,[190]. The idea of
cavity QED [79], where an atom is strongly coupled to a cavity, is adopted and applied
to superconducting qubits by coupling them to microwave resonators, i.e. artificial
atoms coherently interact with light on a single microchip. This not only suppresses
limiting spontaneous decay mechanisms but also enabled preciser control and more
effective readout of the qubit states, two essential criteria for a quantum computer.
The discovery of the transmon [103], 84] played a major role in increasing the coher-
ence times into the microseconds, because it allowed the qubit to become insensitive
to charge noise. This led to many experiments with transmons: demonstrating read-
out schemes [18, [158]; demonstration of two-qubit and three-qubit entanglements and
algorithms [1T9] 55] 56], T11], 139, 10]; and implementation of a Toffoli gate with sim-
ple quantum error correction codes [10] [65, 160, 122]. Superconducting qubits have
also led to many novel and profound quantum optics experiments due to the strong
coupling they achieve as artificial atoms. A few examples include: demonstration
of a single microwave-photon source [85]; generation of Fock states [82]; observation
of two-mode squeezing [63]; quantum teleportation [I75]; photon-mediated interac-
tions between distant artificial atoms [I83]; a superconducting switch for fast on-chip

routing of quantum microwave fields [149]; and an on chip single photon router [83].
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1.3 State of the art circuit QED

Since the year 2010, a cohort of single qubit and two-qubit gates were invented
for circuit QED. These include: the direct-resonant iISWAP (DRi) [I7], the second-
order resonator sideband induced iSWAP (RSi) [112], the cross-resonance gate (CR)
[38], the Bell-Rabi single-step entanglement gate (BR) [153], the microwave-activated
c-Phase gate (MAP) [40], and resonator-induced phase gate (RIP) [147].

In 2011 the group at Yale introduced a new architecture called 3D circuit QED
[T48] where they placed the transmon qubit on a sapphire chip suspended in a 3D
cavity. This tremendously improved energy relaxation times (7} = 20 — 60 us) and
dephasing times (7o = 5 — 20us). The Tj is thought to improve in 3D because
the electric field of the qubit is more spread out in space, so that the field strength
is smaller, and it couples less strongly to defects in the substrate. Furthermore, the
transmon in a 3D cavity typically has a single Josephson junction instead of a SQUID
with two junctions, while this deprives it of tuneability, it also removes the effects of
1/f flux noise, thereby improving 75. Coherence times of 3D transmons were improved
to today’s state of the art range T} = 30 — 140 us [163, 192]. In Chapter [7| we use a
3D transmon qubit [I50] at MIT with a coherence time of T; = 85 us and Ty = 90 us
to investigate the coherence and decay of the higher energy levels with the objective
of further understanding decoherence mechanisms. With the improvement of quality
factors (see Chapter [5]) of coherent planar resonators over 10° [126], 2D transmons
have also been able to achieve higher lifetimes of up to 77 = 44 us and To = 20 us
[9, 100]. The exponential scaling in performance during the past 15 years has been so
immense that it now resembles a “quantum Moore’s law”, shown in Fig. [I.1| where
the qubit relaxation and decoherence times double every three years, and no ultimate

limit seems to have been hit yet.
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Figure 1.1: Schoelkopf’s law illustrating the exponential scaling in performance of su-
perconducting qubits during the past 15 years for qubit relaxation, qubit decoherence,
and cavity lifetimes. Figure taken directly from [53].

There has been a strong focus on improving qubit lifetimes, including the most
recent breakthrough demonstrating suspended superconducting qubits by silicon mi-
cromachining [41]. But since lifetimes have reached the threshold for quantum error
correction codes, the past three years have shown tremendous progress in scaling up
through new types of circuit QED architectures suitable for scaling up and implement-
ing quantum error correction schemes. Some recent innovations include: a multilayer
microwave integrated quantum circuits architecture for scalable quantum computing
[27]; a quantum memory made from a coaxial 3D cavity with near-millisecond coher-
ence [I57], and a corresponding coaxial line architecture for integrating and scaling
3D cQED systems [6]; and an architecture called planar multilayer circuit quantum
electrodynamics taking advantage of both 2D and 3D platforms [128].

The scaling up is accomplished by making a planar grid of qubits with nearest
neighbour coupling to implement the surface code [57], with control lines and readout

lines available for each qubit independently. The difficulty lies in the dense wiring
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necessary for the control and readout of many qubits on a planar structure. For this
reason it is desirable to have the wiring access the qubits in the third dimension.
In this context, we present our own work towards achieving a scalable architecture
in Chapter [§| We propose and demonstrate a novel architecture based on planar
transmons and resonators with a coaxial geometry which naturally couples to coaxial
microwave lines in the third dimension. A transmon with a coaxial geometry has
been presented in [26] (they call it a concentric transmon), but it is coupled to an on
chip microstrip line for readout, which is a different approach from ours. Our novel
coupled coaxial transmon (coaxmon) - coaxial resonator (coaxL.C) architecture with
input/output control lines in the third dimension is an innovation which could lead

to a fully controllable and scalable grid of qubits.

Outline of the Thesis

This thesis presents my work carried out from October 2012 to May 2016 at the
University of Oxford in the newly established LeekLab - Superconducting Quantum
Devices. 1 performed the work in Chapter [7] as part of a three-months research
visit from October to December 2013 in the Superconducting Circuits and Quantum
Computing Group at the Massachusetts Institute of Technology (MIT).

In Chapter [2| I first introduce the basic concepts of quantum information and
the theory on Josephson junctions and how they are used in superconducting quan-
tum circuits to realize quantum bits in the form of a transmon. The generalized
Jaynes-Cummings Hamiltonian describes the interaction between the qubit and the
electromagnetic modes in a cavity, and I discuss how it is applied in circuit QED
to control and readout qubits. Most of the work in the first year of this D.Phil

consisted of designing and building the microwave setup to control and measure a
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circuit QED system, which is the topic of Chapter [3] A significant part of my work
was then to design and fabricate these superconducting circuits, the subject matter
of Chapter [4], for which I developed from scratch a fabrication recipe for Josephson
junctions. In Chapter [ I discusses the theory on resonators and 3D cavities, and de-
scribe the making and measuring of high quality 3D cavities which are then used to
embed the superconducting qubit in the circuit QED setup. In Chapter[6]I perform a
complete standard 3D circuit QED experiment by measuring and fully characterising
a 3D transmon. The experiment performed at MIT investigates the coherence and
decay of higher energy levels of a transmon, and I describe these results in Chapter [7]
and compare them to an analogue experiment I performed on a transmon in Oxford.

Finally, in Chapter [§] I present our novel coaxial transmon and resonator.



Chapter 2

Theory of superconducting qubits

This chapter introduces the basic concepts of quantum information and the theory
on superconducting qubits in circuit QED. The first section presents the quantum
bits and the mechanisms of decoherence. The second section describes the Josephson
Junction, and the third presents how it is used to build an anharmonic two-level system
to form a qubit that can be operated it in the transmon regime. The fourth section
introduces the generalized Jaynes-Cummings Hamiltonian and how it can be realised
with superconducting electrical circuits to achieve circuit QED. In the last section the

dispersive regime is derived to discuss the qubit readout mechanism.

2.1 Quantum bit

The smallest unit of classical information is a binary digit, or bit, which has the
single property of being in one of exactly two states: 0 or 1. Classical computers
are based on sequences of bits, each bit physically realised by a solid-state transistor.
Similarly, the quantum bit, or qubit, is the smallest unit of quantum information. It
can take on the state |0) or |1), but due to its quantum mechanical nature can also

be in a linear superposition state of both

[¥) = al0) + 5]1). (2.1)
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The numbers o and § are complex numbers, and the states |0) and |1) are vectors
living in a two-dimensional complex Hilbert space H. When a qubit in a superposition
of states is measured, the wavefunction |¢)) collapses and the outcome reduces to either

0) or |1), with probability Pgy = |a|? and P, = |]* and normalization
1)

laf? + 18 =1
2.1.1 Bloch sphere representation

The Bloch sphere representation is a useful concept for geometrically visualis-
ing the dynamics and manipulation of any qubit superposition state. From Eq.
together with the normalization equation and the fact that the global phase of a
quantum state has no physical relevance, the wavefunction can be rewritten in the
form

0 , 0
|Y)) = cos 5\0) + €' sin 5\1} : (2.2)

The polar angle 6 and the azimuth angle ¢ create the unit three-dimensional Bloch
sphere, shown in Fig. 2.1 The ground state |0) corresponds to a vector pointing
to the north pole, and the excited state |1) to a vector pointing to the south pole,
thereby forming a vector basis. Equal superposition states on the sphere point to the

equator and form the basis states

{l) 1=} = {7(|0> +11),

{9, ] = >}—{\/—(!0>+ZI1>)

(!0> )} (2:3)
(10) — i[1))} (2:4)

Sl

on the z-axis and y-axis respectively.
Following the description in [I41] closely, the Bloch sphere picture describes a

fictitious spin-1/2 particle in an effective static magnetic field (defined in the z-axis
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(a) = (b)

¥ \(b—’ —
' | )

Figure 2.1: Bloch sphere representation. (a) A single qubit state ). (b) The six
standard basis states |0), |1), |+),|—), |7),and| — 7). (c) Manipulation of a single qubit
state, i.e. driving transitions, is represented as a rotation on the Bloch sphere around
the x- or y-axis, here the z-axis.

direction) with a time evolution U = e~Ht/h given by the Hamiltonian
~ 1 . 1 1 0
H= 5%010} = 577:&)01 (0 _1) . (25)

The energy difference between the ground and excited states is hwgy; and &, is the
Pauli z-matrix. The magnetic field causes the state vector to precess around the z-axis
with the Larmor frequency wp; /27. For quantum control over the qubit state, we are
mostly interested in rotations around the x- or y-axis rather than the z-axis, as shown
in Fig. , since these are the operations that drive qubit transitions between |0)
and |1) and any superposition state, see Section For mathematical convenience
it is then common to consider the rotating frame picture, where the coordinate system
rotates with the Larmor frequency precession rendering the state vector stationary in

this frame.
2.1.2 Decoherence

The greatest challenge with the physical realization of quantum bits is suppressing
decoherence mechanisms [88]. The qubit is naturally coupled to the environment and

therefore undergoes entanglement with it. The quantum entanglement causes the
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qubit to loose its defined quantum state over time, resulting in decoherence which
can be categorised into two forms: energy relaxation and dephasing.

Energy relaxation is the longitudinal relaxation from the excited state to the
ground state (the Bloch vector gradually falls from the south pole |1) to the north
pole |0)) due to the interaction of noise from the environment that couples at frequen-
cies close to that of the qubit transition frequency, e.g. thermal noise that couples
to the qubit. Decay sources include coupling to equilibrium and non-equilibrium
quasiparticles [33] [I76], trapped vortices [193], and two-level fluctuators [134], among
others. The decay time into the ground state T} = 1/I'y is the inverse of the relax-
ation rate I';. Perfectly isolating our quantum system from the environment would
avoid energy relaxation, but for quantum computing some coupling to the system is
required to manipulate and readout the state.

The pure dephasing, the transverse relaxation, is the dual of the qubit energy
relaxation, and it represents the loss of knowledge about the phase of the quantum
state. On the Bloch sphere this is visualized as the azimuthal angle of the state get-
ting randomized. It arises due to random variation of the qubit frequency induced by
various noise sources, such as 1/f noise [15], magnetic flux noise and charge disper-
sion with charge noise [103] 169], fluctuating cavity photon number [16], etc. Phase
coherence is not only limited by just the pure dephasing T} processes, but by the

dissipation T} effects as well, leading to an overall dephasing T3 given by

1 1 1

-+ = 2.6
T, 2T T, (2:6)
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2.2 Superconducting quantum circuits

A qubit in theory is just a mathematical object describing any two-level quantum
system. In the physical world, this mathematical object can be realised in many
different systems that display quantum mechanical behaviour, see Chapter [ We use
superconducting quantum circuits to fabricate a quantum bit. In quantum mechanics,
macroscopic objects typically do not present coherent quantum mechanical behaviour,
only microscopic systems like electrons and atoms do. It is therefore startling to
consider that an electrical circuit of size of the order of a millimetre and clearly
visible to the eye can behave quantum mechanically. Nevertheless, this is possible
when the system’s collective degrees of freedom are robustly isolated and decoupled
from the environment, which requires careful design and engineering of the circuit,
and energy dissipation is sufficiently suppressed [52].

At this point we can introduce the most simple quantum circuit, the quantum
LC oscillator, shown schematically in Fig. 2.2h, which we will quantize using circuit
quantization, closely following [52].

To start, Kirchoff’s current law states that the sum of the currents across the
inductance and capacitance must be zero, since there are no current sources. The
constitutive relations for the inductor are V'(¢) = LdI/dt and V (t) = d ®/dt, and for

the capacitor are I(t) = C'dV/dt. This gives us the relation

?d P
[capacitor + [inductm" = CW +—==0. (27)

b{

The general equation of motion describing the dynamics of a system with La-

grangian £(q, ¢) is the Euler-Lagrange equation

d (aﬁ(q,q')) _9Led) _ (2.8)

dt q dq
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The Lagrangian satisfying the Eq. 2.8 to obtain Eq. 2.7 is

: 1 32
L(D, D) = —Cq>2 37 (2.9)

thereby expressing the difference between the inductive and capacitive energies. To
obtain the corresponding Hamiltonian we first compute the generalized canonical

momentum conjugate ) to the canonical position ® as

oL :
=0, 2.10
Q=2 (210)

where the conjugate () expresses the total charge on the capacitor. The standard
Legendre transformation associated with Eq. is H(q,p) = p4d — L(q,q) and yields

the Hamiltonian for our LC circuit as

2 2
H(Q,@)—f—c+——%+ ~Cwi®?, (2.11)

where we defined wy = 1/v/LC. This electrical oscillator Hamiltonian Eq. has the
same form as that of the mechanical harmonic oscillator Hyeen = p2/2m + mwii?/2
that describes a particle of mass m with momentum p moving along the = direction in
a harmonic quadratic potential V' (z) = 1/2kxz? with spring constant k& and resonance
frequency wg = \/k’/_m The mapping p — @, r — ¢, and wy — 1/@, with
the capacitor C' representing the mass m, and 1/L the mechanical spring constant k,
completes the equivalence picture between the electrical oscillator Eq. and the
mechanical oscillator ﬁmech. The last step is to quantize the classical variables ® and

@ by replacing them with their quantum versions

A N

o — P Q—Q. (2.12)

The quantum mechanical operators d and Q) are Hermitian and satisfy the commu-

tation relation [@D, Q] = ¢h, which allows us to write them as

. 0 6
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From the analogy to the mechanical oscillator, we define the quantum mechanical

creation and annihilation operators @ and a' as

/\_ hZQA A.I. A__. h A_A_‘.
D=4/ 5 (a+a'") Q=—i 2Zo(a a") (2.14)

with Zy = y/L/C defined as the characteristic impedance of the oscillator. The
commutation relation becomes [a,af] = 1, and the quantized Hamiltonian operator

Eq. can be expressed in terms of the dimensionless operators as

H = hwy (a*a + %) . (2.15)
(a) (b) |
L —— C EL X ==c
A U harmonic A U anharmonic
\ 4 / ™\ W

13) \ 13) /
Hns - Zw23 If)
hwis 1) w2 le)
heor 0) ool g
_ .

9 6

Y

Figure 2.2: (a) Circuit diagram of a parallel LC oscillator and the associated quan-
tum equidistant energy levels. (b) Circuit diagram of a parallel LC resonator with the
inductor replaced by a Josephson junction. The quantum oscillator becomes anhar-
monic, i.e. non-equidistant energy levels, due to the non-linearity of the Josephson
inductance.

The energy levels of this oscillator shape a harmonic spectrum, i.e. the levels are
equally spaced by hAw,, — hw,_1 = hwy, as seen in Fig. 2.2h. The idea of superconduct-
ing qubits is to use the first two energy levels to implement a quantum bit, using them

as the ground |g) and excited |e) states. To build a system as a qubit, however, the
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superconducting quantum electrical circuit needs to be engineered to act as an anhar-
monic quantum oscillator, where the energy levels are non-equidistant, see Fig. [2.2.
The anharmonicity is crucially necessary in order to isolate and selectively address
the lowest two energy levels |g) and |e) without exciting higher levels. In summary,
the two crucial features of the oscillator are that it be quantum and anharmonic.
The only known lossless electrical element that can fulfil the two requirements simul-
taneously is a Josephson junction. The only other basic conductor building blocks
for circuits are the resistor, capacitor, and inductor, which are all linear elements.
Indeed, the Josephson junction is a non-dissipative (due to superconductivity) and
non-linear inductor (due to the Josephson effect). Building an LC oscillator where
the inductor L is a Josephson junction gives us a quantum anharmonic oscillator as
desired, ergo the Josephson junction constitutes our essential building block to realise
a qubit. Since the junction must be superconducting, the qubit must be operated at
a temperature below the critical superconducting temperature 7" < T, of the device.
The next section introduces the basic theory on the Josephson effect and Josephson

junctions.

2.3 Theory of Josephson junctions

2.3.1 DMacroscopic quantum phase

Macroscopic systems do not display quantum mechanical behaviour due to the
fact that the individual particles have a distribution of microscopic states whereby
their quantum properties are averaged out, preventing macroscopic quantities such
as current and voltage from displaying quantum superposition. In a superconductor
however, BCS theory [I79] states that in the vicinity of the Fermi energy mobile

electrons condense into Cooper pairs, forming a condensate where all the pairs have
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the same energy in the ground state and therefore have identically evolving phases,
endowing the condensate with a general phase coherence. The ensemble of all particles

is then described by the same quantum mechanical wavefunction V(7 t)

(7, t) = /nCP(F,1)e ) (2.16)

where n¢" is the local Cooper pair density and & the global phase. The supercon-
ductor has a macroscopic quantum current density

h

J(7,t) = q;nCP(7,1) (Eﬁé(ﬁ £) — %E) , (2.17)

with ¢, = 2e the charge of a Cooper pair, m its effective mass, and A the vector
potential. This equation is very important because it effectively states that currents
and voltage arise in a superconductor when there are phase gradients and magnetic
fields. Flux quantization [60), 1106, 48] and the Josephson effect [94], 95, B] are two
coherent macroscopic effects that arise from Eq.[2.17] This led to the first observations
of macroscopic quantum tunnelling in the 1980’s in Josephson junctions [I88], [54] and
energy level quantization [125], which are the fundamental quantum experiments that

paved the way for building superconducting qubits based on Josephson junctions.
2.3.2 Josephson relations

In the early twentieth century, quantum mechanics revealed the quantum tun-
nelling effect of single electrons flowing through an insulating barrier. It was not until
1962 that Brian David Josephson [94] discovered the tunnelling of superconducting
Cooper pairs across a weak link, for which he received the Nobel Prize in 1973. As
illustrated in Fig. 2.3k, the weak link consists of two coupled superconductors sepa-
rated by a thin insulating layer, creating a superconductor-insulator-superconductor

(SIS) interface commonly called a Josephson junction.
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Figure 2.3: (a) A schematic of a Superconductor-Insulator-Superconductor (SIS) junc-
tion, called a Josephson junction. (b) Circuit diagram of a Josephson junction ele-
ment. (c¢) The washboard potential U(J) for the phase difference § in different current
regimes [ /1.

Following the picture presented in Section [2.3.1] each superconductor is fully de-
scribed by its condensate wave function W; = /n{Te? with i = 1,2 labelling the

two superconductors, and 6 = §; — o the phase difference across the junction. The

Cooper pair tunnelling current is characterised by two main Josephson effects: the

DC effect and the AC effect.

DC Josephson effect

The first effect is given by the Josephson or weak-link current-phase relation
I =1.siné. (2.18)

It postulates that even without a voltage, the phase difference across the junction
creates a supercurrent /. Vice-versa, a DC current flowing across the junction due
to tunnelling or a bias current creates a linear phase difference and a voltage drop
across the tunnel barrier with a sinusoidal dependence. The constant I. is the critical

current giving the maximal supercurrent that the junction can support.
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AC Josephson effect

This second effect is given by the superconducting phase evolution equation

% _ % , (2.19)
where the physical constant &, = h/2e is the magnetic flux quantum. It postulates
that when a voltage V' is applied across the junction, then a phase will start to wind up
and evolve in time in a linear fashion, and the phase endlessly continues to augment
over time with a slope 2e/h. Since with this effect a DC voltage creates an AC

oscillating current, it can turn a voltage into a frequency and generate microwaves.

Neglecting integration constants, this leads to

2V
0= ——t 2.20
. (220)
and substituting this into Eq. gives
2nV
I(t) = Isin (”—t) . (2.21)
@,

Thus the current I becomes an AC current with amplitude /. and angular frequency
27V /®y. The Josephson effect involves only fundamental physical constants, which
is why it is used for voltage standards [I78].

The potential energy stored in the junction due to the voltage applied (inducing

a supercurrent flowing through it) is given by

E = /Ith: /Ic siné%@dt: %[c/sinéddz ol cos §
21 Ot 2 27 (2.22)

= FEjcosd,

where the quantity E; = ®ql./27 is called the Josephson coupling energy.
In addition, the total charging energy stored in the junction due to the NV excessive

Cooper pairs on one side is given by

1 1 N(2e)\” ¢2
U=-C,V?==C =4—N? = 4E, N? 2.23
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where C is the total capacitance of the junction. The quantity Ec = €?/2C is called
the charging energy, and it represents the electrostatic energy needed to transfer one
Cooper pair across the junction.

In a traditional circuit diagram, a real Josephson junction is represented by a
crossed square, see Fig.[2.3] and it is modelled by putting in parallel an ideal Josephson
junction (a cross) characterised by its Josephson energy E; and a capacitor C;. The
parameters E; and C; can be specified in the fabrication process by choosing the
appropriate thickness and overlap area of the thin insulating layer of the junction,
see Chapter [4]

Taking now the derivative of the first Josephson relation Eq. we obtain [ =

I, cos 6 6 and inserting this into the second Josephson relation Eq. gives

9 1
"~ 271, cosé

I=10,1, (2.24)

where we defined the Josephson inductance L; = Lo/ cosd with the constant Ly =
®/(271.). Thus the Josephson junction behaves like a non-linear inductor thanks to
the Josephson inductance L; which accumulates energy when a supercurrent passes
through it. However, the accumulated energy is not in the form of a magnetic field,

but rather in the form of Josephson energy hidden inside the junction.

2.3.2.1 RCSJ model

The Josephson junction is modelled in the current source RCSJ (Resistively and
Capacitively Shunted Josephson Junction) model shown in Fig. , which is a paral-
lel circuit consisting of a resistor R, capacitor C';, and Josephson junction E;. From
Kirchhoff’s current law we can write the circuit’s differential equation for the bias
current [ as

av

) V
]:_fcsmé—l—ﬁ—i—C’JE. (2.25)



2.3. Theory of Josephson junctions 23

Using Eq. leads to the equation of motion for the dynamics of the phase J as

By d25 1 By do ,
Q00 22080 r I oing. 2.6
T d? | Rox dt osin (2.26)

This describes a damped non-linear oscillator, and when rewriting it as

Oy d2d 1 Dyds  d I
S0, T80 L e (1 — cosS — —6)] = 2.9
CJ27rdt2+R27rdt+dt[ s(1 = cos I, =0, (2.27)

it takes the form Md?>X/dt* + ndX/dt + VU = 0, which describes the dynamics of
a particle with mass M = (®/27)?C moving along X = § with damping 1 in an

effective potential

U(6) = By(1— cosé — %5) | (2.28)

[

This potential is plotted in Fig. [2.3c and is called the tilted washboard potential.
The potential function Eq. gives rise to several cases for the current to critical
current ratio. For the case of no bias current I = 0, the washboard potential is an
untilted sine function with local minima. The phase particle is trapped in such a
minimum with an approximate harmonic oscillator potential of resonance frequency
Wy = \/m, referred to as the junction’s plasma frequency. For the case [ < I,
the washboard potential starts to tilt, but not sufficiently to let the phase particle
escape the potential well. When the bias current reaches I > I.., the washboard gets
sufficiently tilted and the particle escapes its local minimum. It continuously rolls
down the washboard, which means the phase continuously changes, i.e. dd/dt > 0
is finite, thereby creating a voltage drop V across the junction. This is called the
running state. The anharmonicity of the potential U(J) due to the non-linearity of
the Josephson junction, and the tilting of the potential due to a bias current are the
two fundamental phenomena that enable the physics of superconducting qubits for

quantum information processing.
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2.4 The Cooper pair box and the transmon

As mentioned in Section [2.2] a quantized electrical circuit uses a Josephson junc-
tion to create the anharmonicity required for use as a qubit. Several types of su-
perconducting circuits have been developed using various combinations of Josephson
junctions, capacitors, and inductors. These can be categorized into three types [44]:
the charge qubit, phase qubit, and flux qubit. The first charge qubit, known as the
Cooper pair box, was born when the superposition of macroscopic quantum states
was observed for states holding different number of Cooper pairs on a superconduct-
ing island [137]. The flux qubit |70, [182] is based on one or three Josephson junctions
connected in series as a loop, creating a flux pointing up or down, and the qubit states
relate to the current flowing clockwise or anti-clockwise in the loop. The phase qubit
contains a single Josephson junction and is based on qubit states formed within a
potential well in the tilted washboard potential Eq. as a function of the phase
difference ¢ [124], and the bias current is used to tilt the potential into the running
state for the readout of the qubit. In this section we present the theory on supercon-
ducting charge qubits, starting with an introduction to the Cooper pair box followed

by a discussion on the transmon regime.

2.4.1 The Cooper pair box

(a) CPB (b) splitceB (c)  transmon (d) 3D transmon
Cg

Cq

Cg
G

Figure 2.4: Types of charge qubits. (a) a Cooper Pair Box (CPB). (b) A split CPB
with tunable Josephson energy. (c¢) A tunable transmon with split junction. (d) A
non-tunable single junction transmon used as a 3D transmon.
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A Cooper Pair Box (CPB) is a simple Josephson junction based quantum circuit
used as a charge qubit [24 137, 138, [187]. A small superconducting island is connected
on one side via a Josephson junction to a superconducting reservoir, and on the
other side coupled to a control gate voltage V; via a gate capacitor Cy, as shown in
Fig. . Following [195], the Hamiltonian is obtained from the Lagrangian, which
is built with the kinetic energy associated with the capacitor, and with the potential

energy determined by the Josephson energy U(d) = E;(1 — cosd). It reads
A 2 A
Hepp = AE¢ (N - ng) — Ejcoss. (2.29)

Here, the first term is the electrostatic energy of the CPB, where E¢c = €?/2Cy is the
charging energy, i.e. the energy needed to add one additional Cooper pair onto the
island, the number operator N gives the number of excess Cooper pairs on the island,
ngy = C,V,/2e is the gate induced charge, and Cy, = C, + C is the total capacitance
of the CPB to ground given by the sum of the geometric capacitance C; and the
capacitance of the Josephson junction itself C';. The second term is the energy stored
in the Josephson junction which is responsible for the tunnelling of Cooper pairs,

with the phase operator B giving the phase difference across the junction.

Energy levels

The energy eigenstates |m) of this CPB Hamiltonian are obtained by solving
Hepp|lm) = Ep|m). (2.30)

The only degree of freedom in the system is the number of excess or deficit Cooper
pairs N on the island and it is treated quantum mechanically as the operator N. The
phase operator 6 is then defined as the conjugate variable through the commutation

relation [5 N | = i. The eigenstates and eigenvalues in each basis are given by

0|6y = 6]6)  NIN) = N|N). (2.31)
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The respective eigenstates form complete orthonormal bases {|0),0 € [27]} and
{IN),N € Z}, with the completeness relation )y, [N)(N| = [0)(0] + [1)(1| + | —
1)(=1] + ... = I. Through this quantization, the phase operator 6 and the number

operator N can each be written in each other’s basis as

N Ca D
) =i CIN)  NID) = ~iggld). (2.32)

In the phase basis |d) representation the equation Eq. can be solved analyti-
cally and exactly by using Mathieu functions, see [47, [103] for a detailed discussion.
The resulting wavefunctions and eigenenergies E,, are given in terms of the Mathieu

functions as
Em(ng) = Ecag[ng+k(m7ng)](—EJ/2E0) 3 (233)

where a,(z) is the Mathieu’s characteristic value and k(m,n,) is a function appro-
priately sorting the eigenvalues. Fig. 2.5 shows a plot of the resulting eigenergies
E,, for the first three levels m = 0,1,2. The Schrodinger equation could be
equivalently solved in the charge basis |N) representation, albeit is then not analyt-
ically solvable. Nevertheless, the charge representation is very useful to gain a more
intuitive understanding of the eigentstates E,, level diagram shown in Fig. [2.5] and

we therefore discuss it next.

Charge representation

The commutation relation [§, N| = i relates the number states |N) to the phase

states |0) via the Fourier transform

|N>:i/07re"'N‘3|6>d6 6) = — 3" NN (2.34)

2 - o
N€EZ
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Figure 2.5: Energy level diagram of the Cooper Pair Box showing the eigenergies F,,
for the first three levels m = 0,1, 2, as a function of the gate charge n,, and given in
units of the transition energy Ey; evaluated at the degeneracy point n, = 1/2. The
blue, light-blue, and green levels are the ground, first excited, and second excited
states respectively. The dashed parabolas show the electrostatic energies of the charge
states with a different number of excess Cooper pairs N on the island up to two. The
degeneracies of the energies occurring at n, = 1/2,3/2, ... are lifted by the Josephson
coupling E;. Here E;/Ec = 1.

The phase operator 5 then directly operates on a any number state |M) by lowering

or raising the number of Cooper pairs M on the island by one
O IMY = |M F1).

The operator e’ has the same effect on a generic state | M) as the operator )y, [N+

1)(N| would, and therefore we can write

e =" [N+ 1)(N].

Nez
With the help of the relation
~ 1 i N
cosd = = (626 + e_“s) ,
2
the Hamiltonian of the CPB is now given in the charge representation as

Hepp =) [4EBc(N —ny)* IN)(N| - %(|N><N+ U+ [N+1IND] (2:35)
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The first term represents the charging energy associated with the number of excess
Cooper pairs on the capacitor. The second term describes a Cooper pair tunnelling
across the junction in one or the other direction at a rate E;/h. The energy level
diagram in Fig. [2.5] is now easier to understand when considering this Hamiltonian.
When there is no Josephson coupling E; = 0, we obtain the dashed parabolas (labeled
by |N)) as the result of the quadratic electrostatic Hamiltonian with a fixed number
of Cooper pairs N on the island, each one being shifted on the x-axis by /N. Near the
crossing of the parabolas, which happens at n, = 1/2,3/2, ..., the two neighbouring
charge states are degenerate. When a Josephson coupling is turned on E; > 0, the
coupling between the charge states | V) and |V + 1) present in the Hamiltonian mixes
the two states, lifting the degeneracy, and thereby leading to an avoided crossing
that modifies the energy eigenstates to give new eigenstates with lowest energy (|0) £
11))/v/2. We define these new symmetric and anti-symmetric superposition states
with eigenenergies separated by E; as the new ground and first excited states |g) and
le). Since in vicinity of such degeneracy points 0 < n, < 1, the coupling energy
Ej is only relevant for the new ground and first excited states |g) and |e), higher
energy levels are well separated from these first two levels (the anharmonicity is very
large), and therefore the system effectively reduces to a two-level quantum system,
constituting an effective qubit. This is known as the two-level approximation, which

we formally describe next.

Two-level approximation

We consider the CPB Hamiltonian Eq. in the charge basis tuned to the sweet
spot n, = 1/2 (the tuning is done by controlling the gate voltage V;). Taking the

Hamiltonian for the two lowest energy states only, and performing a Taylor expansion,
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we obtain

~ € EJ
Hy et = =5 (10001 = [1)(1]) = == (10) (1] + [1){0]) , (2.36)
with € = 4E¢(1 — 2n,), where a constant energy term was subtracted to make e

zero at the degeneracy point. Writing the operators |i)(i| and |i)(j| in terms of Pauli

matrices we get
L. .
H ol = —§(eaz + E;6,) = ) (2.37)

At the degeneracy point n, = 1/2, the energy difference between the two levels
reduces to F/;. This Hamiltonian describes the dynamics of the CPB in the laboratory
frame. Since a generic operator A can be expanded to A= TrA + %Ei- o with
a-o& = a0, + ay0y + a,0,, the CPB Hamiltonian Eq. can be visualized as a
Bloch vector B on the Bloch sphere consisting of the sum of two vectors on the x-
and z-axis

~

H, 1=

ng~;

B-d,  where B=(—E; 0, —e). (2.38)

N | —

This simple Hamiltonian can be diagonalised to obtain a new basis where it can be
visualized instead as a single vector on the z-axis. The eigenstates and eigenenergies

are found to be

lg) = cos g|0> + sing\l) (2.39)

0 0

le) = cos =|0) —sin =|1) (2.40)
2 2
1

Eye = F5/€ + E3, (2.41)

where 6 = arctan(E;/e) is the mixing angle. This eigenbasis {|g), |e)} is the com-

putational basis used to perform quantum gates. This eigenbasis creates the qubit
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frame where the qubit Hamiltonian is diagonal and takes on the Hamiltonian of a
fictitious spin-1/2 particle in a magnetic field as presented in Section m
~ 1 .
H = 577/0.1010'2, (242)
with energy difference hiwg; = E. — E;, = \/€* + E? between the qubit ground and

excited state. In summary, this section demonstrated that a CPB is an effective

two-level system that can be implemented as a charge qubit.
2.4.2 The transmon

When biasing the gate voltage to the degeneracy point n, = 1/2, the CPB becomes
insensitive to first-order fluctuations of the gate charge and thereby coherence times
are much improved [I87]. This comes from the fact that the slope of the charge
dispersion 0FEy;/0n, at that point is null, hence the name “sweet spot”. The charge
dispersion between neighbouring energy levels is defined as the maximum spread in
transition energy

€ij = Eij(ng = 1/2) — Eij(ng = 0), (2.43)

which quantifies the sensitivity to charge noise, and FE;; = E; — E; is the energy
difference between energy levels ¢ and j.

For the sake of quantum computing however, qubits need long coherence times.
As the energy diagram shows a large charge dispersion, the device is highly sensitive
to jumps and drifts in the offset charge induced by the environment (charge noise),
which changes the qubit transition frequency and thereby causes decoherence. As
explained above, operating at the sweet spot reduces this effect substantially to first-
order, but the coherence time of the CPB in the charge regime Ec/E; 2 1 is still

limited by the higher-order effects [88], and in practice it requires constant resetting

of the gate voltage. The question arises, what values of Fx and E; allow the longest
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coherence times? This question was addressed in [I03], which suggested operating
qubits in the large F;/E¢ limit, for the following reasons. The eigenenergies can be
shown to become less sensitive to charge noise for increasing E;/FE¢, as shown in

Fig.[2.6] In the limit of large E;/Ec we obtain

ong

X €;;sin(2mny) , (2.44)

where the charge dispersion decreases exponentially fast with increasing ratio E;/E¢
as

€;; oc e V8EI/Ee (2.45)
In other words, energy levels exponentially flatten out and become immune to the
change in gate charge n,. A Cooper pair box operated in this charge insensitive
regime F;/Ec > 1 has become known as a transmon [103]. Physically, the ratio
E;/E¢ is increased by increasing the total capacitance Cy, < 1/E¢ of the transmon.
This is achieved by adding a large shunt capacitor Cs [see Fig. and Fig. [2.7b) c)]
giving a new total capacitance Cx, = C; + Cg + C.

The tradeoff for a lower charge noise sensitivity is a decrease in the anharmonicity
a = (E12 — E()l)/h, (246)

which leads to a more harmonic oscillator. While the charge dispersion decreases
exponentially with F;/FE¢, the anharmonicity only decreases with a weak power law
a =~ —(8E;/Ec)"Y?Ey [103]. More precisely, the anharmonicity first decreases
with increasing F;/F¢ and changes sign at E;/Ec ~ 9, and from thereon the tran-
sition K15 becomes smaller than Ey;. Asymptotically, it approaches a/h ~ —E¢ for
E;/Ec — oo. In this limit, the eigenenergies of the transmon can also be approxi-

mated to

1\ E
En(ng) ~ —E; ++/8E,;E¢ <m + 5) - 1—20 (6m® + 6m + 3) , (2.47)
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Figure 2.6: Energy diagram of the first three eigenenergies of the qubit Hamiltonian,
expressed in units of the transition energy Foi, as a function of the gate charge n,,
for different ratios of E;/E¢. (a) E;/Ec = 1, a Cooper pair box. (b) E;/Ec = 5,
the energy levels become flatter. (¢) E;/Ec = 10. (d) E;/E¢ = 50, the energy levels
become entirely flat, setting the CPB in the transmon regime, where it is insensitive
to charge noise. Figure reproduced from [103].

with m representing the energy level, and the transition frequencies for the lowest

two transitions become

E01 = thl = E1 — EO ~ \/ 8ECEJ — EC (248)
E12 = hu}u = E2 — E1 ~ \/ 8EOEJ — 2EC (249)

Even though the energy level structure of the transmon is only weakly anharmonic,
the crucial feature for using it as a qubit is that transitions can be selectively addressed
in relative short times (~ 4ns for our typical @« = 250 MHz). Nonetheless, including

sufficiently many energy levels in the models is required to minimise leakage into

higher levels [67), 37, 133]. The transition frequency in Eq. depends only on the
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characteristic parameters EF- and E;, which are initially engineered in the fabrication
process. The E¢ is fixed, but the E; can then be tuned in the experiment with a
magnetic flux if the Josephson junction is replaced by two Josephson junctions to

form a superconducting loop. This tuneability is discussed in the next section.

Tuning the transition frequency

For quantum information processing one may wish to tune the Josephson energy
E; to control the transition frequency of the qubit wg; = Ey/h. This is achieved by
splitting the Josephson junction into two equal junctions with characteristic Joseph-
son energies (Ej1, Ej2) and phases ((51, (5}), as shown in Fig. )c) for a split CPB
and a transmon, respectively. An external magnetic flux can be applied through the
superconducting loop. Flux quantization sets the relation between the phase differ-
ence of the two junctions and the magnetic flux ® through the loop 01— 0y = 27 P /Pg
[T70]. The two junctions being symmetric, the single-junction Hamiltonian Eq.
has an effective Josephson energy E; = (E 1 + E;2) cos(m®/®g), which is tunable in
®, and hence controls the transition frequency Eq.[2.48 Applying a magnetic flux to
control the qubit is easily done in 2D circuit QED systems by simply placing a mag-
netic coil underneath the resonator, or fabricating on-chip flux lines. Unfortunately,
it is very difficult to apply a flux in a superconducting 3D cavity without destroying
the quality factor of the cavity. If the cavity is made of copper, which is not super-
conducting, then a coil can be placed underneath the cavity to tune the qubit, at the
cost of lower quality factors. Nevertheless, flux tunable aluminium superconducting
3D architectures have been shown with flux bias lines [I61] and via a hybrid 3D cavity
with a coil [I62]. For the purpose of our experiments however, only single junction
qubits are used, as depicted in Fig. [2.4d. Since a flux tunable qubit is inherently sen-

sitive to flux noise (external magnetic fields) which leads to decoherence, our single
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junction qubits have the natural advantage of not being subjected to flux-induced

decoherence.

2.5 Circuit Quantum Electrodynamics (cQED)

2.5.1 Cavity QED: matter - light coupling

For quantum computing we need to manipulate and readout the states of qubits
using some form of physical interaction. Since the transmon is a two-level system that
behaves like a single artificial atom, one can use cavity Quantum Electrodynamics
(cavity QED), which studies the interaction between photons and atoms in a cavity.
Optical or microwave photons are sent through a highly reflective cavity where they
get confined and form quantized electromagnetic modes. Due to the enhancement of
the electric field strength in the cavity, a high coupling strength for the electric dipole
interaction is achieved even with just a single photon in the cavity. The photon modes
can be described as excitations of a quantized harmonic oscillator, which then interact
with the two-level system (the qubit), illustrated in Fig.[2.7h. The interactions of this

system are described by the Jaynes-Cummings Hamiltonian [91] 22]

1. 1
H = hw,(ata + 5) T ghwnds + hg(|0)(1] + (o) (@' +a)+ H, + H,.  (2.50)

The first three terms describe the coherent dynamics of the photon-atom system,
whereas the two last terms describe decoherence effects of the system. The first term
is the usual energy of a quantum harmonic oscillator describing the single mode of
the electromagnetic field in the cavity with resonance frequency w., where the energy
of each photon in the cavity is Aw.. The operators a' and @ are the photon creation
and annihilation operators. The second term describes the energy of the atom as a

two-level system with transition energy hwgy;, with spin eigenstates measured along
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the z-axis by the Pauli z-operator o, = (|1)(1| — |0)(0]). The third term describes
the interaction between the photons and the atom. It contains the coupling strength
g which expresses the rate at which the atom absorbs photons via a|1)(0| and emits
photons via a'|0)(1]. The interaction terms describing simultaneous excitation (de-
excitation) of both the atom and the resonator field mode (they do not conserve
energy) can be dropped by using the rotating wave approximation. This approxi-
mation [91] arises by moving from the Schrodinger picture to the Heisenberg picture
(rotating frame) where the fast oscillating counter-rotating terms can be ignored in
the regime where g < w.,wp; and |Ag| = |wo1 — we| <K wo1 + we. The Hamiltonian

then reduces to
1
H = hw.a'a + 5w o + hg(|0)(1|a" + |1)(0la) + H, + H,,. (2.51)

Here the vacuum field energy fiw,./2 was set to zero. This Hamiltonian for a coupled
two-level system is analytically diagonalisable after the rotating wave approximation,
which allows us to find the eigenstates in Section [2.5.4] Furthermore, the term H,
expresses the dissipative loss since the cavity is coupled to the environment. There
is a photon decay rate x which is determined by the ratio of the resonance frequency
and the quality factor of the cavity k = w./@Q. The last term expresses the coupling
of the atom to modes other than the cavity mode which cause the excited state to
decay at rate 7. Reducing the decay times by engineering a high quality cavity allows
for the strong coupling regime g > k,~ and vacuum Rabi oscillations [22] [190], where
the atom constantly absorbs and reemits a photon at the Rabi frequency g/.

As discussed in Section [2.2] Fig. 2.2] and Section the transmon has anhar-
monic energy levels and therefore the first two states can be isolated and selectively
addressed for use as a qubit, i.e. as an artificial atom for cavity QED, leading to so-

called circuit QED (cQED). Due to the small anharmonicity o ~ E¢ of the transmon,
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Figure 2.7: (a) A schematic representation of cavity QED. Strong coupling is achieved
when the coupling strength ¢ is much larger than the decay rates v, k of the cavity
and atom. (b) Schematic of 2D on-chip circuit QED, taken from [103], showing the
CPW resonator and the coupled transmon. (c) 3D circuit QED. The atom is replaced
by a superconducting circuit (transmon) in a closed 3D cavity. (d) Schematic with
circuit diagram of (c).

however, (which can be 100-400 MHz), leakage to higher states is significant, and we

must consider the couplings to higher levels of the transmon, and the system will

therefore be described by the generalized Jaynes-Cummings Hamiltonian presented

in Section 2.5.3
2.5.2 Circuit QED : transmon - photon coupling

The transmon has a large dipole moment due to its large physical size, and this
significantly enhances the coupling strength to a photon in a cavity compared to that

of an atom described in Section Indeed the dipole moment of a 3D transmon
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is given by d = 2el where [ is the average distance that separates Cooper pairs 2e
on the two islands (electrodes of the transmon, see Fig. 2.7c). A typical transmon
has [ ~ 1mm and hence a dipole moment of d ~ 108 Debye. This beats the dipole
moments reached for Rydberg atoms by four orders of magnitude [23]. The transmon’s
strong coupling to light comes with the drawback of faster spontaneous decay in
vacuum. The associated lifetime is given by v = hwoi /Py = 12hrce/(powd; d*), where
P, is the power radiated by an oscillating dipole d. Taking the typical transition
frequency of the transmon wg; /27 = 6 GHz gives it a spontaneous decay lifetime of
~v = 17 us. This spontaneous emission can be suppressed by placing the transmon in
a resonant circuit or cavity (Purcell effect, see Section , as the density of states
available for the emitted photons is reduced.

Realising a cavity QED system with superconducting electrical circuits (cQED)
was proposed in [22], and it was first realized in [190]. A good overview is given in
[T70]. In circuit QED, the transmon plays the role of the atom from cavity QED, and
an electrical resonator plays the role of the cavity. The electric field of the standing
waves trapped in the resonator couple to the qubit. For traditional 2D circuit QED it
is a 1D transmission line resonator, which is capacitively coupled to input and output
lines. The transmission line is modelled with the distributed element model [121], be-
cause microwaves are high-frequency waves and have wavelengths which approach the
physical dimensions of the circuit, making thus the lumped element model inaccurate.
The 1D transmission line resonator is physically realised with a coplanar waveguide
(CPW) resonator, depicted in Fig. . It resembles the cross section of a coaxial
cable in two-dimensions. The fact that the resonator is one dimensional constrains
the electromagnetic field into a very mall volume, thereby rendering a higher field

intensity and very strong coupling.
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We use instead the proposed three-dimensional architecture [148], shown in Fig.
c)d), using a rectangular waveguide cavity machined from superconducting aluminium
(see Chapter [5)). The two main reasons for this choice are that a high quality fac-
tor (> 10°) can more easily be reached when making a 3D cavity, and the electric
field strength of the 3D cavity mode and qubit are lower, which leads to a reduced
coupling to defects in the qubit substrate that causes decoherence. Our transmon is
engineered with a larger shunting capacitance, making its dipole moment larger than
conventional 2D qubits. This will not only compensate for the reduced electric field
of the photon in the 3D cavity, but also reduce the qubit charging energy Es, and
hence the sensitivity to the dielectric losses. Superconducting qubits in 3D cavities
have demonstrated the longest coherence times to date for Josephson junction based
qubits, with energy relaxation times over T} > 70 us and dephasing times T5 > 90 us
[163, 53].

We can estimate the coupling strength achieved for such a 3D transmon-cavity
system by defining the rms electric field strength in the cavity as F,.,s = \/m,
where V, is the volume of the cavity and ¢, the dielectric vacuum constant. Then the
coupling strength ¢ is given by g = 2elE,,,sh. Our cavity has a typical dimension
of 1.2cm?, resonance frequency w./2m = 10.5 GHz, and the transmon is an electric
dipole of dimension of [ = 950 pum, which leads to a strong estimated coupling strength
of g/2m ~ 360 MHz.

As discussed in Section the transmon is insensitive to DC voltage, but it
still couples to an AC voltage oscillating close to its transition frequency [104]. The
superconducting qubit is subjected to the oscillating electric field of the cavity mode
(photon), which causes a voltage difference across the qubit electrodes. In quantum

information processing experiments, the realized qubit interacts with a single photon
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on average in the resonator and therefore both systems must be treated quantum
mechanically, i.e. the cavity mode causes a quantum voltage V. Recall the standard
CPB Hamiltonian describing the qubit Heps = 4Ec(N — nP%)? — E; cos 6. Tt is
coupled capacitively to the cavity via a voltage V;, which applies a voltage 5V across
the junction, with § = C,/Cy, the voltage division factor that expresses the ratio of
the effective capacitance C, of one side of the transmon (electrode) to the cavity to
total capacitance. This voltage alters the energy of the CPB, and when coupled to a

quantized cavity mode with V= Q /C, it becomes
V,=Vpc+V. (2.52)

This voltage allows for both a classic charge bias and quantum state control of the
observable N. Since the resonator is modelled as an LC circuit, the charge operator Q,

see Eq. inSection , is given by Q = i\/h/2Zy(a" —a) with Zy = \/L/C = w,.C.

Substituting it into V=0 /C' leads to the quantum gate voltage

~ hew
_ clata) =V (a+af

where V0

) s 18 the root-mean-square (rms) voltage at the qubit position per photon

of the oscillator. Having quantized the cavity, substituting the gate voltage Eq.
into the gate induced charge n, = —C,V,/2e from the electrostatic term in the CPB
Hamiltonian and expanding the square (see details in [I70} [I1]), one obtains a new

term describing the cavity-qubit coupling, giving the total Hamiltonian
H =4Bc(N —nb9)? — Ejcosd + hw.a'a + 2¢pV), (6" +a)N . (2.53)

The first two terms correspond to the normal CPB Hamiltonian under DC bias. The
third term is the resonator energy, and the fourth term represents the cavity-qubit

coupling.
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2.5.3 The generalized Jaynes-Cummings Hamiltonian

Rewriting this Hamiltonian in the basis of the uncoupled CPB eigenstates |i) from

Eq. |2.30], one obtains the generalized Jaynes-Cummings Hamiltonian

N-1
H = hwea'a+nY _wli)(i| + 1Y gyl (Gl +a), (2.54)
i=1 i
with coupling energies
igij = 26eV0, (iIN1j) = hgj; (2.55)

where hw; are the N transmon energy levels, and the lowest qubit level with energy
Ey = hwy is set to zero. In the limit with large E;/E¢, the non-nearest-neighbour
matrix elements (j + k|N|j) are nearly zero for all |k| > 1, and only the nearest-
neighbour matrix elements (j + 1| N |;) are finite. This is obtained by evaluating the

number matrix elements [103]

e j+1( B\
N ~ /= [ =L 2.56
(G + k| N|j)| — 0 for|k] > 1. (2.57)

The only relevant coupling in the transmon limit is the therefore the nearest-neighbour
coupling g; ;+1 which is proportional to E;/E¢. It is the only coupling not suppressed
by the shunting capacitance. In the regime where g; ;11 < w;,w. and the detunings
A; = Wit — We| € wiip1 + we, with w; j = w; — w; being the transition frequency
between energy levels ¢ and j, we use the rotating wave approximation to obtain the
significantly simplified generalized Hamiltonian
N-1 N-2
H=hweala+hYy  wli)(i] + (n > gianli)(i+ 1jat + H.c.> , (2.58)
i=1 1=0
where the levels |7) and |i+ 1) are connected through the ladder operators. Two cases

for the cavity-qubit interaction in Eq. arise: the resonant case with wg, ~ w,,
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and the dispersive case with large detuning wg; — w. > g. As opposed to the reduced
coupled two-level system Hamiltonian in , this generalized effective Hamiltonian
does not have an exact analytical solution for the resonant case when considering more
than the first two levels of the transmon N > 2. It does however for the dispersive
case, as is discussed in Section 2.5.5] Nevertheless, it is useful here to first solve
the resonant case with only the two-level Hamiltonian N = 2 to understand the

cavity-qubit coupling effects in terms of hybridized energy levels.

2.5.4 Eigenstates of the two-level Jaynes-Cummings Hamil-
tonian

The generalized Hamiltonian Eq. for the resonant case can be analytically

solved for N = 2 and reads the eigenenergies [7§]

n h
E = nhw, + 5\ [A2 4 4g2 (n), (2.59)

1
EY = —5hh. (2.60)
where the corresponding eigenstates given by

|+, n) = cos(f,)|e,n — 1) +sin(6,)|g, n) (2.61)

|—,n) = —sin(6,)]e,n — 1) + cos(,)|g,n) , (2.62)

constitute the Jaynes-Cummings ladder shown in Fig. 2.8a. The detuning A, =
wo1 — W between the qubit and cavity controls the degree of hybridization of the

qubit with the cavity via

tan(26,) = (Qg[zg/ﬁ) . (2.63)

We use the labels g, e here in order to avoid confusion with the photon number states

n=0,1,23,...
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Near resonance wy; ~ w, the qubit ground |g) and excited |e) states and the photon
number state |n) are not eigenstates of the full Hamiltonian anymore. Indeed, the
new eigenstates (called dressed states) are superpositions of qubit and cavity states
I+,n) = (lg)|n) £ |e)|n — 1))/+/2 due to the interaction term (exchange of energy
quanta) lifting the degeneracy of the uncoupled states |g,n) and |e,n — 1). These
two new eigenstates are symmetric and antisymmetric superposition states that are
maximally entangled (hybridized), meaning that the qubit and cavity can no longer
be considered as individual systems, and are split in energy by h2go;+/n, as shown
in the level diagram in Fig. 2.8h. For one excitation n = 1 the splitting is called
vacuum Rabi mode splitting, which in the time domain results in Rabi oscillations.
The qubit initially in the ground state interacts with one photon inside the cavity if
it is resonant and flips into the excited state by absorbing the photon |g, 1) — |e, 0).
Then the resonator vacuum fluctuations cause the qubit to emit a photon and flip
back into its ground state, and this absorption-emission process repeats itself at a rate
2go1 leading to vacuum Rabi oscillations between |g, 1) and |e, 0). If the resonator is
populated with more than one photon, the process will occur at a frequency go1/n/,
and this y/n scaling is a feature that is exclusively quantum. It has been observed
directly in circuit QED [67].

For the other case where the system is in the dispersive limit with a large detuning
(far off resonance), the qubit and cavity don’t exchange photons anymore because the
detuning is much larger than coupling, and in fact the result is not a splitting of the
dressed energy levels, but only a shift in the energy levels. This regime is presented

in the next section where the dispersive regime is discussed.
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Figure 2.8: (a) Energy level diagram of the dressed Jaynes-Cummings eigenstates
(black), for two transmon levels. The uncoupled energy ladder of the uncoupled
cavity (green) and qubit (blue) product states |g,n) and |e,n). In the resonant case
when Ay = wey — we = 0, the degeneracy of the qubit-photon states is lifted by the
strong coupling ¢g and is split in frequency by 2¢g+/n, forming new dressed states |+, n)
(black levels) consisting of symmetric and antisymmetric doublets with n photons and
a qubit excitation. (b) Energy level diagram in the dispersive regime |Ag| > g. The
coupling through the dispersive interaction manifests itself only as a shift of the energy
levels.

2.5.5 Dispersive regime

The cavity resonator is used as an indirect measurement channel for Quantum
Non-Demolition (QND) measurements [22], in addition to mediating the interaction
between qubits. A QND measurement does collapse the transmon state, but does
not subsequently interfere with the state evolution, meaning that it leaves the qubit
in the pure eigenstate. The qubit with transition frequencies w;;1; is designed to be
situated in the charge-insensitive transmon regime and to operate in the dispersive
limit where the detunings A; = w; ;41 — w, between transmon and cavity are large,
where w;; = w; — w;. This means that the detunings are much greater than the
couplings of the qubit transitions to the cavity resonance A; > ¢; 11, in particular
|Ao| > go1, |A1| > go1- A large detuning suppresses any excitations exchanged

by the qubit and the cavity, i.e. the resonator suppresses the local electromagnetic
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density of states at the detuned qubit frequency, thus inhibiting excited sate decay.
But they still interact via the dispersive interaction which manifests itself as a shift
in the coupled qubit-cavity energy levels as shown in Fig. [2.8b, which enables readout
of the qubit state by measuring the influence it has on the cavity resonance [191], 18].
To understand this dispersive interaction, recall the Jaynes-Cumming Hamiltonian
in Eq. describing a superconducting cavity coupled to a transmon. Applying a
unitary transformation that eliminates the direct interaction between the resonator
and the transmon, as described in [104], where due to the small anharmonicity of the
transmon at least three energy levels must be included in this transformation. Then

expanding the Hamiltonian in powers of g/A gives to second order

N-1 N-1
Hyiop/h = weifa + Y wili) (il + Y Xigaali + 10 + 1| (2.64)
=0 =0
N-1
— Xor@a|0) (0] + >~ (Xi-14 — Xiaa1)atali) (il (2.65)

i=1
where x; ;41 = gfz +1/4; are known as the “partial” dispersive energy shifts, or disper-
sive couplings between the resonator and the qubit. The first and second term here
are simply the cavity and transmon energies. The third and fourth terms express
a renormalization of the qubit respectively cavity energies, whereas the fifth term

represents the state-dependent dispersive shifts.

Dispersive regime for the two-level system

We again make the two-level approximation, but keep coupling terms including

the coupling to the second excited level, to obtain the dispersive Hamiltonian as

Hy;s /71:1 wm+g—gl 7.+ wc—g—%?w&z a'a (2.66)
i 2 Ay 2/, ’

with y the dispersive shift. For a pure two level system the dispersive shift would

simply be x = xo1, but for the transmon it is x = x01 — x12/2 due to pairwise coupling
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of higher energy levels. In the transmon limit E;/Eqc > 1, the dispersive shift x can

be approximated as [103]

981 Ec

Ao(Ag— Ec) (267

X =

The Hamiltonian Eq. is identical to the one we would have obtained with a pure
two-level system by defining the renormalized resonator frequency @, = w, — g%,/2A;
and renormalized qubit frequency wg1 = wo1 + ggl /Ag. The renormalized parameters
come from the fact that this Hamiltonian models the transmon as an effective two-level
system (a qubit) but includes the effects on these levels introduced by the interaction
with the third level. The resonator renormalization @, is induced by coupling to higher
transmon energy levels, whereas the qubit transition frequency renormalization @y,
called the Lamb shift, is induced by the vacuum fluctuations in the cavity [68]. The
term in Eq. corresponding to the exchange of excitations between the transmon
and the resonator has vanished in Eq. and has been substituted by the term
x7.a'a. This term can be interpreted in two ways leading to two equivalent pictures

by regrouping the terms to give

- 1
cavity shifted : Hyispe/h = &0 0= + (&, + x6.)ata, (2.68)
or (2.69)

. 1
qubit shifted : Haispa/h = 5 (@01 + 2xata)d, + eata . (2.70)

In the first picture H disp.c, the resonator frequency is shifted by a qubit state-dependent
dispersive shift y. In the second picture, it is the qubit frequency that is shifted by
the so-called ac-Stark shift 2ya’a that depends on the number of photons n = a'a in
the cavity. The qubit shift picture is studied and presented in Section [6.3

We mostly focus on the cavity shift picture for the purpose of our experiments

because we are interested in using this picture for the readout scheme. When the
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qubit is in state |0) the renormalized cavity resonance is &, — x, whereas when the
qubit is in the excited state |1) the cavity is at &. + x, seen in Fig. for the
transmission amplitude or phase. In other words, the two level system of the qubit is
mapped onto the positive or negative shift of the resonator frequency @w.. For the case
of transmons, both the ground and excited state peaks are moved up in frequency
relative to the undressed cavity frequency w,., but the ground state is shifted more, by
what we call 2y = g2,/Ao. Thus, in that case, w, does not have physical significance
and is instead a convenient frequency with which to write the Hamiltonian. This
2x shift, which is greater than the cavity linewidth, is precisely the effect that we
exploit to perform quantum non-demolition readout of the qubit state. Measuring
transmission and distinguishing between high and low transmitted amplitude infers
the qubit state [I91) 170]. Equivalently, the phase of the transmission is given by
§ = +tan"1(2¢*/kA) and reflects the shift likewise.

Henceforth we define the dispersive shifts y; for qubit levels ¢« = 0,1,2,3,4, ... as
the shifts from the cavity’s bare resonance frequency w,. to the qubit state dependent
resonance frequency w; = w, + X;, as seen in Fig. in Section [7.6] Furthermore,
we keep the definition of x as in Eq. , and 2y /2w is the frequency difference
between the ground state resonator wgy/2m (sometimes labeled as w,) and excited
state resonator wy /2.

Operating in the dispersive regime in order to perform readout of the qubit state
does not prevent qubit control with microwave drives near resonant with the qubit
frequency, as in Section [6.4.1] In the dispersive regime, even though the qubit drive
frequency is strongly detuned from the resonator frequency, the resonator can still

be populated with ng drive photons which induce Rabi oscillations in the qubit at a
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Figure 2.9: (a)(b) Transmission amplitude and phase respectively in the dispersive
regime of the uncoupled resonator at its bare resonance w, frequency (black), and
for the coupled cavity-qubit system with the renormalized frequency @, conditionally
shifted by the state of the qubit to @. £ x (red,blue). Figure taken from [I1]. (c) In
the dispersive regime, a qubit excitation results in a shift in transition frequency of
the cavity and vice versa. In the qubit-shift (left box) picture the number of photons
n in the cavity shifts (ac-Stark shift) the qubit frequency by 2xn, this is called photon
number splitting. In the cavity-shift (right box) picture the cavity splits depending
on the qubit state. These number splittings allow probing of the excitation number
of either the qubit or cavity mode, and can be used for readout measurements or
entanglement generation. Figure taken from [I70].
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Rabi frequency of
Qrabi = 2¢/159. (2.71)

In contrast with the dispersive readout measurement of the qubit, a qubit drive
wq = wp does not measure the state of the qubit in this limit, because the transmitted
signal only shows a very small difference in phase and amplitude for the two different
qubit states. Hence, no unwanted entanglement between the resonator photons and
qubit when controlling the state of the qubit [21].

Returning to the eigenstates Eq. that solved the Jaynes-Cummings Hamil-
tonian for N = 2 in the resonant regime Ay ~ 0, we can now approximate these

eigenstates in the dispersive regime A > go; using cos ~ 6 and sinf ~ 0 for small

0 to give
,m) = le,n — 1) + 29 n) (2.72)
Ay
=) = = %en —1) + |g,n) (2.73)

Ao

together with the ground state |g, 0). It becomes evident that in the dispersive regime
the eigenstates mostly reduce to |[+,n) ~ |e,n — 1) and |—,n) =~ |g,n). Since |e,n —
1) and |g,n) represent the uncoupled product states, the qubit and cavity nearly
behave as individual systems, where their dispersive interaction only shifts the energy
levels by a small amount gg1/4, illustrated in Fig. . We can therefore define a
computational basis for our qubit as [0) = |—,0) = |g,0) and |1) = |+,1) = |e,0)
that consists mainly of the transmon states |g,0) and |e, (n — 1)), with only a small

additional photonic component of magnitude go;/Ao.
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Purcell decay in 3D cavity

This small photonic component of the resonator is a source of decay for the com-
putational qubit state |1), because it allows the qubit to spontaneously de-excite by
emitting a photon into the resonator at the cavity decay rate x. This results in a new

qubit decay rate [85] [84]

2
go1
— (L= 2.74
y (A) i, (2.74)

which is called the Purcell effect. In 3D circuit QED, our superconducting 3D cavities
are designed with cavity decay rate k reduced and a large detuning A, in order to

guarantee qubit lifetimes are not shortened by the Purcell effect.



Chapter 3

Experimental Techniques

This chapter describes the experimental setup for our 3D circuit QED experiments
and the measurement techniques used. The designing and building of the entire setup
was a large part of the work performed for this thesis. We first present aspects of the
cryogenic environment, then the microwave input and output lines with their chains
of components are described, and finally we explain the microwave pulse generation

and signal processing to control and measure the qubit.

3.1 Cryogenic microwave setup

In circuit QED experiments the transmons are typically engineered to have tran-
sition frequencies 1, in the microwave range 5 GHz to 9 GHz. In order to initialise
the qubits into the ground state and to prevent spontaneous thermal excitation, it
is necessary to cool the devices to a temperature well below the corresponding tem-
perature T, = hv/kp ~ 230 and 430mK. Therefore, the devices are placed inside
a dilution refrigerator and thermally anchored to its 10 mK base, and shielded from
any thermal radiation. Cooling to this ultra-low temperature also brings our quan-
tum electrical circuit into the superconducting state, eliminating resistive dissipation,
which is one of the fundamental requirements to enable coherence of the qubit. The

material of the circuit in our case is ultra-pure aluminium with a critical tempera-
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ture of T, ~ 1.2K, indeed well above our fridge’s base temperature. In the same
manner, the 3D cavity acquires a high quality factor only when its interior walls
are superconducting, because photons would dissipate rapidly in walls with a finite
conductivity. In addition to the low temperature, our experiments require the in-
teraction of the qubit with a single photon, i.e. a single quantum of energy, which
in effect means controlling microwave signals to extremely low powers; on the order
of less than 107" W. This is not a power regime that is well established in any
RF or telecommunications industry (although the GHz frequency characteristic is),
and therefore requires careful designing of appropriate microwave wiring and ther-
malisation, magnetic shielding, cryogenic filtering, low-noise amplification, up- and
downconversion mixing techniques, and ultra-fast data acquisition, as illustrated in

Fig. 3.3 and Fig. 3.9

3.1.1 Cryostat

Cooling a device to roughly 1.2 K is relatively simple, by using liquid Helium (LHe)
and pumping on it. Firstly, the boiling temperature of liquid Helium is 4.2 K, and
so any device can be cooled to this temperature by simply immersing it in an LHe
dewar, typically with a probe stick. By additionally pumping on the liquid helium,
the vapour pressure is reduced and the liquid is forced to boil, thereby cooling it down
further to reach 1.2K. Reach even lower temperatures, in the mK regime, requires
an Adiabatic Demagnetization Refrigerator or Dilution Refrigerator.

The cryostat used in the Leeklab is a Triton200 Cryofree Dilution Refrigerator
(DR) from Oxford Instruments, shown in Fig. . It is a“dry” fridge using a me-
chanical Pulse-Tube Cooler for reaching roughly 4 K, as opposed to the older “wet”

fridge technology which uses a LHe bath to achieve the 4 K stage. Both systems then
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.n.‘ |
Figure 3.1: Pictures of the experimental setup. (a) The dilution refrigerator with
control rack and instrument rack. (b) Close view of the open fridge showing the
different temperature stages. (c¢) The cryogenic setup at the 10 mK stage showing
magnetic shields, sample holders, switches, filters, etc. (d) The closed fridge during
a cooldown.
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use a closed circuit He* — He* mixture dilution unit to attain 10mK. The Pulse-Tube
technology is significantly cheaper since it does not require the expensive liquid he-
lium bath to run, only electricity. This characteristic eliminates the need to refill the
liquid helium manually every couple of days and typically gives the base plate more

experimental space.
3.1.2 Heat flow and wiring

Our experimental devices are fixed onto the 10 mK plate of the dilution refrigerator
(hereafter simply referred to as ’fridge’) and are measured by sending microwave
signals via coaxial microwave cables from the room-temperature electronics down all
the different temperature stages of the fridge, passing through a hermetic feedthrough
at the top of the fridge which is under high vacuum, see Fig. [3.1]

In circuit QED experiments, one of the key challenges is to populate the microwave
cavity with a single photon on average or less. It is therefore necessary to firstly shield
the cavity from higher temperature stages radiation. This is achieved by thermal
anchoring the microwave coaxial cables at each temperature stage, via attenuators and
feedthrough connectors. Secondly, thermal noise picked up by the propagating signal
must be minimised. Indeed, classical control signals generated at room temperature
are inevitably accompanied by electrical Johnson-Nyquist noise (created by the charge
carriers in the conductor being thermally agitated) along the lines to the resonator.
At the same time though, the signals must keep a good signal to noise ratio (SNR)
throughout the experiment. The second step is to choose a large source voltage and
a strong attenuation. The entire signal should be attenuated and filtered at different
temperature stages by several orders of magnitude, so the noise picked up along the

input route is kept low. The weak fields thereafter exiting the experiment through the
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output line must be strongly amplified to be detected, up to a factor of 10® in power.
In parallel to these considerations of noise, the entire wiring must not allow for the
transport of more heat than the cooling power of the cryostat can handle at each
cooling stage, therefore requiring careful selection of cable materials. Calculations of
heat flows for different materials and the choice of cables are presented in detail in
Appendix revealing that stainless steel cables are necessary at the lower fridge

stages.
3.1.3 Input lines and attenuation

Considering that the choice of material for the cables is forced upon us by the
requirements on heat loads, the task is then to minimise the noise created along
the input lines. Microwave control signals directed to the experimental device are
generated by a microwave source at a power much higher than room temperature
Johnson-Nyquist noise. Hence, the signals start off with a good signal-to-noise ratio
(SNR). The RMS voltage created by a noisy resistor R is given by Planck’s law of

black body radiation

4hwBR

Voo
nowse ehw/kBT _ 1 9

(3.1)

where B is the bandwidth of the system, w/27 is the centre frequency of the band-
width, and R is the resistance of the noisy resistor. In the Rayleigh-Jeans approxi-
mation, for microwave frequencies in the regime 1-10 GHz with temperatures above

2K, the condition hw < kgT holds and reduces V,,;se t0

Vnoise =V 4]{/’B,-TB-R )

which gives the noise power spectral density

Sy2(w) ~ 4kTR .
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This noise power is independent of frequency and depends linearly on temperature
T'. The intensity of black body radiation emitted at 300 K in the range up to 40 GHz
is roughly 80 times more intense than the radiation emitted at 2.7 K. We therefore
mount a 20 dB attenuator (reduces input power by a factor of 100) for each microwave
input line at the 2.7 K stage, and the noise from room temperature is thereby reduced
below the noise generated at 2.7 K. Another two 20 dB attenuators are mounted at
the 66 mK and 10 mK stage, as shown in Fig.[3.2l The attenuators also simultaneously
serve the purpose of achieving the ultra-low power required to have a single photon
interacting with the device.

For the purpose of our planned experiments, we built two 'tubes’” of 14 cable lines
in total extending down into the cryostat, as seen in Fig. and Fig. [3.2b. Tube A
has eight cable lines each with 3 x 3 dB attenuation and is intended for experiments
which don’t require low photon numbers. These eight cable lines allow to measure
four two-port devices simultaneously. Tube B has six cable lines each with 3 x 20dB
attenuation and is used as input lines for experiments with superconducting qubits.
Due to their high input attenuation, these experiments require a separate output line
with amplification for acquiring the signals. The overview of the cryogenic setup is
presented in Fig. 3.3}

All microwave cables have soldered SMA connectors and should present minimal
reflections at each connector along the line. When microwave pulses propagate along
the cable line and reflections at connectors are significant, then the percentages of the
pulse’s power being reflected several times will lead to constructive interferences and
the original pulse will be followed by reflected smaller pulses. This is an unwanted
effect for qubit control. Achieving low reflections when soldering SMA connectors is

a difficult and tedious task, and it depends on several practical techniques. In short:
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Figure 3.2: (a) Attenuators and feedthrough connectors to thermalize the input lines.
(b) DC blocks isolating the fridge and protecting it from ground loops. (c¢) Top view
of the fridge with all input and output cables.
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Figure 3.3: Cryogenic microwave setup.
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the centre conductor must not be scratched; the centre pin should not have traces
of solder on it after being soldered via the small hole onto the centre conductor; the
dielectric of the coaxial cable must be prevented from expanding from the heat applied
when soldering the connector onto the outer conductor. An expanded dielectric leads
to an unwanted impedance mismatch, which in turn leads to strong reflections.
After soldering of each microwave cable’s two connectors, its reflection coeffi-
cients were measured. These measurements are performed with a vector network
analyser (VNA) from Rohde&Schwarz. The VNA measures the four S-parameters
(S11, S91, S12,S92) as Sy = 10log(P,ui/Pyn) [dB]. The SMA connectors are commer-
cially bought from Huber&Suhner and guarantee a maximum of approximately -19 dB
reflection, if they are well assembled. The measured reflection coefficients for all our
total 84 cables assembled show S1; to have less than -20dB up to 15 GHz. It is pos-
sible with skill and practice to achieve less than -25dB reflection in the range up to
20 GHz. It is even possible for the reflections to be kept beneath -20dB in the range
up to 40 GHz, even though the SMA connectors are only specified and guaranteed up

to 20 GHz from the manufacturer.

3.1.3.1 Ground loops

As a side note, notice the DC blocks isolating the fridge from the microwave in-
struments in Fig. and Fig. B.Ip. The installation of DC Blocks is necessary
to prevent ground loops. Indeed, because there are many different instruments and
cables connected to the cryostat, it can easily happen that the grounds of two in-
struments attached to different power supplies are both connected to the cryostat,
creating a so called ground loop. Since these two grounds can be on slightly dif-

ferent potentials, equalising currents will flow along unpredictable paths within the
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cryostat. These stray currents can create unwanted induced magnetic fields, hence
magnetic noise, that can negatively affect the coherence of our device. Thus the mi-
crowave lines going into the fridge are isolated with DC blocks, so that the fridge is

electrically isolated and only grounded via a single conducting ground cable.

3.1.3.2 Calibration of input lines

To precisely achieve the desired low power of the control signal we measure the
transmission of the entire input line. The composition of components in the cryogenic
setup is shown in Fig.|3.3and the respective attenuations and amplifications are listed
in detail in Tab. in Appendix [A.2] For the frequency dependant components in
this table, we considered the values at 11 GHz, because that is the typical resonance
frequency of our cavities. In particular, the UT85-SS/SS cables have a strong fre-
quency dependance for their attenuation per meter, which is precisely -13.7dB/m at
11 GHz. The UT85-SS have -5dB/m and the UT85-TP have -2.4dB/m. The 3dB
and 20dB attenuators have a negligibly weak dependance on frequency, so do the
vacuum feedthrough connector interfacing room and cryogenic temperatures, and the
baffle plates feedthrough connectors.

Taking into consideration the frequency dependance of the different types of ca-
bles, the expected attenuation for the input lines is compared to the measured trans-
mission at room temperature through a whole cable line in tube B from the base
plate up to the top of the fridge, and shown in Fig. 3.4, The attenuation for cables
in tube A is much lower, because the lines have 3dB instead of 20dB attenuators.
These results indicate that the transmission through the cryostat at RT behaves as
expected and proves that the wiring was successfully installed. When cold, the trans-
mission of the input lines within the fridge will change slightly since the components

and cables will have lower resistances and hence lower attenuation. Since we cannot
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directly measure the transmission of an input line with the VNA when the fridge is
cold (closed), we instead measure the transmission through an input line and back
up through another input line, with a small coaxial cable connecting the two at the
base plate. Half of this transmission will correspond to the transmission through one
input line. This technique only works for the low-attenuation lines in Tube A, since
in the highly-attenuated lines of Tube B the total attenuation through an input line
and return would be so strong (>140dB) that the VNA could not measure the signal
anymore. Nevertheless, combining a “through” measurement on the Tube A lines
with a measurement of an input line on Tube B returning on an amplified line allows

us to extract the input transmission of the highly-attenuated line.
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Figure 3.4: (a) Transmission measurement of the highly attenuated input cable lines
in Tube B with 3 x 20dB attenuators. The expected attenuation from summing the
attenuations of all components along the lines is overlaid (orange) and fits well with
the measured data (blue) (b) Attenuation of the input lines in Tube A with 3x 3dB
attenuators.

3.1.3.3 Sample thermalisation

Thermalising the sample to the 10 mK stage is accomplished by bolting the sample
tightly onto a OFHC copper plate, and then fixing the copper plate against the 10 mK
stage plate, as depicted in Fig. and Fig. [3.5d. The copper plate serves as a

“cold finger”. Depending on the setup, there may be the need for several copper
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plates to be contacted in series. Optimising the thermal anchoring requires specific
considerations on heat conduction across Solid /Solid interfaces. The heat flow across a
pressed contact is insensitive to changes in contact area for a given total force pressing
the two surfaces together. Indeed, the thermal conductance increases approximately
linearly with pressure, as has been observed experimentally [64]. The opposite occurs
for solder and glued joints. Hence, a good thermal connection between two solid
interfaces requires a strong force, not a large area. Therefore, the two most important
requirements for all our thermal anchoring of components are to minimise the number
of thermal interfaces and to maximise the force of bolting. In particular, this implies
that one should only use screws of minimum size M3, as smaller screw threads get
destroyed with strong tightening due to the fact that oxygen free copper is a soft

material.

3.1.3.4 Magnetic shielding

Performing experiments with qubits requires full protection from magnetic fields
to avoid dephasing and imperfections in state preparation. Therefore, as visible in
Fig.|3.5h)d), the entire cavity-qubit system is placed inside two concentric cylindrical
magnetic shields, closed at the bottom and open-ended at the top. These shields are
1.0 mm thick Amumetal 4K, obtained from Amuneal Manufacturing Corporation.
They are made of sheets of the special alloy Amumetal that is specifically annealed
in dry Hydrogen atmosphere for optimum magnetic permeability at cryogenic tem-

peratures.
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Figure 3.5: (a) Picture of the physical cryogenic microwave setup at the 10 mK stage,
showing the microwave switches, bandpass filter, low-pass filter, and circulators. (b)
A picture of the ultra low noise HEMT amplifier, which is placed at the 2.7 K stage
on the output lines. (c¢) Low-pass K&L filter on the input line to the cavity. (d)
Picture of two 3D cavities thermally fixed to a cold plate. The magnetic shield gets
attached around the cold plate.

3.1.4 Cryogenic amplification chain

3.1.4.1 Microwave switches

It is extremely time-saving to introduce microwave switches into the cryogenic
measurement setup, because they allow us to measure many samples (cavity-qubit
systems) in the same fridge cooldown. Without switches, one needs an entire am-
plification chain (very expensive) to measure just one sample. Instead a microwave
switch will allow the user to use the same input and output microwave lines to mea-
sure multiple devices. While the switch may only select one sample at a time, it can
be used to switch between samples without warming up and opening the fridge, and

thus saves a lot of time. Moreover, it saves space at the base plate. The switches
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we install are SP6T (6 output lines) electromechanical coaxial subminiature switches
from Radiall that operate in the range 0 - 26.5 GHz, depicted in Fig. [3.6h. Other
groups perform minor modifications to the switch for low temperature usage, but we
have not found this to be necessary. The switch operates resistive copper coils at
12Vdc to create the magnetic field for the actual switching, which inevitably heats
the fridge slightly from 10 mK up to 30 mK, requiring a waiting time of 5 - 10 min
to re-cool (hardly an inconvenience). The switch switches under a DC pulse that is

controlled by an Arduino setup, as seen in Fig. 3.6b.

loom 6-port microwave switches

Figure 3.6: (a) Radiall 6-port electromechanical microwave switches. (b) Arduino
setup to DC power the switches.

3.1.4.2 Amplification chain

The qubit readout signals that probe the cavity have powers corresponding to
less than a single microwave photon energy n ~ 1 per mean cavity photon life-
time. Our cavities with qubit chip inside typically reach an internal quality fac-
tor of 200000, and setting the coupling pin to have Q.,; = 10* gives a resonator

linewidth of /27 ~ 7.25 MHz. With a resonance frequency around 10.5 GHz, the
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power leaking out of the cavity with a few-photon population is of the order of
P = hw,ik = 5 x 1071"W ~ —133dBm. In order to measure these signals with
room-temperature microwave electronics, the signal must be amplified by at least 108
times to attain V,.,,s = 0.5mV to be detected by the ADC (Analog-to-Digital Con-
verter). Thermal photons and amplifier noise are larger than the signal itself, and so
along the output line any additional losses of the signal power between the sample
and the first amplifier would require significantly more averaging to detect the signal.
For instance, a mere loss of 3dB demands 2 times more averaging to achieve the same
signal-to-noise ratio (SNR), see [154]. A special type of superconducting cable with
inner and outer conductor made of NbTi (low thermal conductivity but high electri-
cal conductivity) is therefore installed to carry the weak signal without losses up to
the first amplifier placed at the 2.7 K stage. Here we use an ultra low noise HEMT
(High Electron Mobility Transistor) amplifier from Low Noise Factory designed to
operate at cryogenic temperatures, see a picture of it in Fig. [3.5b. The HEMT am-
plifies the signal by a gain G = 39dB simultaneously keeping a good noise level. The
reason for thermally anchoring the HEMT amplifier at the 2.7 K stage instead of the
base plate is that it dissipates 15mW which is too much for the cooling power of
the fridge to handle at the base plate. The output port of the amplifier blocks any
Johnson-Nyquist noise descending from cables at room temperature. When the out-
put signal travels into room temperature cables, it is further amplified and band-pass
filtered before being down-converted to an intermediate frequency, low-pass filtered,

and amplified again in order for the FPGA to detect its quadratures, see Fig. |3.9|

The details are presented in Tab. in Appendix and in Tab. and Tab.
in Appendix

We first calculate the noise output of the HEMT. The noise power generated by
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a lossy component with equivalent noise temperature 7¢ and a bandwidth B is given
by

N = kBT*. (3.2)

A component with a gain G then amplifies (or attenuates when the gain is less than
unity, giving loss factor L = 1/G > 1) the input noise power N;, and also amplifies
its intrinsic noise power N, coming from the noise generated by the component itself.

The output noise power N, is then given by
Nout - GNmt + GNa - G(k,’BanTﬁl —|— k’BBaTae) . (33)

Our HEMT has a bandwidth B, of 1 - 12 GHz, as tests show in Fig. [3.7h, wherein
the noise temperature is specified to be between T = 5.5 K, see Tab.[A.4] The input
noise source of the amplifier is the noise generated by the coaxial superconducting
cable over a bandwidth of B;, = 20 GHz thermalized at T, = 2.7 K. Inserting these
values into Eq. with a gain of G; = +39dB we obtain a total output noise at
the output of the HEMT amplifier of NZEFMT — —49 dBm. This noise travels further
up the fridge output line and propagates through room temperature cables into the
room temperature amplification chain shown in Fig. 3.9, We now calculate the noise
amplification through this chain in order to make sure the various amplifiers do not
get saturated by the noise, i.e. that the amplified input noise for each amplifier does
not reach its 1dB compression point. In a cascaded system (chain), the total SNR

is principally governed by the noise added by the first amplifier when its gain G; is

large according to Frii’s law [154]

T, T,
2 e (3.4)

T =T,
et

with G representing the gain of each individual amplifier and 77, ; the noise temper-

ature of the ¢’s amplifier. The noise temperature 7, ; of each component is obtained
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from its specified noise figure F; = 1+ T, /Ty, where Ty = 290 K is the room temper-
ature. The noise figure F; is commonly expressed in dB as NF; = 10log(1 +T,,;/Tp).
Inserting the values for the noise figures, gains, and bandwidths of our room tem-
perature components (BPF - LNA - 3dBattenuator - BPF - LNA) gives us a re-
sulting equivalent overall noise temperature 777 = 360K for the cascade, as if
it were a single component. The overall gain of the room temperature cascade is
G = GprGinaGsiBamGrrrGrna = +50dBm. Therefore, the total output noise
produced by the room temperature cascade system itself is N7 = GET kg BTRT =
—27dBm. To this we add the room temperature amplification of the noise output
from the cryogenic HEMT stage GET NEEMT s 1 50dB + —49dBm = 1dBm. To-
gether, we obtain from the sum of the two an overall noise output for our entire
amplification chain (cryogenic and room temperature) of N** ~ 1dBm, since N*T
is negligible compared to GT NHEMT = Thig calculation shows that the initial noise
amplification of the HEMT is the dominant noise source, which confirms the impor-
tance of limiting the noise generated between the cavity and the HEMT in the fridge
by using superconducting cables and filters.

The total attenuation of the input lines is approximatively -85dB at the cavity
input, when 0 dBm are generated at the source, see Tab. The signal generator can
send signal at powers up to +20dBm and as low as -130 dBm. This flexibility allows
us to adjust the source power such as to obtain the desired average single microwave
photon energy in the cavity, depending on its linewidth. The total amplification chain
from the cavity to the FPGA sums to a total of +82 dB. Therefore the signal leaving

the cavity at -133 dBm should arrive at the FPGA with a power of -51 dBm, which

corresponds to 8 x 1072 W, i.e. V.., = 0.8 mV, which is detectable.
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3.1.4.3 Circulators

The thermal noise reflected from the HEMT amplifier input back down the cables
to the sample is directed through two circulators from Raditek thermalised at base
temperature, shown in Fig. |3.5a. These circulators are passive non-reciprocal three-
port devices, which redirect microwaves entering any port ¢ to port ¢ + 1, but never
to i — 1. We place 502 termination loads on port 3 and use port 1 as input and
port 2 as output. So the noise traveling back down the line from the amplifier enters
the circulator at port 2 and is redirected into the absorbing load at port 3, providing
an isolation of > 25dB. On the other hand, the signal coming from the cavity
traveling up the cryostat to be amplified and detected passes through the circulators
with a minimal attenuation of < 0.5dB. We placed two such circulators in a series
to maximise the effect. The circulators used have a limiting bandwidth of either
4 - 8GHz or 8 - 12GHz and were tested for performance of Sy; and Si5 at room

temperature and 4 K, one of which is displayed in Fig. [3.7p.
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Figure 3.7: (a) Test of a circulator at 4 K, with -20dB input power. (b) Test of an
LNA HEMT amplifier at room temperature, with -60 dB input power.
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3.2 Microwave signal generation and data acquisi-
tion

Time resolved experiments with superconducting qubits require two essential mi-
crowave pulse schemes. First, the qubit state is manipulated with qubit control pulses
typically generated and sent at or near the qubit transition frequency wg, ~ 5—7 GHz.
The second is generating and measuring the transmission through the cavity of a read-
out pulse in order to detect the state of the qubit. Both these schemes require precise
control over the amplitude, phase, and frequency of the signals with nanosecond
timescale. This is accomplished by using Arbitrary Waveform Generators (AWG)
and IQ mixers for modulating and upconverting the signals. The readout also re-
quires an IQQ mixer to downconvert the signal to an intermediate frequency which an

ADC card can digitize.
3.2.1 Continuous wave control signals

In general, a continuous wave S = A cos(wt + ¢) is represented as a vector (A, ¢)
in polar coordinates. However, controlling the phase directly at GHz and above
frequencies with microwave electronics is unpractical and imprecise. Therefore we use
the orthogonal in-phase (I) and quadrature (QQ) components in cartesian coordinates
to generate the wave. Using the identity cos(a £ ) = cosacosf F sinasin 3, the

wave becomes

S = Acos(wt + ¢)
= A cos ¢ cos(wt) — Asin ¢ sin(wt)
= [ cos(wt) — @ sin(wt) (3.5)

= [ cos(wt) + Q cos(wt + g) . (3.6)
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The amplitudes I = Acos ¢ and @) = Asin ¢ are just DC voltages with no frequency.
The continuous wave (A, ¢) can thus be generated simply by controlling amplitudes

instead of phases via

A=+I1?+@Q? and ¢ = arctan(Q/1) . (3.7)

In practice, this quadrature upconversion is realized with an IQ-mixer from Marksi,
see Fig. and Tab. [A.3] The IQ-mixer has three inputs and one output port.
A microwave carrier signal Sro = Apocos(wrot), called Local Oscillator (LO), is
generated by the SMF100A signal generator from Rohde& Schwarz (for specifications
see Tab. with a frequency wro of up to 20 GHz and is fed into the IQ-mixer’s
LO input port at a power of 13dBm, as shown in Fig. [3.8h, where it is split into
two signals. The first signal gets directly multiplied with the voltage S; = I pro-
duced by the AWG that is applied to the input port I, and it is in-phase with
the initial carrier signal. The second one then first undergoes a /2 phase shift,
hence quadrature, and multiplied with the voltage Sg = ) applied to the input port
(). The resulting signals are combined and the final continuous wave output signal
Srr = I cos(wrot) — @ sin(wrot) then propagates down the fridge to the cavity-qubit
system. This quadrature upconversion is used for both continuous qubit drives and
continuous readout signals. The length of these continuous wave signals is controlled

by applying the S; and Sg voltages as square pulses of the desired length.
3.2.2 Pulsed control signals

Qubit control signals require arbitrary waveform amplitude modulation in order
to have optimal pulse shapes, e.g. Gaussian, DRAG [39], etc. This is achieved with
the AWG directly generating and applying AC voltages S; = Aj cos(wrrt + ar) and

Sq = Ag cos(wrpt + ag + ¢) with intermediate frequency w;p to the IQ-mixer. Our
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AWG has a limited bandwidth allowing it to create arbitrary waves with frequency

up to wrrp = 500 MHz. The resulting upconverted output RF' signal is

A
9 cos(wrot) - St + cos(wrot + g) - Sol. (3.8)

Gpp — L9
RF =5

Setting oy = ag = g and using trigonometry we obtain three different cases

p=0:
ALoA A 37 51
Spp = %{COS[(WLO +wrp)t + ag — I] + cos|(wro — wrr)t — agg — I]}
(3.9)
ALoArA
¢ = _|_g : Sgpp= % cos[(wro + wrr)t + agq (3.10)
AroArA
¢ = _g : Spp = % cos|(wro — wrp)t — agg (3.11)

For the case where the free adjustable parameter ¢ = 0 and A; = Ag, the resulting
upconverted signal consists of only two sideband signals with frequencies wro + w;p,
called the right and left sidebands, shown in Fig. [3.8d. Their amplitudes and phases
can be controlled with Ay = A(t) and Ag = Ag(t) and a;g = asg(t) which are
time-dependent and thus can generate any envelope to create the desired pulse shape.
However, if A; and Ag are not identical then the signal at the carrier frequency wro
is not entirely suppressed. By setting the parameter ¢ = £7/2 and A; = Ag, the
left of right sideband is canceled, and the result is a single frequency output signal,
which is what we need to drive the qubit. The mixer has imperfections in the form
of amplitude imbalance and phase imbalance, which lead to imperfect suppression of
the undesired sideband, and must thus be calibrated. Furthermore, the mixer has
small DC offset errors at the IQ ports that lead to carrier leakage from the LO to the
RF port. This means that if we send qubit drives upconverted using DC mixing as

described in Eq. they have the same frequency as the LO carrier leakage, leading
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to a small continuous qubit drive even when no voltage is applied to the [ and @
ports. This is the reason why we drive the qubit with sideband mixing instead, where
the carrier leakage is detuned by typically 62.5 MHz from the qubit frequency. A
schematic of the pulse generation for qubit drive and readout signal is presented in
Fig. 3.8

(a) Upconversion (b) Downconversion
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Figure 3.8: (a) Schematic of an I() mixer used for upconversion. (b) IQ mixer used for
downconversion. (c¢) Spectral result of sideband mixing with an IQ mixer for upcon-
version. (d) Spectral result of sideband mixing with an I mixer for downconversion.
(e) Schematic of upconversion in our setup to generate the readout signal pulses and
the qubit drive pulses.
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3.2.3 Down conversion and signal processing

The readout of the qubit state is performed by probing the cavity on resonance
with a continuous wave readout pulse, allowing us to infer the state of the qubit
based on the transmission amplitude of the cavity response. The RF readout pulses
are generated with quadrature upconversion, analogous to the qubit drive pulses, by
a signal generator for the carrier signal and the DAC board featured on the FPGA
for the I and @ input quadratures (where the DAC acts as an AWG). As described
in the transmitted readout signal exits the cavity at an extremely low power
and gets amplified by the HEMT before reaching room temperature, where it passes
through two pairs of bandpass filters and low noise amplifiers before reaching the
downconversion setup, shown in Fig. [3.9 Many repetitions of the experiment are
required to average out the amplified noise that dominates over the transmission signal
of interest. The RF signal A(t) cos(wrrt + arr) has a frequency in the range w, ~
7 — 11 GHz and thus too high to be acquired and digitized by the ADC card featured
on the FPGA, which has a sampling rate of 250 MS/s. As a result, the RF must be
mixed down to an intermediate frequency w;r = 62.5 MHz that can then be acquired
(the choice of 62.5 MHz comes from the need for at least 4 points per period). A fast
oscilloscope could be used for acquisition without the need for downconversion, but
oscilloscopes do not average efficiently. This quadrature downconversion, analogous
to the upconversion as shown in Fig. 3.8} is achieved by mixing the incoming RF
signal at wrp with a local oscillator signal wro in the IQ-mixer. The resulting S;(¢)
and Sg(t) quadratures exiting the mixer each have two components, one with the
difference of the frequencies wrr — wro, and one with the sum wrp + wro. The
quadratures components with the sum of frequencies then get filtered out through a

low-pass filter. The LO frequency is set to be detuned from the RF frequency by the
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desired intermediate frequency wro = wrr — wrp. The result is downconverted 1Q
quadratures at w;p = 62.5 MHz (heterodyne detection), which get further amplified
and then each pass through a band-pass filter centred around w;r, and finally get
acquired by the ADC card. The incoming quadratures S;(t) = A(t) cos(wipt + agr)
and Sg(t) = A(t) sin(wypt + agr) are digitized over a time period of 4 us and contain
the information about the state of the qubit, which is extracted by a further digital
downconversion to DC (digital homodyne), performed by the FPGA by multiplying

the digitized quadratures with ideal cosine and sine waves

1(t) cos(wrpt)  sin(wrpt) Si(t)
= . (3.12)
Q(t) —sin(wypt) cos(wrrt)) \So(t)

After this multiplication both traces are averaged over thousands of experiments to
enhance the signal-to-noise ratio. Then the resulting averaged I(¢) and Q(t) traces are
integrated over each period of 16 ns and the result is the digital downconverted DC en-
velope trace for each one. They are then combined to obtain the amplitude time trace
of the original signal via A(t) = \/1(t)? + Q(t)? and phase via o = arctan (Q(¢)/I(t)).
Finally, the amplitude trace is integrated over time and divided by the number of
points to obtain the average of the time-resolved response. This single final ampli-
tude (phase) point represents the cavity response for the transmitted signal at that

frequency wgrp, and it is this amplitude (phase) that gives us the information about

the state of the qubit.
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Figure 3.9: (a) Schematic of the RT amplification, downconversion, and data acqui-
sition chain. (b) Picture of the RT amplifier setup on the output line. (¢) Downcon-
version setup showing the 1Q mixer. It takes the RF signal coming (b), and mixes
it with the LO provided at a frequency detuned by 62.5 MHz. The downconverted
output signals Sy(t) and Sp(t) each get filtered and amplified again, and then enter
the ADC card on the FPGA shown in (d). (d) FPGA (green board) with the built-in
ADC card (red board) used for data acquisition, and the DAC card (2nd red board)
used as an AWG to generate IF signals to upconvert readout pulses. (e) Picture of
the microwave instruments setup showing the signal generators and the AWG. All
instruments are synchronised by a 10 MHz reference clock via the dual distribution
amplifier. A trigger source is connected to the instruments to set the repetition rate
and enable averaging over many identical experiments.



Chapter 4

Fabrication of Josephson junctions
and transmon devices

This chapter presents the techniques and procedures for fabrication of nano-scale
Josephson junctions and superconducting qubits. The development, implementation
and optimisation of micro- and nanofabrication processes were a central effort for the
scope of this thesis. Electron beam lithography and angle shadow evaporation are the
two main processes developed for the realisation of qubit devices. It is a crucial part of
circuit QED to precisely engineer defined properties of the devices to enable quantum

information processing, and this chapter illustrates how to achieve them.

4.1 Josephson junction fabrication process

The basic general lithographic procedure is presented in Fig. 4.1} first, a sub-
strate surface is coated with a radiation-sensitive polymer film (resist) and exposed
to radiation in some desired pattern; following exposure, a development step removes
the exposed resist, thereby leaving the pattern in relief on the substrate surface; the
substrate itself can then be patterned by depositing a metal into the open areas of
the resist relief pattern; finally, the resist is removed in the lift-off step and the result

is the desired device.
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(a) Cleaning (b) Spin coating

Substrate Substrate
(c) (d)
Exposure uv/ Development
electrons

(e) Metal (f) Lift-off
l J deposition J l
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T e

Figure 4.1: General lithography fabrication procedure. (a) Clean the substrate. (b)
Spin coat a layer of resist. (c¢) Expose the chip to UV light in the case of photolithog-
raphy or to an electron-beam in the case of electron-beam lithography. (d) Remove
the exposed area of the resist by placing the chip in a developer, thereby creating the
resist mask. (e) Deposit a thin film of metal. (f) Place the chip in a lift-off solution
that dissolves the resist, thereby leaving only the desired pattern of metal.

The substrate used for our devices is pure C-plane sapphire from CrysTec bought
in the form of 3” wafers of thickness 0.5 mm. Sapphire has the chemical composition
Al,O3 and is a perfect insulator with a very low dielectric loss tangent < 10~%. Since
dielectric loss is one of the main sources of decoherence for qubits, sapphire is the

natural choice. Circuit QED groups have tested many alternative substrates to try

to improve coherences, but to date the sapphire remains the most common choice.
4.1.1 Cleaning and dicing

Fabrication of nano-scale Josephson junctions requires very clean and precise pro-
cedures in order to achieve the long coherence times for the qubit. Any residues

or“dirt” underneath, above, or in vicinity of the junction will limit the coherence.
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Therefore the chip must be first extremely well cleaned. Before cleaning though, the
wafer must be diced into small chips of 5x5mm. Since sapphire is an extremely hard
material, it must be cut in a dicing machine with special blades made of diamond.
For actual qubits, we use sapphire chips that are double-side epi-polished and are
pre-diced by the firm SurfaceNet GmbH. The firm pre-dices them in 5.0 x 5.0 mm to
a precision of +0.01 mm. The only inconvenience of the double-side polishing is that
the chips are more difficult to see during fabrication.

The cleaning of the individual 5x5 mm chips requires the removal of all dirt and
organic residues. An Os-plasma etcher can be used to achieve this, but this strong
etching can alter the surface structure of the chip [155, [87], which is potentially a
non-desirable outcome. Indeed, the critical current of the junction can be influenced
by the surface roughness of the substrate. We instead perform the cleaning of the
chip by placing it first in warm Acetone in an Ultrasonic bath and subsequently in
Dimethyl Sulfoxide (DMSO) at 80 °C. The DMSO specifically removes all the organic

“residues”.
4.1.2 Lithography

Standard fabrication techniques involve different steps depending on the type of
device produced. Two key differences are the use of photolithography or electron
beam lithography (e-beam lithography), and the use of a single or double resist layer.
For devices with features down to roughly 1 pum it is typical to use photolithography,
because it is much faster and cheaper. Indeed, an entire 3”7 wafer of devices can be
produced in one session. For features of resolution smaller than the wavelength of
UV light, i.e. features of characteristic size smaller than 1 um, it is necessary to use

an electron beam lithography system, which is expensive, technically more difficult
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to use, and can only pattern small areas at once. For most simple devices, a single
layer of resist suffices, but making Josephson junctions requires a double layer (Dolan
bridge technique) and the use of e-beam lithography due to the small nano-scale

features involved.
4.1.3 Electron-beam lithography

Josephson junctions require electron-beam lithography that allows patterning of
features down to roughly 5 - 10nm. The e-beam lithography system focuses a beam
of electrons directly onto the polymer resist on the chip, resulting in photo scission of
the exposed polymer. In other words, the chemical bonds in the resist are broken up,
introducing a different solubility of the exposed vs unexposed regions of the resist in
certain solvents, therefore allowing the removal of the desired exposed pattern in the
chosen solvent to form a shadow mask. Therefore, the critical feature of an e-beam
system is its acceleration voltage. During the development of Josephson junctions
in this thesis, we first used a Raith system with an acceleration voltage of 10kV,
photographed in Fig. [£.6p. After several months of fabrication development, it was
discovered that 10kV is too low for Josephson junction fabrication (due to excessively
strong backscattering at such low voltages), and we then used permanently a JEOL
JBX-5500 series ZC system with a voltage of 50kV.

The standard technique to fabricate Josephson junctions (Dolan bridge technique)
uses a free standing resist bridge with a double angle shadow evaporation, as shown in
Fig.[£.2] The bridge is achieved using a bilayer of resist and harnessing the undercut
created by the backscattering of the electrons in the lower resist (due to its higher
exposure sensitivity). Depositing the aluminium film at two different angles with

an oxidation step in between creates the junction, as illustrated in Fig. [£.2e. The



4.1. Josephson junction fabrication process

78

detailed fabrication recipe is presented in Tab. in Appendix
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Figure 4.2: Josephson junction fabrication. (a) A layer of copolymer of thickness
600nm is spun on the clean sapphire chip and then baked. (b) A second layer of
PMMA of thickness 250 nm is spun on top of the copolymer layer and again baked.
(c) The desired junction pattern is exposed with 50kV electron-beam lithography.
(d) The exposed resist is developed away with MIBK-Isopropanol mixture, leading to
a free standing Dolan bridge. (e) Evaporation of a thin film of aluminium of thickness
30nm at a growth rate of 0.5nm/s at an angle from the vertical direction of typically
0° to - 40°. (f) Aluminium oxidation with a gas mixture of 85% Ar and 15% O, for
several minutes at a few mbar. (g) Shadow evaporation of aluminium of thickness

70nm at an angle of 20° to 45°. (h) Resist lift-off in acetone for 15 min at 50 °C.
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(e) Aluminium evaporation () Oxidation
\\é\! Oxygen
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Figure 4.3: Josephson junction fabrication with the “T”-technique and large angle.
(a)(b)(c)(d) Identical to Fig. 4.2l (e) Evaporation of a thin film of aluminium of
effective thickness 30 nm (reading of the thickness monitor 60 nm) at a growth rate
of 0.5nm/s at an angle from the vertical direction of 60°. At this angle, the shadow
pattern is deposited entirely onto the side wall. (f) Aluminium oxidation. (g) Evapo-
ration of aluminium of thickness 70 nm at an angle of 0°. (h) Resist lift-off. The side
wall deposition is entirely removed, leaving no shadow arm.

Resist deposition

The resist bridge is achieved using a bilayer of resist, which is spun onto the chip
directly after cleaning. The 5x5mm chips, however, are first dehydrated by baking
them at 180°C for 2min in order to remove any water molecules from the humidity
in cleanroom atmosphere. The spin coating is done by depositing a single droplet of
resist onto the chip with a precise pipette, making sure that the droplet does not float
over the edge of the chip. Any resist reaching the underside of the chip will prevent the
chip from laying flat in the e-beam lithography system later. The first layer of resist
spun onto the chip with the spin coater is a pure Copolymer of methyl methacrylate
(MMA) and methacrylic acid (MAA), which 3-4 times more sensitive than a pure
poly methyl methacrylate (PMMA). It is very sensitive to the direct, secondary and

backscattered electrons from the beam during lithography. It basically serves as a
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spacer between the substrate and the second resist layer allowing for a large undercut
of up to 700 nm to be realised, see Fig. [4.2d. Tt is this undercut that allows for the
creation of the free standing bridge, called Dolan bridge [59]. The spin coating is done
at 3000 rpm for 45s with a very quick ramp up time. This spinning speed creates a
layer of thickness of roughly 600 nm. The chip is baked at 180 °C for 5min on the
hotplate shown in Fig. f.4b. The second layer is a pure low sensitivity, but high
resolution ploymethyl methacrylate PMMA950k (a large molecular weight) that is
spun directly thereafter at 2500 rpm for 45s creating a thickness of approx. 250 nm,
followed by baking again at 180 °C for 5min. The slower spinning speeds create edge
beads that can be up to 1000 um in size. Spinning tests showed that 3000 rpm and
2500 rpm, respectively, are the lowest speeds at which the edge beads do not become
too large. Furthermore, it is important to note that the temperature in the cleanroom
should be at least 19 °C for spin coating, below which the resist does not stick well

to the substrate anymore.

Figure 4.4: (a) Picture of the hotplate used for dehydration and baking the chips.
(b) Spin coater.

The resist datasheets indicate that the copolymer should have thickness of 500 nm
at 4000 rpm and the PMMA a thickness of 230 nm at 4000 rpm. We tested these using
a surface profiler that uses a scanning tip to measure the height profile starting on

the chip where we scratched the resist away, and then advancing onto the resist.
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The profiles are shown for each resist individually in Fig. [4.5] and the result is quite
consistent with the datasheets up to £20nm. However, when surface profiling a
chip with the bilayer Copolymer/PMMA, the total height was only 630 nm. This
suggests that the PMMA does not stick as well to the Copolymer than directly onto
the sapphire. For this reason, we decided make the PMMA thicker by spinning it
at a lower speed, 2500 rpm instead of 4000 rpm, thereby increasing the robustness of
the bridge. In addition, we decided to spin the Copolymer at 3000 rpm to increase
the height for angle evaporation design purposes. From actual angle evaporations,
trigonometry, and a measurement with the SEM of the angle evaporated shift, see
Section [4.1.5 we were able to determine the total thickness of the bilayer to be 850 nm
+30nm. Since the Copolymer datasheet reliably predicts thicknesses, we know that
the Copolymer at 3000 rpm is 600 nm thick. Therefore the PMMA at 2500 rpm has

a thickness of approx. 250 nm.
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Figure 4.5: Resist profiling. (a) Resist profile of a sapphire chip with a layer of
copolymer spun at 4000 rpm. (b) Resist profile of a sapphire chip with a double layer
copolymer/PMMA950k spun at 4000 rpm. The profiling was done by scratching away
a part of the resist.

Charge layer

The high energy electrons from beam need to be able to escape the exposed surface

area during the lithography. Since sapphire is an insulating material, the inability
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to escape leads to an accumulation of electrostatic charge on the chip, which in turn
leads to deflections and shifts of the e-beam. The solution is to add a thin charge
dissipation layer - which is transparent to the 50kV electrons - on top of the bilayer
to facilitate the discharge. Several types of discharge layers are possible. Initially, we
deposited a 10 nm layer of aluminium, which worked well for the charge dissipation.
The problem with the aluminium is that it is not easy to selectively remove after the
exposure. Some groups successfully remove it with an aluminium etchant consisting
of sodium hydroxide NaOH solved in water 10%. Unfortunately, this etchant also
affects our PMMA layer underneath and cracks it. Instead, we sputter a 10 nm layer
of gold as the charge layer, using the sputterer depicted in Fig. 1.9 The gold is
subsequently removed in a selective gold etchant solution KI/I5 (potassium iodide /
iodine) for 10s. It is important to sputter the gold instead of depositing it with an
e-beam evaporator, because the electron beam actually exposes the chip during the
deposition. More recently, we have moved from using gold to using a thin layered
conductive plastic Flectra as the charge layer, which can be spun onto the chip, and
can be easily removed by dipping it into DI water for just 10s. When placing the
prepared chip into the e-beam system, it is important to contact the chip, i.e. the
charge layer, to the sample holder of the e-beam lithography system to assure firm

contact to ground.

Junction design and file preparations

The e-beam can write in scan steps down to 1nm onto a writefield area of up
to 1000 x 1000 ym. Larger areas need to be exposed by patching together adjacent
writefields (“stitching”). The patterns are drawn in AutoCAD software and then
directly given to the e-beam system software in a “.dxf” file format. The pattern

file may contain different layers, where each layer can then be assigned a different
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Figure 4.6: (a) The Raith 25kV e-beam lithography system. The maximum operating
acceleration voltage 10kV used initially is too low to fabricate free standing bridges.
(b) The JEOL 50kV e-beam system used to fabricate the qubits in this thesis.

exposure dose. The pattern for our Josephson junction design is shown in Fig. 4.7
The blue pattern is the main pattern, and the purple is the undercut box. The design
leads to a free standing bridge of 300nm width and 1200 nm in length. The“T”-
shape design, developed in [100] allows the bridge to have a standard length which is
independent of the finger width. Our first batches of junctions had a design without
the T-shape, as seen in Fig. and Fig. but the bridges were not reliable
whenever we changed the finger width. The T-shape is believed to act as a stress-
relief for the bridge and renders the bridges more reliable. Dimensions with height
and width of the junction area have been reliably tested for values between 150 nm
to 500nm. The specific widths of fingers designed, typically 200 nm, end up being
consistently wider by roughly 50 nm after the fabrication procedure, mainly due to

the proximity effect.

Electron-beam exposure and dose tests

Once the chip is under vacuum inside the e-beam system, aligned, the built-in
SEM beam is focused, the stigmatism is corrected, and the beam current is calibrated,
the system automatically executes the designed pattern with the given doses. Small

features in the pattern are exposed using Aperture 2 with beam current 1nA (high
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Figure 4.7: AutoCAD design of the Josephson junction exposure pattern. The blue
area is the junction pattern exposed at the main dose of 950.C'/cm?, and the magenta
regions are the undercut boxes exposed at 200uC/cm? used to create the desired
undercuts in the resist.

resolution, but slow), whereas large contact pads are exposed with Aperture 3 with

current 10nA (lower resolution, but faster). The exposure time T, is given by
Tewp-Ie =D - A, (4.1)

where D is the exposure dose, A is the exposed area, and I, is the electron beam
current. A single rectangular contact pad of area 100 x 100 ym? that is exposed with
Aperture 2 with beam current 1nA and a dose of 750pC/cm? therefore takes a time
75s to expose. Since our multi-junction test chips have 24 junctions with 48 contact
pads, it would take 1 hour to expose a chip. Therefore it is necessary for time-saving
purposes to use the Aperture 3 with 10 nA to reduce the exposure time by a factor
of 10 to 6 min per chip. Dose tests have revealed that Aperture 3 exposures can be
executed with the same dose as for Aperture 2.

Junction fabrication requires careful determination of the appropriate exposure
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dose for the main pattern and the undercut boxes. A dose test series is required for
each new design. The PMMA layer defines the aluminium structures since it has
a higher resolution than the Copolymer, which develops away more quickly. The
Copolymer will be overexposed to allow for the large undercut needed to carve out
the bridge. It is for the control of this undercut that the dose test is specifically
crucial. Later in the fabrication process, aluminium will be evaporated at a strong
angle, and this additionally creates the need to have a very deep undercut behind the
junction finger. This deep undercut is created by exposing undercut boxes, i.e. the
purple area in Fig. [4.7 at a lower dose than the main dose, thereby only affecting
the Copolymer and not the PMMA. The actual dose test is performed by exposing
an array of the same pattern, where each pattern is assigned a different dose, ranging
from 700 to 1200uC/cm? for the main pattern, and from 100 to 400xC/cm? for the
undercut boxes. Within each dose array pattern, the junction and undercut boxes
designs vary in sizes. This method allows to determine which undercut box size at

which dose is the ideal one.

Development

After the electron beam lithography, the exposed pattern needs to be developed
away. First the Electra charge layer is removed in DI water for 10s. Then the bilayer
of resist is developed, i.e. removed, by dipping and carefully moving the chip in a
mixture of MIBK:IPA (1:3) for 45s, followed by a rinse in IPA for 15s and then a very
gentle No blow dry. It is important to blow dry at a soft pressure to avoid breaking
the bridges. Furthermore, it is important to note that the temperature affects the
development process. Therefore we place the beaker of MIBK:IPA in hotbath at 25°C
in order to have a consistent and known temperature during development. Where

both layers of resist have been removed, the substrate is now exposed; where only the
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bottom layer is removed, there is a region of undercut accessible through evaporation
of metal with an angle. The Copolymer shows a strong undercut which has removed
all the resist from underneath both sides of the bridge leaving it free standing.

We then inspect the dose test array under a Scanning Electron Microscope (SEM),
see Fig.[4.9to find the ideal dose and undercut box size. These are easily recognisable,
since too low doses show an unsharp pattern and too strong doses show a collapsing
top layer overhang. An example of such an ideal Dolan bridge after development is
shown in Fig. .8 where the first one is made from the old design without the T-shape
and thinner PMMA layer, and the second one is with the T-shape and thicker PMMA
layer. The undercuts in the Copolymer layer are clearly visible in both cases. Note
that to achieve good imaging under SEM, it is necessary to deposit a 10nm layer
of gold or palladium on top for charge dissipation, analogous to the charge layer for
e-beam lithography. Without the gold layer, the image rapidly becomes all white due
to charge accumulation.

The next step is then to place the chip into the e-beam evaporator for aluminium
deposition. However, one can introduce an extra cleaning step first. Some groups
perform UV-ozone, Os plasma etching [155, 87] or ion gun milling to clean out “de-
scum”) the substrate surface in the pattern from resist residues. This cleaning can
improve coherence times and ageing of junctions. We have tested these techniques as
cleaning steps a several times, but have not obtained systematic and conclusive re-
sults yet concerning their compatibility and positive effects. Therefore for all devices

in this thesis, there was no cleaning step performed before evaporation.
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Figure 4.8: SEM pictures of the developed free standing resist bridges. (a) Resist
bridge for the standard design. (b)(c) Resist bridge with the “T”-shape technique
and thicker resist layers with improved robustness.

Figure 4.9: (a) Picture of the 25kV SEM used to image the Josephson junctions. (b)
Sputterer used to deposit the gold layer for charge dissipation.

4.1.4 Shadow evaporation

Shadow evaporation is the most common established technique to produce Joseph-
son junctions [59]. It involves depositing the two layers of the Josephson junction in
two different steps with two different angles, where the bridge serves as a shadow to
break the contact between the two electrodes of the junction, as illustrated in Fig.
and Fig. £.3] The main properties of an evaporator for this purpose needs is a very
stable evaporation rate between 0.2 and 1nm/s, a stage that can rotate the sample
at any angle between 0 and 180° in both directions, and an inlet for oxygen to per-
form the oxidation step. We use a home built electron-beam evaporator depicted in

Fig. [4.10k, which was designed and built by Dr. Peter Leek in Oxford. The fully au-
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tomatic control software was written and implemented by Andrew Patterson. It runs
a 10kV electron beam source and has a crucible selector holding four different mate-
rials: aluminium, gold, titanium, and palladium. The main chamber is separated by
a gate valve from the load lock chamber, which allows for shorter pump down times
and allows for oxidation of the sample without breaking the main chamber vacuum.
The load lock has a fully rotating sample stage controlled by a motor able to rotate
360° in both directions, shown in Fig. £.10b. A gas bottle with a mixture of 15%
oxygen (O2) and 85% argon (Ar) for the oxidation step is attached to the load lock
via a double stage pressure regulator and a needle valve that allows for controlling a
constant and small flow rate down to 0.1 mbar/ s.

To achieve higher vacuum, a titanium pump is first executed: titanium is evapo-
rated during 2 min to absorb various molecules left in the chamber, in particular water
and nitrogen. This typically allows our evaporator to reach roughly 8 x 10~® mbar.
Then a first layer of 30nm of 5N pure aluminium is evaporated onto the rotated
sampleholder under a defined angle of 60° to the substrate normal (see Fig. . The
deposited aluminium layer forms the bottom electrode of the Josephson junction.
The deposition rate is tracked with a built-in crystal oscillator monitor which slightly
changes its mass and resonance frequency during deposition. In the subsequent oxi-
dation step, the sample chamber is filled with the mixture of oxygen and argon until
a defined pressure is reached, typically 2 mbar. Diluting the pure oxygen with argon
is done to have a better control over the oxidation process, because otherwise it hap-
pens too rapidly and we would not be able to vary it to reach the desired junction
parameters. The gas inlet flow rate is set to 0.2mbar/s. At higher speeds the final
oxidation pressure is not reliably met and at even lower speeds the inlet and pump

out times become a substantial fraction of the total oxidation time. The oxygen oxi-
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dises the surface of the aluminium layer, typically for a defined duration of 60s. The
result is a thin aluminium-oxide layer with a thickness on the order of a nanometer
depending on the partial oxygen pressure and the oxidation time. The oxidation con-
ditions are controlled by using the calibration results of an oxidation series of test
Josephson junctions, presented in Section |4.3.3] The pressure-time of the oxidation is
chosen in order to achieve a critical current and room-temperature resistance of the
junction corresponding to the desired Josephson energy for the qubit. Having finished
the oxidation, the gas is pumped out of the sample chamber and the sampleholder is
rotated to a second position at 0° relative to the substrate normal, and a second layer
of 70nm aluminium is evaporated. In this way, the upper aluminium layer which
overlaps the lower aluminium layer forms the top electrode of the Josephson junc-
tion. With this technique, a sub-micron scale Josephson junction, consisting of an
aluminium bottom electrode, a very thin tunnel barrier of aluminium-oxide, and an
aluminium top electrode can be created in the evaporator process chamber without
breaking the vacuum. This is crucial since the thickness as well as the quality of
the oxide layer sensitively determines Josephson and charging energies of the tunnel
junction. The final step is to perform a post-oxidation of the sample before venting it
to atmospheric pressure. This is done by venting the chamber again with the oxygen
mixture at 20 mbar for 2 min (the pressure-time here is irrelevant, as long as it is high
enough to saturate the oxidation). The idea is to have the top of the junction neatly
oxidised with a uniformly distributed layer of clean aluminum-oxide before exposing
it to the dirty atmospheric pressure.

The final step after the shadow evaporation is to strip the resist bilayer (and the
thin film of aluminium now on top of it) from the sapphire substrate in a process

called “lift-off”. This is done by placing the chip in hot Acetone at 50°C for 10-
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15min. The aluminium thin film should lift-off in a single sheet piece, which we
gently blow off with the use of a clean pipette. After dipping in IPA and N, blow
drying, the chip can be inspected under an optical microscope to check if the junction
is actually there and the lift-off worked neatly. An example of a junction with the
SEM is seen in Fig. If the lift-off does not work properly, the reason is usually
a wrong exposure dose. In the future, some tests need to be performed on additional
resist residues cleaning of the chip in order to improve coherence times and obtain
less ageing of the junctions. For example, after the lift-off in Acetone, the chip could
be placed in hot DMSO for 15 min to remove the rest of the residues on and around
the junction. Many groups perform the lift-off in NMP for several hours [100], which

it seems really leaves the junctions clean and also prevents them from ageing.

Figure 4.10: evaporator
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4.1.5 Junction thickness and evaporation angle

The reason for choosing the first layer (30 nm) substantially thinner than the
second (70nm) is that this way the top layer thickness does not substantially vary at
the transition from substrate to aluminium overlap. Furthermore, the layer must be at
least 10 to 15 nm, because the superconducting gap energy is expected to be modified
for such thin films, enabling the undesired presence of quasi-particle traps [I36]. When
depositing metal under a large angle, the effective thickness of the deposited layer
will not be the actual tracked evaporated quantity. Since cos(60) = 1/2, we end up
with only half the thickness, i.e. due to the 60° angle the evaporated aluminium
through the resist shadow mask is distributed over double the surface, as illustrated
in Fig. From simple trigonometry the effective thickness is determined by the

surface width d.,4 of the deposited layer via

dend = devap (42)

cos(a)’
where d.,,, is the opening width of the incoming evaporated particles, associated
with the integrated evaporation rate as measured by the crystal monitor, and « is
the evaporation angle relative to the substrate normal. For the first layer of our
junctions, a = 60° and the desired thickness is 30 nm, so we evaporate 60 nm to end
up effectively with 30 nm.

The large angle of 60° is responsible for depositing the first layer “T”-pattern of
the bridge onto the resist side wall in the undercut, a principle called “side wall
deposition”. This way, this shadow structure is removed during lift-off. The resist
profile is specifically designed with the undercut boxes for this purpose of removing

the shadow structure Without the undercut boxes, the side wall deposition would

rip off too close to the junction. In Fig. , the SEM image shows the first layer
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angle evaporation
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Figure 4.11: Schematic of a large angle evaporation, showing that the effective final
surface width d,,q of the evaporated thin film depends on the the angle . At an
angle of a = 60°, the system needs to evaporate 60 nm to give a final thickness on
the chip of 30 nm.

“T”-structure ripped off during liftoff leaving only the finger as the bottom electrode.
The “T”-structure is obviously present in the second layer, since it is deposited with
no angle and hence no side wall deposition.

Inspecting the junction after lift-off with the SEM allows to indirectly measure
the height hpiayer = 850nm of the bilayer resist by measuring the length of the shift

lshipe =1500nm between the two deposited layers and using the formula

hbilayer - lshift/ tan(60°), (43)

The formula indicates that a minimum angle of 50° is necessary to achieve the required
overlap of the junction fingers (relative shift of the two deposited layers).

As mentioned above, the initial design for Josephson junctions did not contain
the bridge’s “T”-shape in the pattern (see Fig. [4.8n), and the evaporation was done
at the two respective angles 30°/30°. With these relatively low angles, the first layer
shadow structure does not get deposited on the side wall, and hence is still present

after the lift-off, as seen in Fig. 4.12h)b).
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Figure 4.12: SEM images of fabricated Josephson junctions. (a)(b) Original design
with the shadow arm. (c)(d) “T”-shape design.

4.2 3D transmon design

The design for the entire 3D transmon is shown in Fig. [£.13], where the large green
pads are the shunting capacitor electrodes, and the inset is a zoom on the Josephson
junction area. The dimensions of the pads are designed in order to obtain the desired
charging energy Fc ~ 1/Cyx to place the transmon into the regime with a good
E;/FE¢ ratio of a approximately 100. Varying the geometry of the capacitor pads can

have a significant effect on the transmon’s coherence times due to dielectric surface
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Figure 4.13: AutoCAD design pattern of 3D transmon qubit for e-beam lithography
exposure. (a) Design of the entire qubit with the large shunting capacitor pads in
green. (b) Zoom on the Josephson junction area.

participation ratios leading to more or less dielectric losses [192].

4.3 DC measurements of Josephson junctions

4.3.1 Junction parameters

Superconducting qubits for circuit QED experiments require two precisely engi-
neered parameters of the Josephson junction in order to achieve the Transmon regime
and a strong cavity-qubit coupling strength g: the Josephson energy E; and the charg-

ing energy E¢. These two fundamental energies are defined by (see Section [2.3.2))
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CI)()IC 62
E, = Ep = —
7T Tor ¢ 90

(4.4)

where I.. is the critical current of the junction, &5 = h/2e the flux quantum, and C
is the total capacitance between the two superconducting islands on either side of
the junction. The critical current is a measure of how strongly the two phases are
coupled through the tunnel junction. It is therefore proportional to the junction area
A and must also be dependant on the tunnel barrier thickness d. Defining the critical
current density j. which scales exponentially with the barrier thickness allows us to

express the critical current as

I.=j.A (4.5)
S h S —
Jo= =800 e (4.6)
2mg
A
CJ = EQETE s (47)

with ng,ng the magnitudes of the wave function at the boundaries +d/2 of the
junction, and k, the characteristic decay constant, see [73] for a detailed derivation.
The energies can therefore be directly controlled by designing the height and width of
the junction fingers for the e-beam lithography to achieve the desired junction area A.
The junctions fabricated for qubits in this thesis are designed to be 200 x 200 nm, but
effectively end up being between 150 x 150 nm and 250 x 250 nm due to variations
in the resist thickness and the development step. The second control parameter,
the grown barrier thickness d, is proportional to the product p,, - t,; of the oxygen
pressure and oxidation time, which allows us to control it using the calibration graphs
in Fig. In reality, we do not directly measure d, rather the room temperature
tunnel resistance R,, of the junction (the junctions electrical resistance in its normal

state), which then gives us the critical current with help of the Ambegaokar-Baratoff
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relation [4]

). (4.8)
The A(T) represents the superconductor’s energy gap and kg is the Boltzmann con-

stant. When 7" — 0, as is effectively the case for our junctions when we cool the

qubits down to 10 mK, then (4.9) simplifies to

I TA(0)
" 2R,

(4.9)

Replacing this critical current into (4.4]) gives us the Josephson energy F; directly as

a function of the tunnel resistance R,

B, — q)oﬂ'A(O)
77 on 2R,

(4.10)

According to BCS theory [89], the superconducting energy gap 2A(0) is related to
the critical temperature of the superconductor as 2A(0) = 3.50kgT,. Four-point
measurements at 10 mK of 50 nm aluminium thin films fabricated in our home-built
evaporator in Oxford revealed a critical temperature of T, = 1.26 K and a super-
conducting energy gap of A(0) = 0.191meV for our aluminium films. A plot of
(4.11)) using these values is shown in Fig. |4.14a. The panel b) shows the plot for the

transition frequency of the qubit using the relation

for = \/8E;Ec/h. (4.11)

4.3.2 DC measurement setup

We built a four-point DC measurement setup to measure the room-temperature
resistance of the junctions and the I-V curve at 10 mK. However, the Josephson
junctions kept blowing up as shown in the SEM images in Fig. [£.15] We suspect that

some electric discharges form the operational amplifiers contained in the circuit were
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Figure 4.14: (a) Josephson energy E; as a function of the normal junction resistance
R, with A = 0.191meV. (b) The ratio E;/FE¢ vs junction resistance R,, with a fixed
E¢, allowing us to choose the target resistance to obtain a good transmon regime
E;/Ec > 1. (¢) The transmon transition frequency fo; vs Josephson energy E; for
various values of charging energy Fo ~ 1/Cs. This allows us to choose the right
capacitance for the transmon design to target a desired qubit frequency.

causing the blows. Therefore, we instead measured the room-temperature resistance
of the junctions with a DC probe station from the firm Semiprobe (Lab Assistant
model) and a Keithley 2450 Sourcemeter depicted in Fig. 4.17. The prober can
carefully contact its very fine probe needles to the small aluminium contact pads of
100 x 100 pm fabricated on each side of every Josephson junction, as seen in the optical
microscope image Fig. 4.16, Accordingly, we could fabricate chips containing 20 to
40 junctions that could then be easily DC probed via their contact pads to measure
the resistances with the Sourcemeter, without ever blowing up the junctions. Indeed,

the Sourcemeter is a sophisticated electronic instrument that can apply very small
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Figure 4.15: SEM images of blown Josephson junctions. (a) A junction torn in the
thin junction area. (b) A junction fully blown apart as a result of an electric DC
discharge.

voltages - down to nanovolts - and is internally well designed and protected to prevent
any electrical discharges that would destroy the junctions. We apply a voltage of
0.1 mV with the Sourcemeter across the Josephson junction, it measures the resulting
current and displays the corresponding resistance. Our junctions typically display a
room temperature resistance of a few k() to tens of k(2. We subtract a resistance of
roughly 30 €2 from the part that is not due to the junctions by measuring a junction

that is deliberately fabricated to be shorted.
4.3.3 Junction oxidation, resistances, and ageing

When Josephson junctions are exposed to air, they undergo a phenomenon known
as “ageing”, where the normal state resistance increases over time. Two mechanisms
are known to provoke the ageing. The first effect is the continuing oxidation of the
junction barrier in air, which happens mostly near the circumference of the junction.
The second is believed to originate from the fact that the AlO, barrier that is formed
during fabrication is rich of oxygen and only slowly relaxes to the stable Al;O3 by a

diffusive mass transport from the oxygen rich surface to the underlying aluminium
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Figure 4.16: Optical microscope image of an array of Josephson junctions with contact
pads for DC measurements of the junctions on the probe station at room temperature.

Figure 4.17: Picture of the DC measurement setup with the probe station and the
Sourcemeter used to measure the normal resistance of a Josephson junction. In fact,
this very picture shows the successful probing of our first transmon qubit, displaying
a junction resistance of R,, = 3.965 k().
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[106]. Some groups [100] have found that the ion mill removing organic residue before
deposition is likely to play a significant role in preventing the ageing, and that the long
lift-off (several hours) in hot solvent “anneals” the junction and prevents subsequent
ageing.

We measured the room temperature normal resistances of a series of junctions
fabricated under varying oxygen pressure and oxidation times, i.e. varying p,; - tos.
The consistency across many identical junctions on a single chip is shown in Fig. 4.18
for various chips. The junctions on chipb were oxidised at 2 mbar for 60 s and displayed
a normal resistance R, = 5.4 £ 1kQ directly after liftoff (Days 0) with a standard
deviation of 0.6 k€2, which is a maximum of 10% difference. The ageing of the junctions
on chipl over the period of several days is shown in Fig. Each point represents
the average resistance over all measured junctions on a given day. The ageing curve

is fitted to a non-linear equation

R, = Ry + alog(t), (4.12)

where t is the time exposed to air after lift-off, Ry is the initial resistance after lift-
off, and « is the ageing factor. The particular chip in Fig. fits to the values
Ry = 20.4k) and o = 2.17. Our junction evaporation and oxidation process is
subject to fluctuations in the resulting tunnel resistances from one chip to another,
and therefore such reference graphs are only of limited use. We postulate that the
likely reasons for the fluctuations are the imperfect vacuum in the loadlock chamber,
excess water vapour in the chamber, and the imperfect stability in the evaporation
rate of the aluminium in our home-built evaporator. Furthermore, it should be noted

that the resistance decreases slightly when the chip is cooled to 10 mK.
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Figure 4.18: Room temperature normal resistances for many identical Josephson
junctions fabricated on the same chip. The blue traces are chipl results, the red are
chip2, and the green are chip5. The various traces are results for varying amounts of
days after the liftoff, showing the ageing.
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Figure 4.19: Average normal resistance of the junctions on the chipl over time,
showing the ageing of the junctions. The green line is the non-linear fit of the ageing.
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4.3.4 Investigation of junction oxidation rates

We investigate the fluctuations in the junction oxidation process resulting in the
spread of resistances from chip to chip with the use of a residual gas analyser (RGA).
The RGA is attached to the loadlock chamber. The RGA is a mass spectrometer
that analyses the pressure in the chamber and displays the precise content in the
form of pressure contribution of each atomic mass unit (amu). The RGA analysis
for the water content during the aluminium evaporation is shown in Fig. [£.20p. The
water content slowly decreases during the short pump phase, and then first drops
when the electron beam source is turned on and starts to heat up. It drops again
once the aluminium evaporation occurs, reaching as low as 3.5-10~® mbar in the case
of chip5. Five chips were evaporated while monitoring the water content with the
RGA and then oxidised with identical oxygen pressure 2mbar for 60s. In order to
achieve different water contents before the aluminium evaporation of the first junction
layer, we altered the procedure for pumpdown, such as introducing a Ti pump or not,
pumping for a longer or shorter time. The mean resistance across many junctions
on each chip was measured and plotted in Fig. [£.20p. We predicted that water in
the chamber during the junction oxidation would act as catalyst to the oxidation,
but in this experiment the results show no correlation between the water content
and the resistance of the junctions. We postulate that the reason for this is that
the experiment has too many uncontrollable parameters such as evaporation rate,
presence of other gases in the chamber, liftoff and fabrication variations from chip to
chip. The current upgrade of the evaporation to a cryopump will likely improve the
vacuum in the chamber and thereby help to slow down the oxidation rate in order to

better control the junction resistances.
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Figure 4.20: (a) Average resistance of junctions on a chip for various chips evaporated
under different water content pressures. (b) Time evolution of the total pressure P in
the chamber during an aluminium evaporation, here of chipb. The pump down was
only a short 10 min and there was no Ti pump performed.



Chapter 5

Resonators and 3D cavities

The superconducting transmon qubit is embedded in a three dimensional aluminium
cavity which acts like a coupled resonator. The theory on rectangular cavities, their
quality factors, and the LCR resonator model are presented in this chapter. We
present measurements of high quality factors of cavities that underwent an aluminium

etching process.

5.1 Rectangular cavities

In this section we present the 3D cavities that we use for circuit QED as shown in
Fig. 5.1} The cavities have a chipslot drilled to place the sapphire chip that has the
transmon qubit embedded. The cavities have a port hole on one side to enable an
SMA pin to enter the cavity for external coupling in order to let signals inside. The
chipslot is 0.55 mm deep. We first present the bare cavity with no chip slot and no
chip.

Solving Maxwell’s equations with boundary conditions in a rectangular cavity
describes the electric field modes that can build up inside. Considering a cavity

formed by a perfect conductor, the boundary conditions are £ = 0 and H, = 0.
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Figure 5.1: (a) Picture of a 3D aluminium cavity with a sapphire chip embedded.
(b) Simulation of the electric field strength and distribution of the first TE101 mode
in a one port 3D cavity with a sapphire chip embedded. Simulation performed with
HF'SS software.

This means £, = E, = 0 on the end walls at y = 0, b with

e = Bycos (707 ) s (57) in (77)
e () (%)
L. = Egsin (m;rsc) sin (%) cos (]%Z) :

where a, b, and d are the cavity dimensions along x, y, and z axes, respectively, as

shown in Fig.[5.2] and m, n, and p are positive integers representing the mode indices.
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Figure 5.2: Electric field strength and distribution of the lowest three TE eigenmodes
in a 3D cavity. (a) TE101. (b) TE201. (c) TE103.
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The resonance frequencies of the cavity are given by [90]

=gV () + () + () (52

It is clear from Eq. that the lowest non-vanishing mode is one with maximum

one index equal to zero, since two indices with value zero would in all cases make
all the E fields vanish. For cavities with b < a,d, the lowest mode is TE;;, where

(m,n,p)=(1,0,1) which has only one electric field component

T os %, (5.3)

E, = Ejycos

with a resonance frequency at

c T\ 2 T\ 2
= ————1\/ | — - . 5.4
. 21/l €y <a> + (d) (54)
A visualisation of this mode is shown in Fig. 5.2 making clear that the field strength

is independent of the dimension b in the y axis.

5.2 Energy storage, dissipation, and ()-factors

As derived in [90], resonant cavities possess a set of discrete frequency modes.
When exciting a particular mode by an external source, its electric field can only
build up in the cavity if it is exactly at its resonance frequency. In reality, dissipation
in the cavity walls leads to a smearing out of the sharp resonance frequency, allowing
a narrow band of frequencies around the eigenfrequency to enter. The quality factor
Q) of a cavity is a measure of the sharpness of response of the cavity to an external
excitation, and is defined as 27 times the ratio of the time-averaged energy stored in

the cavity to the energy loss per cycle

Stored energy
Q = wporeC Cncrey

Power loss
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where wy is the resonance frequency assuming no losses. The power dissipated in
ohmic losses must be equal to the negative of the time rate of change of stored energy
U due to conservation of energy. Thus the total energy stored U(t) as a function of

time is given by
dU Wo

. Q (5.6)
U(t) = er—wot/Q7

where the second identity is the solution to the time derivative equation. This means
that an initial amount of energy Uy stored in the cavity decays away exponentially
with a decay constant inversely proportional to (). Oscillations of the electric fields

in the cavity are consequently also exponentially damped as
E(t) = Ege*0t/2Q g—iwot, (5.7)

Damped oscillations do not have a pure frequency such as the above, but rather have

a superposition of frequencies around w = wy,

1 e ,
Et)=— E(w)e ™" dw 5.8
0=—=/ B (55)
1 o0 A
Bw) = —— Egew0t/2Q gmilwmwolt qg 5.9
w-—=[ & (5:9)
Performing this elementary integral leads to a frequency distribution for the energy

in the cavity in the shape of a Lorentzian

1
(wo/2Q)* + (w — wp)?

|E(w)]? o (5.10)

The energy |E(w)|? is maximum at resonance frequency w = wp. It has a full width
at half-maximum dw = wy/Q. The width dw is the frequency separation between the
half-power points, i.e. the bandwidth at -3 dB, or half the amplitude as shown in

Fig. |5.3] and the quality factor is

Q: — = woT = 27—, (5.11)
w K
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which relates to the lifetime 7 and linewidth x of the resonator.

The energy loss of a cavity is composed of two main parts. The first part is the
internal power dissipation due to lossy dielectric of the finite conducting walls P, .
and of the dielectric filling the cavity P, 4 (as is the case when placing a sapphire chip
inside the cavity in 3D circuit QED). For an empty cavity filled with high vacuum
the P, q is dropped. The second part is the external loss F.,; through the coupled

microwave ports. The total quality factor for a cavity as defined in Eq. is then

U
(Pint,c + Pint,d) + Pext .

Qtot = wo (5.12)

Defining Qnt = wo U/(Pint.c+ Pint.a) and Qezt = wo U/ Peyy then splits the total quality

factor into
L1
Qtat Qint Qe:ct .

The Q;,: is called the unloaded (), since it is characteristic of the resonant circuit

(5.13)

itself in the absence of any load from external circuitry, whereas the @, is called
the loaded Q. Defining in addition the coupling coefficient g = P..;/Pint = Qint/Qext

gives

Qint
1+g

Qrot = (5.14)

The case g = 1 is referred to as critical coupling, ¢ < 1 undercoupling, and g > 1
overcoupling.

The internal quality factor Q... for a rectangular cavity of dimensions (a,b, d)
with lossy conducting walls can be directly calculated from the conductivity of the

cavity walls o. [I54]. The formula is obtained by integrating the stored energy and

the power loss in Eq. [5.5 using Eq. [5.1}

wOU \/7TV0/L00'C(0/2 + bQ)CLbd

Qinte = Pt 2d(a® + %) + ab(a? + 12)

(5.15)
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This will be used in to determine the conductivity of our cavities by inserting
experimental obtained values of ();,,;. Similarly, the internal quality factor (. q for
a rectangular cavity with a lossy dielectric filling with loss tangent tand, but with

perfectly conducting walls, can be found to be

Qint,a = = : (5.16)

A cavity with both lossy conducting walls and a lossy dielectric filling then has a

combined Qint = (]-/Qint,c + ]-/Qint,d)iy
5.3 Parallel LCR circuit resonator

A 3D waveguide cavity can be fully represented by a parallel LCR circuit with
resistance R, capacitance C, and inductance L, as shown in Fig. [5.3h.
Considering the voltage and current across a resonator as complex numbers, then

its impedance is defined as Z = V/I. Following [I54], the impedance of a parallel

(a) (b) [
o 5
=
C iy
Z L — R E*,
<

o mN: . 00

Frequency [GHz]

Figure 5.3: (a) Circuit diagram of a parallel LCR circuit. (b) Transmission spectrum
of a GHz resonator (3D cavity) with resonance at wy fitted to a Lorentizian function.
The full width at half maximum dw determines the quality factor.



5.3. Parallel LCR circuit resonator 110

LCR resonant circuit takes the form
= (5.17)
1\t
Z- <_ i+ ,_) | (5.18)
W

Consider now the Q;,; of the resonator. According to Eq. [5.5 and Eq. [5.13] and only
considering the internal power loss P;,;, we can split the average energy stored into

the electrical U, and magnetic Up,q, component to obtain

Uel + Umag

Qtot =w )
-PZOSS

(5.19)

where we have relabelled P;,,; = P, for clarity. The power dissipated by the resistor
is given by

]Dloss i (520)
the average electric energy stored in the capacitor and average magnetic energy stored

in the inductor respectively is

1
Ug = ZyV|2(J (5.21)

1 1 1
Umag - Z|]L|2L - Z|V|20J2—L . (522)

The circuit is in resonance when the average electric and magnetic stored energies are

equal U = U,yqg, implying that the resonant frequency is defined as

1
= (5.23)

Evaluated at resonance the internal ) becomes

Qint = wo =7 (5.24)

— woRC'. (5.25)
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We can now express the impedance as a function of the quality factor by defining

w = wy + Awy and rewriting Eq. as

| w? — w? - 1 _ -
7 = [}_% + iwC (7)1 ~ (E + QZCAw) (5.26)

B R B R
1+ 2%AWRC 14 20QimAw/wy

(5.27)

This relation demonstrates that the resonance for the parallel LCR circuit indeed
appears at the frequency wy and that the Q;,; relates to its bandwidth.

Considering now that our cavity is coupled to microwave ports, let Zy represent
this external load impedance on the circuit, and the external quality factor @.,; can
then be expressed similarly as

Zo

ext — 1 5.28
Qui= 2 (5.2

Finally, we obtain the coupling constant for the LCR circuit as

mn R
:gZ:Z' (5.29)

9

5.3.1 Two-port transmission measurement

We are interested in the transmission and reflection of a cavity coupled to two mi-
crowave ports. The 'S-matrix’ formulation is useful to describe the two-port network
analysis of circuit. The four coefficients S;; of the S-matrix are the four S-parameters:
Si1, 521, S12, S22. Each element S;; represents the ratio of the amplitude of an outgo-
ing wave on port ¢ to the amplitude of the incoming wave on port j. From [154] the

transmission coefficient Sy is given by

Z

S —
21 Z—f-Z()’

(5.30)
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for a resonator with impedance Z coupled to an external transmission line with
impedance Zj. Using Eq. |5.26] this gives us

R
N R+ Zo + QiZOQintACU/wO
R2
(R + 20)2 + (QZontAw/wo)Q ’

S21

|51 |* = (5.31)

where the second relation represents the transmission amplitude and visibly has the
form of a Lorentzian peak. More generally, the Lorentzian distribution function

describing the resonance line shape of a cavity mode has the form

1
W — Wy 27
”( &u/z)

where Aj is the maximum amplitude of the peak at the resonance frequency wy and

F(w) = A (5.32)

dw is the full-width at half-maximum FWHM, see Fig. [5.3b. Equating Eq. with
Eq. [5.32] gives us

2

ZoQint (R+ Zy)?’ (5.33)

which allows us now to express the total () from Eq. for the cavity using the

results from Eq. and Eq. as follows

= = 5.34
Qtot wo ZoQint ( )
1+4+g
= 5.35
Qint ( )
1 1
= + . 5.36
Qint Qemt ( )

Measuring the FWHM of a cavity resonance allows us directly to obtain the Q;.,
but it does not allow direct extraction of the internal or external quality factors
Qint and Q..¢. The solution is to additionally extract the insertion loss IL from the

measured resonance. Since the transmission is usually measured with a VNA (Vector
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Network Analyzer) in logarithmic units as S;; = 101og(Pput,j/ Pin,i) [dB], the insertion
loss IL is defined in dB as the difference between 0 dB and the maximum transmission,
as shown in Fig. . Converting the IL from dB units into an amplitude (voltage)
via lp = 107"/29 the insertion loss becomes the deviation of the peak transmission

from unity at resonance frequency wy of the Lorentzian line shape, which corresponds

to the amplitude in Eq. (lp = v/ Ap) such that

_ R ? _ g ? _ Qint ?
AO B (R+ZO) B (ﬁ) B (Qint+@ezt) ‘ <537)

Substituting Eq. into Eq. [5.37 we can obtain the internal quality factor directly

from measuring the insertion loss IL and loaded @ via

Qtot Qtot
Qunt 1— VA, 1-10"1L/2 (5.38)
Finally, we also obtain the following relation in dB units
IL = —20log (L) dB, (5.39)
g+1

which is useful to analyse over- and undercoupling regimes. For instance, it directly

shows that a strongly overcoupled resonator g > 1 has near unit transmission IL ~ 0.

5.3.2 Reflection measurement

For measurements in reflection from a single coupling port, the reflection coeffi-

cient Sqp is given by

Z — Zy

- 222 (5.40)

_ R~ Zy(1 + 2iQinAw/wo) (5.41)
R+ Zo(1 + 2iQmiAw/wo)

 Qint = Qeat (1 + 2iQinAw/wp) (5.42)

B Qint - Qext(l + QiQintAw/w()) ’
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where we have used Eq. and Eq.[5.29, This reflection function expresses a dip in
power at the resonance frequency, seen in Fig. [5.4h, as opposed to a peak in transmis-
sion for S»;. In the reflection measurement, the loaded ) is not related to the width
of the dip anymore. However, both Q;,; and Q).,; are present in Eq. and therefore
they are directly obtained from fitting the function to the data in the complex plane,
see Fig. [5.4c. The reflection measurement is only useful for overcoupled or slightly
undercoupled cavities with g ~ 1, because with strong undercoupling the reflected
signal is swamped by the background trace due to the impossibility to calibrate out

the lines down the fridge.
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~
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Figure 5.4: Reflection measurement Si; and fit of the 3D cavity with a sapphire
chip embedded. (a) Amplitude of Si;. (b) Phase of Si;. (¢) Smith chart, plot and
fitting in the complex plane. The extracted quality factors are Q;,; = 195000 and
Qe = 250000.

5.4 Measurements of 3D cavities

5.4.1 Cavity design

The geometry for our cavity is engineered in order to optimise the mode structure
for minimising qubit leakage into higher cavity modes. Our standard cavity with di-
mensions 17 x 3.5 x 20 mm has resonance frequencies of the TE;g;, TE g2, and TEgg;
modes at 11.58 GHz, 17.40 GHz, and 19.17 GHz respectively. We used such a design

because the second and third TE mode are further away from the first in frequency by
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more than 5 GHz, simultaneously though still keeping the mode non-degeneracy be-
tween TEgg and TEqg,. The cavities are machined of Aluminium T6061, and etched

cavities are made of ultra pure Aluminium 5N5 with 99.9995% purity.

5.4.2 Aluminium etching

Obtaining extremely high Q cavities requires etching the inner surfaces of the
cavity walls. The aluminium etchant used for this purpose is ANPE 80/5/5/10 in
VLSI quality (normal purity), a liquid mixture from Microchemicals GmbH, which is
made of phosphoric acid, nitric acid, acidic acid, and water, with the concentrations

shown in Tab. .11

Mixture H;PO, : HNO3; : CH3;COOH : H,O
Concentration [w/w] | 73%  :31% :33% :20.6 %

Table 5.1: Concentrations in the aluminium etchant.

The nitric acid is responsible for oxidising the aluminium to form Aly,O3 at the
surface where the phosphoric acid then dissolves the Al,O3. The acetic acid is mixed
for the purpose of wetting and buffering, whereas the water is to control the etch rate
for given temperatures. The etchant’s specification sheet indicates the temperature
dependance of the etching rate in angstrom per minute. For a temperature of 50°C
and 60°C we get an etch rate of 21 pum/hour and 33 pm/hour respectively. The
results from cavity etchings in [I56] indicate that etching more than 100 um does not
improve the quality of the cavity. To remove a 100 ym layer we must therefore etch
the cavity for three hours at 60°C.

The mixture needs to be refreshed upon saturation, which is apparent when no

etching bubbling is visible anymore and the mixture has turned very dark green. A
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red fume starts emanating when the mixture is heated too much, above 70°. The
first pair of 5N5 Aluminium half-cavities that were etched in 500mL of acid showed
us that the etching process will not keep the surfaces flat at a mm scale, as clearly
visible in Fig. [5.5p. It was expected that by stirring the mixture during the process
with a magnetic stirrer at a rate of 350 rpm the mixture would be constant and
homogeneously active. A second test with no stirring showed that the surface flatness
after the etching did not significantly improve. The best approach is to use very fine
sandpaper to polish the top half-cavity surface to make it flat again after the etching,
such that when closing the cavity with the second half the two surfaces match tightly
with no leaks for light. An alternative is to machining the top surface flat again, but
because the ultra pure aluminium 5N5 is so soft, this inevitably creates large burrs
which deter the quality factor. Furthermore, when taking the first test cavities out
of the etching mixture, they were rinsed in a distilled water beaker and then blown
dry with nitrogen, and subsequently placed in an ultrasound cleaner with distilled
water for several hours. This cleaning procedure has revealed itself to be particularly
faulty because the test cavity continued to etch at several spots during the time it was
sitting in the DI water in the ultrasound. Many small craters of the order of 1-2mm
appear, as seen in Fig. [5.5b, presumably because the acid mixture was not well rinsed
in these spots and was not neutralised when placed in the DI water. In fact, placing
the cavities in DI water for a longer period of time precisely enabled the left over acid
to continue etching, because it needs to be in an aqueous environment to act. Indeed,
this problem had not occurred with first etching tests of 6061 Aluminium when the
cavities were not placed in DI water for a longer time. The definite solution is to
dip the cavities in an Arrhenius base, methanol H3COH, for a minute after rinsing

with DI water. The OH™ from the methanol will neutralise the acid H;O% molecules
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Figure 5.5: (a) A picture of the aluminium etching setup. (b) The smooth, but
uneven, etched surfaces of a 5N5 pure aluminium cavity. (¢) Example of spots were
the acid was not properly neutralised and continued the etching.

from the phosphoric acid. A subsequent test etching has shown that this procedure
of neutralisation is effective.

In order to save on acid mixture, a test was performed on a sample of 5N5 Alu-
minium with a tape protection of the outside walls of the cavity, in the hope that
the tape prevents the covered surface of being etched. In addition, a special laquer,
which is usually used in electropolishing procedures, was painted onto one surface
in the hope that it would protect it as well. It turns out the laquer gets dissolved
by the acid and the tape gets partly released, rendering these efforts unsuccessful in
protecting the outside walls during the etching process.

The results from Tab. show that the etching has significantly improved the
internal quality factor of the one-port aluminium cavities, bringing them typically

above 5 million.
5.4.3 Measurements and extraction of quality factors

The transmission spectrum of a cavity shows resonance peaks at the cavity modes
TE101, TEqp2, and TEgy;. These modes are observed in Fig. [5.6, which shows the

niobium cavity measured at room temperature (red) and at 4 K (blue) with a probe
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stick in a helium dewar. When the cavity enters its superconducting state, the internal
@ of the cavity suddenly jumps to a high value and therefore the insertion loss IL
jumps to nearly zero. The data is calibrated for the attenuation of the microwave

cable lines down the probe. The niobium cavity was also measured at 10 mK and

revealed a Q;n; = 4.6 - 10%, see Tab.

Transmission S,, [dB]

Frequency [GHz]

Figure 5.6: Transmission data So; of the three lowest Niobium cavity modes measured
at RT (red) and 4K (blue). The insertion loss IL indicated jumps to zero when
the cavity becomes superconducting below 9K. Note that the slight offset of the
measurements above zero results from the inability to calibrate the microwave cables
inside the helium dewar.

In circuit QED the readout mechanism of the qubit consists of probing the cavity
with a constant microwave tone at the resonance frequency. To extract the informa-
tion about the qubit from the cavity at an optimum rate, the external QQ should be
low, at the order of 2000 -10000. If the cavity on the contrary is used as a photon
storage, then the Q. should be very large, at the order of 107 to 10%. As a result, it
is necessary to understand and control the behaviour of the external (), which mainly
depends on the pin length of the SMA port connectors entering the cavity, i.e. the

distance between the interior cavity wall to the end of the pin. The pin distance z,

is defined such that when it is positive the pin extends into the cavity, at value 0
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it is exactly at the height of the wall, and when it is negative it is retracted from
the cavity. The further back the pin, the higher the @Q.,;. For two-port transmission
measurements, when the ;,; is very high, the insertion loss becomes too small and
can only be measured with a large error. Therefore it is a useful method to set the
coupling pins back in order to get Qept > Qine. Then the measurable loaded quality
factor becomes Qo; >~ Qint, and therefore the internal @) is directly obtainable from
measuring the FWHM of the resonance peak, without having to use the erroneous
IL. Fig. shows the non-linear fit of the loaded () as a function of coupling pin

distance for the niobium cavity at 4 K.
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Figure 5.7: (a) The measured external quality factor Q..;, which is approximatively
equal to the loaded Q, as a function of pin distance in the Nb cavity at 4 K. The red
line is a best fit to the data, as a guide to the eye. (b) The measured Q..;’s for a set
of different pin lengths Nb cavity at 4 K compared to simulation. The blue line is a
best fit to the data, as a guide to the eye.

The highest internal ) is obtained with the Nb cavity at 10 mK. It was measured
to be 3.85M when the temperature of the cryostat had been 22 mK for a day. Two
days later, it was measured to be 4.6M at 22 mK. This indicates that the cavity is not
perfectly thermalised and that only time brought the bulk of the cavity to the actual
22mK. The thermalisation was done with a copper braid. A second round of mea-
surements on the Nb cavity was performed, where base temperature of the cryostat

was 10 mK, and a tin-platted copper braid was used. Tin is a superconductor below
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Cavity  Type T[K] w [GHz] Qi Qeat
2-port cavities 15 X 8 X 32.7 mm
Nb Niobium RT 10.827 2110
4K 10.792 288-103
10mK  10.852 4.6-108
B1 Al 6061 10mK  10.983 1.45-108
2-port cavities 17 x 3.5 X 20 mm
S1 Al 6061 wcs RT 11.7889 2000
10mK  11.8434 366-103
S2 Al 5N5 wes RT 11.7882 2100
10mK  18.0614 607-103
S2 Al 5N5(e) wes  RT 11.6887 1600
10mK  11.7448 2.27-108
Rectl Al 5N5(e) 10mK  11.0936 2.7-10% 1.3-10%
1-port cavities 17 x 3.5 x 20 mm
Rect2 Al 5N5(e) 10mK  11.130 5.4-10% 2.2.10°

Rect3 Al 5N5(e) wes  10mK  11.817 5.2-105 1.1-10°
Rectd Al 5N5(e) wes  10mK  11.817 5.8-105  6.3-10°

Table 5.2: Measured quality factors of various cavities. “wcs” stands for “with chip
slot”. The 5N5(e) are etched cavities. The Q¢ were fitted in [110].

3.7K. For this reason, the braid could perform very badly as a thermal conductor.
Indeed the same Nb cavity was measured now to have only 2.65M internal Q, the
cryostat being at base temperature since 3 days. This is a hint that the cavity was
in fact badly thermalised by this braid. The cavity S1 Al 6061 was also thermally
anchored with the tin-plated copper braid, with a @Q;,; of only 366000. Compared to
the cavity B1 Al6061 which had a value of 1.45M, this is another hint that the braid

is responsible for the low Q. AI5N5 cavities were measured with copper braid.
5.4.4 Surface conductivities

We now use Eq. for the surface conductivity of the different materials and
compare theoretical values o. to values obtained experimentally via the extracted

Qint’s. The resulting values being close to the theoretically predicted ones [1] indicates
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that our measurements and extraction methods of ();,; are reliable.

Cavities 15 x 8 x 32.7 mm

Cavity Al 6061 Cu Nb Al 6061 Nb
RT RT RT 10 mK 10mK
0. exp. [S/m] 22.8-105  58.3-108 7.4-108 3.0-10'2  24.5-10'2
o. theo. [S/m] | 24.6-10°  58.0-10°  6.7-10° - -
Cavities 17 x 3.5 x 20 mm

Cavity Al 6061 Al 6061 AIBN5 Al 5Nb5
RT 10 mK RT 10 mK

o, exp. [S/m] 30-108 10-10'2 21-10° 40-10'2

o. theo. [S/m] | 24.6-10° - 38.0-10° -

Table 5.3: Comparison of theoretical surface conductivities and measured conductiv-
ities obtained from the measured internal quality factors.

5.4.5 Adding a sapphire chip to the cavity

Typical 3D Circuit QED experiments have a sapphire chip placed in the centre
of the cavity on which the superconducting qubit is fabricated, as shown in the
simulation of our current cavities in Fig.[5.1] This lossy dielectric significantly reduces
the internal quality factor of the cavity. We have measured cavities with a chip with
a Qi =~ 200000. From reviewing the literature, it is evident that no group has
yet achieved Q;,; higher than roughly 500000. The extreme high quality factors
are only achieved in empty cavities. An experiment at Yale University [156] has
demonstrated the highest quality factors in etched cylindrical cavities using the TEO011
mode reaching Q;,; = 740 - 10°, and in etched rectangular cavities reaching Q;n; =
69 - 10°. It is worth noting that the etching process is tedious and time-consuming,
and that our unetched cavities have sufficiently high quality factors for our current

3D circuit QED experiments.



Chapter 6
3D Circuit QED

This chapter presents 3D circuit QED experiments through the characterisation
of a transmon qubit embedded in a 3D cavity. First, we describe resonator and qubit
spectroscopy, followed by Rabi oscillations experiments. Then we present the experi-
ments to characterise the decay and coherence times of the qubit.

Our single-junction superconducting transmon qubit is embedded in an aluminium
3D cavity, depicted in Fig. , with a bare fundamental mode w./2m = 10.47 GHz.
The cavity is thermally anchored, inside a magnetic shield, at the base temperature
10mK inside the dilution refrigerator. Two SMA coupled ports allow microwave
signals in and out of the cavity at a rate of xk/2m &~ 480kHz, limited by a coupling
quality factor (Q.,; = 25000. The internal quality factor reaches @Q;,; = 190000 and
5x 10% with and without the sapphire chip inside, respectively.

The photograph in Fig. [6.1a)b) shows the first working transmon qubit we embed-
ded in a nano-machined aluminium cavity. We have subsequently fabricated several
qubits and characterised them in both two-port and one-port cavities. In this chapter
we present in detail the characterisation of a transmon we name Transmon-J, which
we embedded in a two-port 6061-aluminium cavity machined in the Clarendon Labo-
ratory workshop. Through characterisation of the Transmon-J this chapter presents

how experimental 3D circuit QED is performed with a single qubit.
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Figure 6.1: (a) Photograph of the open 3D aluminium nano-machined cavity with
the qubit on the sapphire chip embedded at the centre. Courtesy of Arjan van Loo.
(b) Photograph of the superconducting qubit Transmon-1st. The two capacitive
electrodes have dimensions 250 x 450 pm each and are separated by 100 pm. (c)
SEM image of the Josephson Junction.

6.1 Resonator spectroscopy

In circuit QED, the first and most basic measurement that is always performed is
finding the resonance frequency of the cavity, which at the same time serves the pur-
pose of verifying that the experimental setup works correctly (in particular, it checks
that the powered cold amplifier works and that the FPGA acquires and digitizes the
transmitted signal properly). At low applied power (where the resonator population is
on the order of a few photons), the quantum effects of the dispersive regime discussed
in Section dominate and the resonator frequency undergoes a shift conditioned
on the state of the qubit. At high powers though, the system behaves classically

and the transmission profile is centred about the “bare” cavity frequency [148]. To
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perform the resonator sweep, we send coherent readout microwaves of frequency w,y
(called the RF signal) through the resonator at a chosen detuning A, = W,y — we
from the bare cavity resonance w,., and measure the averaged voltage amplitude of
the transmission coefficient Sy; (or reflection coefficient Sj; for one-port cavities) of
the signal over many experiments. Through our heterodyne detection scheme (Sec-
tion , the voltage amplitude of the transmission signal at w,, is recorded by
the FPGA. More precisely, the down-converted I and () voltage quadratures of the
transmitted signal are individually sampled at a rate of one sample per 4 ns for 10 us,
and then combined to form the voltage transmission amplitude 7" = \/m, re-
sulting in the time resolved cavity response trace shown in Fig. |6.7a. This trace is
integrated over the 10 us to give one data point. The experiment is repeated on the
order of 10* times, meaning that each data point gets averaged 10* times, and as a
result we obtain the resonator trace plotted in Fig. [6.2c.

This measurement allows us to directly extract the state populations of the qubit.
As described in Section [5.3] the cavity can be described by a parallel LCR resonator

and therefore has a response that takes the form of a Lorentzian peak

Di
1+ 2iQu(wyw — wi)/wi

(6.1)

él(wuw) =

or dip for the one-port case, centred around the qubit state-dependent frequency w,
with qubit states ¢ = 0,1, 2, ..., with magnitude p; representing the state population,
and @); the total quality factor. When the total population p is distributed over

several states |i), the transmission becomes

So1(Wpw) = Z Sél (W) - (6.2)

This population distribution is visible in a resonator spectroscopy of our 3D cavity

coupled to the Transmon-J shown in Fig. [6.2c, where we clearly observe the resonator
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Figure 6.2: (a) Resonator spectroscopy as a function of RF input powers in dBm. At
low input powers, < —50dBm, the cavity resonance undergoes a dispersive shift due
to the presence of the qubit via the dispersive interaction, and it behaves linearly. At
high incident power, the dispersive shift of the cavity is neutralised and the mode of
the cavity appears at it’s bare resonance frequency w,. (b) 3D plot of the data in (a).
(c) Transmission trace at the input power -55 dBm, fitted to a multi-peak Lorentzian
function. The resonator peak shifts in frequency w; depending on the state of the
qubit |i) for i =0,1,2,3.

dispersively shifting for qubit states ¢ = 0,1,2,3. The qubit indeed has residual
thermal population in the excited and higher levels due to the fact that the cavity

is not perfectly cold, and therefore these populations accordingly shift the resonator.

The Eq. is fitted to the data and allows to extract the thermal populations of the
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qubit p;, see Section [6.3.1]

A transmission measurement sweeping RF frequencies for a range of RF input
powers is shown in Fig. [6.2] Detailed values for the Transmon-J are presented in
Tab. [6.1] albeit for a different cooldown than the one shown in Fig. meaning
that the values are slightly different due to ageing of the transmon. At low input
powers, the cavity experiences the dispersive shift yo/27 = 15.1 MHz from its bare
resonance frequency w. to wy (wp is now the resonator frequency when the qubit is
in the ground state |0)) due to the qubit-cavity coupling ¢g/27 = 327 MHz. In this
low power regime, less than -50 dBm, the cavity is linear, meaning that the cavity
response (i.e. amplitude of oscillation) as a function of input power (i.e. number
of photons) is linear. This low-power linear and well-behaved response regime is
what we use for performing readout because we can be confident that the cavity
does not jump or switch due to bistability or some other non-linear effect. One
such low power resonator spectroscopy trace is shown in Fig. for an RF input
power of -55 dBm. For higher incident power, the Kerr non-linearity kicks in [20], the
dispersive approximation breaks down, and the cavity response becomes non-linear.
A dip in transmission appears, most likely due to interference between two bistable
solutions of the cavity, and follows the cavity down in frequency with increasing
power and disappears again at the cavity’s bare frequency w.. This regime is used to
study bistability effects, switching, squeezing, and is used for Josephson parametric
amplifiers [173], BT, 25], 127, B0, 120, 20, 186, 145]. Eventually, at a high power above
—20dBm, the dispersive couplings reduce to zero and the cavity jumps to its bare
resonance frequency w,. where transmission rapidly rises to near unity to the so-called
bright state. In this strongly driven dispersive regime of the superconducting cavity

coupled to the transmon qubit, it has been shown [I59] that the unexpected onset
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of the high-transmission “bright” state at a critical power depends sensitively on the
initial qubit state. Exploiting this Jaynes-Cummings nonlinearity allows to perform
a single shot high-fidelity high-power readout scheme, which we use in Section (7.9 in
Chapter[7] The experiments in this chapter, however, are performed exclusively using
the low power state-dependent dispersive readout scheme to infer the qubit-state by

measuring transmission.

6.2 Qubit spectroscopy
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Figure 6.3: (a) Pulsed qubit spectroscopy for varying qubit drive powers. The wis
transition and the two-photon transition wg/2 appear at higher drive powers. (b)
Photon number splitting traces as a result of the AC stark shift shown for continuous
RF powers in the range -50 dBm to -80 dBm.

To measure the transition frequency of the qubit, we apply two microwave signals:
a qubit microwave pulse at some frequency followed by a qubit readout pulse at the
resonator frequency. In detail, a first pulsed microwave sinusoidal signal referred to as
the qubit drive is applied to the cavity, which is capacitively coupled to the transmon,
and its frequency wgpy.. is swept over a range which is far detuned from the resonator.
The qubit pulse is turned off prior to a subsequent pulsed microwave readout tone

is turned on and is applied through the cavity at exactly its ground state resonance
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frequency wy, and a high transmission is recorded. When the drive frequency ap-
proaches wyp;, then the qubit transition gets driven and acquires a population towards
its excited state and therefore shifts the resonator frequency by the dispersive shift
2x. The qubit pulse is a long saturation tone, much longer than its coherence time,
so that it drives some equilibrium incoherent population of the qubit, to a classical
mixed state of being in state |0) half the time or state |1) half the time, which avoids
the need to carefully tune the m-pulse power. The resonator is fully shifted to the
excited frequency wy; when the qubit is in |1), but it appears with half its height in
both ground frequency wy and excited frequency w; when the qubit is in the mixed
state. As a result, the readout tone which is applied at wy now has a decreased trans-
mission amplitude to about half the value that it has when the qubit is entirely in
|0). A saturation pulsed spectroscopy for various powers is shown in Fig. . The
drive frequency at the maximum drop in transmission is the qubit frequency wp;.
Initially, to find the qubit frequency we perform a qubit spectroscopy with high
qubit drive power over a wide frequency range. Once we have located the qubit
frequency, here at wy/2m = 7.1663 GHz, we can repeat spectroscopy for lower or
higher drive powers in order to indentify the various qubit transitions. The spec-
troscopy trace for drive power 0 dBm in Fig. shows several dips in addition
to wpr: the two-photon transition wpe/2 = (we1 + wi2)/2 = 27 x 7.039 GHz where
the ground state gets excited directly into the second excited state |0) — |2); and
the transition wis/2m = 6.915 GHz from the first to the second excited state of the
qubit. These transitions are used to directly extract the values for the transmon
anharmonicity « and charge energy o/2m = (wo1 — wi2)/2m = —E¢ = 256 MHz.
Knowing wy; and E¢, the Josephson energy E; can then directly be obtained from

Ej; ~ (wo1/2m)*/8FEc = 24.6 GHz. Consequently, we obtain E;/Ec = 96, which
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clearly places our qubit in the transmon regime. For lower qubit drive powers these
additional transitions gradually disappear one after the other as they are not suffi-
ciently driven anymore. Fig. [6.4] shows the qubit spectroscopy focused on the funda-
mental qubit transition wg; as a function of drive power, displaying two horizontal
traces at powers -12dBm and -24dBm in the second panel. The qubit linewidth

experiences power broadening for increasing drive powers, according to the expected

power dependence given by dwyw gy = \/ 1/T3 + 4Q%Ty /Ty, with Ty and Ty the qubit
lifetime and dephasing time, and 2 the Rabi drive rate of the corresponding transi-
tion [I71]. The drive induces stimulated emission of the qubit and therefore reduces
its lifetime, thereby broadening its linewidth. Notice furthermore the photon number
splitting of the qubit frequency that becomes apparent at low powers below -30 dBm.

This number splitting phenomenon is presented in the next section.
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Figure 6.4: (a) Qubit spectroscopy for varying qubit drive powers (power at the
RT upconversion), showing the power broadening of the qubit linewidth. (b) Qubit
spectroscopy traces from (a) at the drive powers -12dBm and -24 dBm.
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6.3 Photon number splitting

We now turn to the second picture in Eq. where the qubit frequency depends
on the number of photons in the cavity. The Hamiltonian term for the qubit in
f{disp,q /his now (@1 +2xa'a)c, /2. This picture expresses a photon-number dependent
AC-Stark shift 2ya’a on the renormalized qubit frequency @o;. This is fully equivalent
to the other picture where instead the Hamiltonian is interpreted as having the cavity
undergo a qubit state-dependent shift y. The qubit frequency is shifted to wgy 4+ 2 if
the cavity contains one photon, to @wy; + 4y if it contains two photons, to wg; + 6 if it
contains three photons, and so on. Since our cavity is in some non-zero thermal state,
it contains a superposition of photon number states and therefore the qubit frequency
is split into many peaks. This number splitting [I70] can be used to entangle the qubit
with the number state of the cavity if the number peaks are sufficiently resolved
[113, ©93]. Furthermore, as long as we are in the low power regime below a critical
number of photons 7 < 7.y = A?/4g* [I70], then the number-split qubit frequencies
are stable.

A measurement of the well-resolved number splitting of our transmon is shown
in Fig. [6.4b. The experiment is performed by probing the cavity with a continuous
(as opposed to pulsed) RF signal in order to have the cavity constantly populated
with photons while we drive the qubit frequency. Decreasing the power of the RF
signal reduces the number of photons in the cavity and therefore shows a decreasing
number of qubit number splittings. When the dip in transmission of the zero photon
frequency relative to the one photon frequency stays constant for further decreasing
RF power, then it indicates the point at which the cavity is solely populated by the
thermal background population, and not the RF tone anymore. In Fig. [6.3p, the RF

power at which this dip ratio between photon number states n = 0 and n = 1 happens
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is -68 dBm (light gray trace). At this point, the ratio is roughly half, which indicates
that the average thermal photon population in the cavity is roughly 7 = 0.5. From
the Bose-Einstein statistics of the photon population at thermodynamic equilibrium

1
chwc/kpTe _ 17

n=
we obtain a cavity temperature 7T, ~ 450 mK, which is very high. Furthermore, the dip
corresponding to one intra-resonator photon n = 1 on average is most prominent for
the corresponding input RF power -52dBm. This is roughly the maximum RF power
we use in order to perform the qubit readout in our experiments with a single photon

on average. In conclusion, the number splitting experiment serves as a calibration

method for optimal readout power.
6.3.1 Thermal photon population

The residual excitation of the transmon, i.e. thermal excitation, is given approx-
imately by the ratio of the qubit ground state population p, to the excited state

population p,. as

pe _ hwge

e *BTq 6.3
p (6.3)

This comes from statistical mechanics, where in thermal equilibrium the Boltzmann
distribution is the probability distribution that gives the probability that a system
will be in a certain state as a function of that state’s energy and the temperature of
the system [107]. Taking the normalized ratio of the resonator transmission amplitude
Pe/py = 0.2 corresponding to both states gives us the qubit temperature 7, = 210 mK.
A more precise method to measure the qubit temperature involves comparing Rabi
oscillation amplitudes between the first and second transitions [92, [140], but it is only

reliable when the second state |2) population is nearly zero, which is clearly not our

case as seen in Fig. [6. 2.
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6.4 Driving the qubit

The Jaynes-Cummings Hamiltonian Eq. describes in one of its terms the
energy of the qubit as hAwgio,/2 with its transition frequency wp;. For the sake of
quantum computing, one needs a channel to read out the state of the qubit and at
the same time a channel to control it. Thus it is of advantage to use an external
gate line to drive the qubit, and use the resonator as readout channel. In traditional
2D circuit QED, this external drive is implemented by sending a microwave signal
through an additional transmission line capacitively coupled to the transmon. In a
3D circuit QED setup however, the external qubit drive is applied through the same

input channel (the cavity coupling port) as the readout.
6.4.1 External drive

Just as a single isolated spin reacts to an applied external magnetic field, the
state of the superconducting qubit reacts to an external EM field that can drive
transitions of the two-level system from ground to excited state. For a given oscillating
voltage Vy; = A cos(wgt + ¢), with frequency wy, phase ¢, and amplitude A, the CPB

Hamiltonian in Section is modified by replacing the gate voltage by
Vy =V, + Vi, (6.4)

where the subscript d stands for “drive”. Expanding the squares and restricting
ourselves again to the first two levels only, the Hamiltonian of the whole system in

the laboratory frame then reads

h Rabi

1
H = _5(6@ + EJ&:C) + cos(wdt + ¢)CAT;C ) (6-5)

where Qpap = 4EcC,A/ e is the so-called Rabi frequency (the meaning will become

clear later). The drive term is time dependant and has a high frequency w in the
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order of GHz. The purpose of changing to the rotating frame is for visualization,
in order to better understand the physics. So after changing to the qubit frame, we
additionally applying the rotating wave approximation (RWA) to move to the rotating
frame. This neglects terms with fast oscillating frequency 2w,;. Although, for it to
be valid, the detuning wy; — wy and the amplitude g, must be small. The driven

Hamiltonian then reads

-~ h A Rapi . Ca
H = §A6z + ; % (cos ¢, + sin $ay) . (6.6)

with A = wg; — wy the detuning of the qubit drive to the qubit transition frequency.
Note that the time-dependance has been removed through the rotating frame and
RWA. Since Qgqp < A, the driving term now clearly shows that the amplitude A or
phase ¢ of the applied microwave drive give us the possibility to rotate the state of
the qubit about any arbitrary axis on the equatorial plane of the Bloch sphere, see
Fig. [2.Tk. This two-level Hamiltonian is therefore now again analogous to the one of

a spin—% in a static magnetic field

H=-hB. 3, (6.7)

N —

with B = (By, By, B.) = (Qrapi €08 ¢, Qrapisin g, A).

This analogy allows us to represent the evolution of the qubit in the Bloch sphere
Fig. [2.1] picture of the |g),|e) subspace. Indeed, Eq. shows that the detuning
induces rotations around the z-axis, whereas the two quadratures of the drive induce
rotations around the x- and y-axes that continuously oscillate the qubit state between
the ground and excited state, a process called Rabi oscillations, which is used to create
bit-flips. In a real experiment, the microwave generators used to produce the qubit
drive are phase locked to a common reference sinusoidal signal with an arbitrary but

extremely stable absolute phase ¢. This arbitrary value is defined as the zero phase
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¢ =0 at t = 0. Hence, when the first qubit drive at ¢t = 0 is sent to the qubit, this
pulse implicitly defines the x-axis on the Bloch sphere. The phase of all subsequent
microwave pulses will be with respect to that initial phase reference.

In principle the qubit is found in the ground state as long as no drive is applied.
The quantum gates of most interest for this thesis are the 7/2-pulse and the 7-
pulse that excite the qubit from the ground state |g) into the equal superposition
state (]0) + [1))/v/2 and into the excited state |e) respectively. This corresponds to
performing a rotation of § = 7/2 = 45° and § = m = 90° around one of the equatorial
axes. With a zero detuning wg; — wg = 0 drive and phase set to zero, the driving
Hamiltonian becomes H = %hQ Rabi0z Which states that the Bloch vector starts to
precess with frequency gqp; around the z—axis. The microwave drive amplitude A
only determines the value of the Rabi frequency Qgu o< A. The total angle 6 of the
qubit state rotation however is determined by the area under the microwave pulse
fgo Q Rapi cos(wgt)dt. For a given drive amplitude, the condition Q gt = 0 therefore
determines how long the drive must be applied for in order for the state vector to stop
precessing exactly at the the desired rotated angle 6. It is important to understand
that in this way we can control the state of the qubit either by changing the microwave

pulse amplitude or the pulse length. Single qubit gates are then given by the pulse

length y:
Hadamard gate : lg) — lg) + le) 7 /2 pulse to = i (6.8)
V2 2Q Rabi
X gate : lg) — |e) 7 pulse to = . (6.9)
QRabi

6.4.2 Rabi oscillations

When the external drive, given by the drive Hamiltonian in Eq. [6.0] is on resonance

with the qubit frequency wy = wpr, the microwave field induces transition between
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the qubit states |0) and |1) around the x-axis (defining the phase to be zero). After a
microwave pulse length 7 the probability that the qubit initially in the ground state
is in state |1) is given by |p;|? = sin®(Qgas 7/2). The state vector on the Bloch sphere
therefore rotates continuously around the x-axis making the probability p; oscillate
in time with Rabi frequency Qgu as long as the drive is turned on.

Coherently manipulating the quantum state of the transmon to perform quantum
gates first requires us to measure and analyse Rabi oscillations in order to accurately
calibrate the 7/2- and 7-pulses needed for our experiments to characterise the energy
decay and dephasing times of the qubit. Starting with the qubit in the ground
state |0), we apply a microwave pulse at wg; for varying pulse length, followed by
a readout pulse. Fitting the resulting Rabi oscillations, e.g. Fig. [6.5c, between
state |0) and |1) at a chosen qubit drive power, permits us to experimentally extract
the m-pulse duration (m-pulse calibration) required to achieve a complete population
transfer from |0) to |1) at transition frequency wp;. The Rabi oscillations are fitted
to a slowly decaying sine function with 2y; the Rabi frequency of the first qubit
transition. Performing Rabi oscillations at a given drive power for a range of varying
qubit drive frequencies, plotted in Fig. [6.5h, allows to determine and calibrate the
exact qubit frequency by extracting the drive frequency at which the Rabi rate is
lowest.

A similar experiment with Rabi oscillations can be performed by varying the qubit
drive power as shown in Fig. [6.6p. Recalling Eq. in Section the resulting
fitted Rabi oscillations verify the expected linear scaling of the Rabi frequency Qg
with drive pulse amplitude A o v/f;, see Fig. . This experiment allows us to
select drive power needed to obtain 7/2- and m-pulses of the desired length.

Alternatively, one can control the Rabi oscillations by fixing the Rabi pulse length
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Figure 6.5: Rabi oscillations performed on the qubit in the two-port cavity. (a) Rabi
oscillations for varying qubit Rabi drive frequencies, for fixed input power -10 dBm.
The qubit drive frequency at which the Rabi frequency is the lowest is used as a
calibration of the exact qubit transition frequency. (b) Schematic of the Rabi pulse
sequence with varying pulse length and the Bloch vector rotating on the Bloch sphere
under a Rabi drive. (c) Fitting of Rabi oscillations for the trace in (a) at drive
frequency 7.166 GHz.
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Figure 6.6: (a) Rabi oscillations for varying qubit Rabi drive powers. (b) Plot of the
resulting Rabi frequencies that scale linearly as a function of the drive amplitude.
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and varying the pulse amplitude. This is actually the more desirable method because
the AWG operate faster when it can simply sweep the amplitude instead of having to
load a new pulse shape (length) for each pulse duration step in the sweep. Further-
more, quantum algorithms need to have the shortest quantum gate time in order to
optimise the number of gates that can be performed before the qubit decays. There-
fore, choosing and fixing the shortest pulse length and varying the amplitude is the
best gate method. There is naturally a lower limit to how short pulses can be made,
since too short pulses lead to a large undesirable spread in the frequency of the pulse.
Since the transmon has a weak anharmonicity, too short pulses therefore lead to large
single-qubit gate errors. Techniques that employ pulse shaping to abate these errors
typically involve Derivative Removal via Adiabatic Gate (DRAG) pulses [36]. In this
thesis however, all Rabi pulses are done without any pulse shape optimization and
are driven by varying the pulse duration. Having obtained the m-pulse calibration,
the qubit can be initialised in the state |0) and we proceed to investigate its decay

and phase coherence.
6.4.3 Qubit relaxation time

The energy relaxation time 7} is measured by extracting the exponential decay
of the qubit population. A resonant 7-pulse is applied to excite the qubit to state
|1), at which point the resonator is fully shifted to w;. After waiting a time At
the population has decayed and the remaining population is measured by the usual
transmission readout through the resonator. The more the qubit state has decayed,
the stronger the transmission of the readout signal at wy becomes. Sweeping the
delay time At the remaining population follows a time-domain exponential decay

curve, shown in Fig. for our Transmon-J, which we fit to p(t) = e ™ and
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Figure 6.7: (a) Time-resolved cavity response for the qubit in the ground state |0)
and for the qubit initially excited to state |1). (b) Time-resolved cavity response for
various readout delays At = 0.5 us, 6 us, and 18 us after an initial m-pulse. The qubit
state population is proportional to the area between the ground state trace and the
trace for which the remaining population is in question.
extract the qubit relaxation time 7} = 7.1 us. Inferring an excited state population is
possible by comparing the time-resolved cavity response trace of this state to traces
corresponding to the qubit in state |0) and |1), as shown in Fig. [6.7a. The qubit
state population is proportional to the area between the ground state trace and the
trace for which the remaining population is to be determined, shown in Fig. for
readout delays At = 0.5 us (red), 6 us (orange), and 18 us (blue), corresponding to
the states |0), some incoherent mixture |0) 4 |1), and |1), respectively.

This decay experiment can be used to calibrate the exact qubit frequency in an
analogous way to the one with Rabi oscillations in Fig. [6.5b. In Fig. the excited
state decay traces are plotted for a range of different qubit drive frequencies applied,
resulting in a density plot that clearly allows to determine at which frequency the
decay is the slowest, in this case wy/27m = 7.1663 GHz. The reason for this is because
a detuned 7m-pulse (off resonance) leads to an additional AAG, /2 rotation around the
z-axis during the Rabi rotation around the x-axis due to the first term in Eq. [6.6]

where now A = |wg; —wg| > 0. The 7-pulse on the Bloch sphere therefore ends up not

at the excited state |1), but at a lower latitude, i.e. a state population increasingly
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Figure 6.8: Energy relaxation for the Transmon-J qubit. (a) Qubit decay experiment
for a range of qubit drive frequencies, allowing to exactly calibrate the qubit transition
frequency wp; /27 = 7.1663 GHz. (b) Schematic of the pulse sequence. (c¢) Exponential
decay curve of the excited qubit state with characteristic decay time Ty = 7.1 us.
lower than unity with increasing detuning. This then shows up as a higher initial
transmission in the readout in Fig. for detuned drive frequencies.

The qubit characterisation so far has been based on the Tranmon-J device which
has a decay time 77 = 7.1 pus. It is worth mentioning the decay time that we ob-
tained for our very first working transmon qubit, which we label by Transmon-1st, is
Ty = 25 us and shown in Fig. [6.9p. It was measured in a one-port aluminium cavity
that was produced by CNC Nano-Machining at the Rutherford Appleton Laboratory
(positional accuracies down to 0.5 um), depicted in Fig. |6.1c. The decay curve from
the reflection measurement in the case of a one-port cavity shows the inverse am-
plitudes to a two-port cavity transmission measurement, since the resonator is a dip
that gets shifted instead of a peak. The experiment performed with the Transmon-1st
shown in Fig. illustrates the technique we typically use to calibrate the 7w-pulse
length. By measuring decay traces for varying initial excitation pulse durations we
can extract the exact pulse duration that produces the highest amplitude. This one

then corresponds to an exact m-pulse, and the exact m/2-pulse is then just half of it.
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Figure 6.9: Energy relaxation for the Transmon-1st qubit. (a) Qubit decay experi-
ment for different qubit pulse durations, allowing to exactly calibrate the pulse length
that performs an exact m-pulse. (b) Energy relaxation trace showing an excited state
exponential decay time of T} = 25 us.

6.4.4 Ramsey experiment and dephasing time

Whereas the previous section presented measurements of the energy relaxation of
the qubit, this section presents the measurements on the phase decoherence (dephas-

ing), which is investigated by measuring Ramsey interference fringes.

Figure 6.10: Bloch sphere representation of the Ramsey experiment pulse sequence.
(a) Apply a 7/2-pulse to bring the qubit state in a superposition state of |0) and |1).
(b) Allow a free evolution time to pass where the Bloch vector dephases. (c¢) Apply
a second 7/2-pulse to project the state back onto the z-axis.

A Ramsey experiment consists of first applying to the qubit a short microwave

7 /2-pulse at the qubit transition frequency wp;, with phase ¢ = 0, and with calibrated



6.4. Driving the qubit 141

amplitude from the previously performed Rabi measurement. This brings the qubit
into an equal superposition state of |0) and |1). Then, after allowing a variable free-
evolution time At to pass, another identical 7/2-pulse is applied, as schematically
depicted in Fig.[6.10p). For the Ramsey experiment the drive is purposefully detuned,
Ag = wp1 —wg ~ MHz, by a few MHz from the qubit transition frequency in order to
generate oscillating traces, called Ramsey interference fringes. Indeed, in the rotating
frame, the qubit acquires a phase ¢ = A At during the delay time by rotating around
the z-axis, according to Eq. When the second 7/2-pulse is then applied, the final
state has a projection on the z-axis which is dependant on the accumulated phase:
the x-component of the state is either rotated towards the excited state (4z) or the
ground state (—z). Hence it ultimately has a sinusoidal dependance on the delay
time. The whole pattern just described is repeated by sweeping the delay time. An
example of such a Ramsey experiment is shown in Fig.|6.11p. The fitted exponentially
decaying envelope of the oscillations gives the dephasing time 7, = 3.9 us, according
to the fit function

A = e "2 cos(wort) (6.10)

where A represents the voltage amplitude of the oscillations. Similar to the exper-
iment presented in Fig. [6.8h, carrying out Ramsey traces for varying detunings A,
around the qubit frequency allows for exact calibration of the qubit frequency from
the plot in Fig.|6.11a. The Ramsey oscillations disappear when the detuning A, of the
pulses is exactly zero, leaving a simple exponential decay with no oscillations. Here
this happens at exactly wy/2m = 7.1663 GHz again, just as for the calibration result

in Fig. thereby further confirming the qubit transition frequency of Transmon-J.
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Figure 6.11: (a) Ramsey experiment for varying qubit drive frequencies, i.e. varying
the detuning around the qubit transition frequency. The drive frequency at which
the Ramsey oscillations disappear corresponds to the exact qubit transition frequency
wo1/2m = 7.1663 GHz. (b) Schematic of the pulse sequence for the Ramsey experiment
and a Ramsey interference fringes trace from the line cut in (a) at drive frequency
wq/2m = 7.16425 GHz, showing the characteristic dephasing time Ty = 3.9 us.

6.5 Conclusions

We have demonstrated successful fabrication of several superconducting transmon
qubits and have fully characterised their coherence in a 3D circuit QED setup. Our
first transmon shows a long lifetime of T} = 25us, which is not as long as but
comparable with that of typical transmons from recently published high-profile 3D
circuit QED experiments. For instance, the single-junction 3D transmon in [71] has
Ty = 27 us with a To = 5 s, and the two transmons in [196] have T; = 60 us, 18 us
with T5 = 9 us, 10 us respectively. Record coherence times however are still an order
of magnitude higher compared to our fabricated qubits in Oxford, e.g. in [163] with
Ty = T0ps, To = 95us, or in [I50] with T3 = 84 us, To = T2 pus. Nonetheless,
our measured phase coherence 75 = 3.9 us is long compared to our fast gate times
tgate < 100 ns, enabling complex gate sequences for future experiments. At the current

stage, we postulate our decay time 77 to be primarily limited by the lack of proper
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cleaning steps during the junction fabrication (e.g. lack of in-situ Ar ion milling, see
Chapter [} and attribute the short 75 coherence time to the bad thermalization of
the qubit and cavity and the lack of Eccosorb filters on the input lines of the cavity

at the 10 mK stage.

Device wr/2m wer/2m A xo/2m g E; «/2n(—Ec) E;/Ec
GHz GHz GHz MHz MHz GHz MHz
Transmon-1st 10.6323 4.965 5.661 6.3 189  9.94 394 32
Transmon-J  10.4836 6.8460 3.623 15.1 327 24.6 256 96
Transmon-X  10.9782 4.9692 6.006 14.3 164.5 14.1 243 o8
Coaxmon 9.3837 5.5465 3.837 143 234 295 123 227

Table 6.1: Results for the characterisation of the qubits measured for this thesis,
with the cavity ground state resonance w, = wy, the qubit transition frequency wp;,
the detuning Ag, dispersive shift xq, the coupling strength gg;, the anharmonicity
and charging energy o« = —FE¢, Josephson energy E;, and the E;/FEq ratio placing
the qubit in the transmon regime. Transmon-1st is the first transmon measured.
Transmon-J is the transmon used to present characterisation in this chapter, where
it had a frequency wp;/2m = 7.1663 GHz. In a second cooldown it aged to wp; /27 =
6.8460 GHz (thereby also changing w,), and we use it to measure the decay of higher
energy levels in Chapter [7]] Transmon-X is the qubit used at MIT, see Chapter [7]
Coaxmon is the coaxial transmon measured with a coaxLLC resonator architecture,

see Chapter [§|



Chapter 7

Coherence and decay of higher
energy levels of a superconducting
transmon qubit

In this chapter we present measurements of coherence and successive decay dy-
namics of higher energy levels of a superconducting transmon qubit. By applying
consecutive m-pulses for each sequential transition frequency, we excite the qubit from
the ground state up to its fourth excited level and characterise the decay and coher-
ence of each state. We find the decay to proceed mainly sequentially, with relaxation
times in excess of 20us for all transitions. We also provide a direct measurement of
the charge dispersion of these levels by analysing beating patterns in Ramsey fringes.
The results demonstrate the feasibility of using higher levels in transmon qubits for

encoding quantum information.

7.1 Introduction

The experiment in this chapter was performed with Simon Gustavsson under
the supervision of William D. Oliver in the Superconducting Circuits and Quantum
Computation Group at the Massachusetts Institute of Technology as part of a research

visit in the context of this D.Phil work. The results presented in this chapter closely
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follow the original publication [I50]. The work was performed in collaboration with
Samuel Bader who developed and performed the numerical simulation of the transmon
7], presented in Section [7.8]

Universal quantum information processing is typically formulated with two-level
systems, or qubits [I41]. However, extending the dimension of the Hilbert space to a
d-level system, or “qudit,” can provide significant computational advantage. In par-
ticular, qudits have been shown to reduce resource requirements [I35], 29], improve
the efficiency of certain quantum cryptanalytic protocols [12], [35, 62] 28], simplify
the implementation of quantum gates [108, 40], and have been used for simulating
multi-dimensional quantum-mechanical systems [96]. The superconducting transmon
qubit [I03] is a quantum anharmonic LC-oscillator with the inductor replaced by
a Josephson junction. The non-linearity of the Josephson inductance renders the
oscillator weakly anharmonic, which allows selective addressing of the individual en-
ergy transitions and thus makes the device well-suited for investigating multi-level
quantum systems. The weakness of its anharmonicity renders more energy levels ac-
cessible over a specified frequency range than those of highly anharmonic charge or
flux qubits. The transmon’s energy potential is shallower than the parabolic potential
of an harmonic oscillator, leading to energy levels that become more closely-spaced as
energy increases, see Fig.[7.6h. Although leakage to these levels can be a complication
when operating the device as a two-level system [36], the existence of higher levels has
proven useful for implementing certain quantum gates [55], 2]. Full quantum state to-
mography of a transmon operated as a three-level qutrit has also been demonstrated
[19].

In this experiment, we investigate the energy decay and the phase coherence of

the first five energy levels of a transmon qubit embedded in a three-dimensional
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cavity [I48]. We find the energy decay of the excited states to be predominantly
sequential, with non-sequential decay rates suppressed by two orders of magnitude.
The suppression is a direct consequence of the parity of the wave functions, in analogy
with the orbital selection rules governing transitions in natural atoms. We find that
the sequential decay rates scale as ¢, where ¢ = 1,...,4 is the initial excited state,
thus confirming the radiation scaling expected for harmonic oscillators [118, [194].
The decay times remain in excess of 20 us for all states up to ¢+ = 4, making them
promising resources for quantum information processing applications. In addition, we
characterise the quantum phase coherence of the higher levels by performing Ramsey-
type interference experiments on each of the allowed transitions, and find strong
beating in the resulting interference pattern, due to quasiparticle tunnelling. This
experimental result provides a direct measurement of the charge dispersion of the

different levels [33] [84], 166, 169, 176, T93].

7.2 Experimental setup at MIT

The superconducting transmon qubit for this experiment, which we label Transmon-
MIT, consists of a single nano-fabricated Josephson junction (Al/AlO, /Al) contacted
between two large electrodes of sizes 600 um x 250 ym that the form the capacitor.
This circuit is fabricated on a 5mm x 5mm sapphire chip, which is embedded in
an aluminium 3D cavity with a bare fundamental mode f. = 10.97537 GHz, ther-
mally anchored at a base temperature of 15mK inside a dilution refrigerator. Two
SMA coupled ports allow microwave signals in and out of the cavity at a rate of
k/2m =~ 100 kHz.

In our experiments, all microwave pulse sequences to control the qubit up to state

|4) are generated via single-sideband mixing (upconversion by an 1/Q mixer) from a
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Figure 7.1: (a) Schematic of the measurement setup at MIT, showing the microwave
circuitry and temperature stages of the dilution refrigerator. (b) Schematic of the
transmon qubit (not to scale) embedded in the three-dimensional cavity.

12GS/s Tektronix AWG 7122 and a carrier signal of frequency 3.5 GHz from a single
Agilent 8267D PSG vector signal generator. The AWG’s analog bandwidth of 3.2 GHz
is sufficiently large, and the anharmonicity of the transmon sufficiently weak, to al-
low the upconversion of microwave pulses into a range of frequencies large enough
to access all transition frequencies from fp; to f34 without the need for numerous
signal generators. From the measured transition frequencies listed in Tab. the
anharmonicities a;; = fo1 — fi; are found to be oo = 274.8 MHz, ap3 = 583.7 MHz,

and agy = 941.2 MHz respectively, well within the AWG’s bandwidth. The single-
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sideband mixing requires careful calibration of the amplitude and phase imbalances
of the IQ-mixer in order to achieve full cancelation of the undesired sideband. Cali-

bration for simultaneous sideband cancelation of all four upconverted qubit transition

pulses fo1, fi2, fo3, f34 is shown in Fig.[7.2]

IF phase Q [deg]

Spectrum Analyzer — Signal dB]

2.0 2.5 3.0 3.5 4.0 4.5 5.0

Frequency [GHz]

Figure 7.2: Calibration for simultaneous sideband cancelation of all four upconverted
qubit transition pulses fo1, fi2, f23, f3a. The amplitude and phase imbalances of the
[Q-mixer are calibrated for each of the four IF signals mixed with the single LO pump
tone.

All drive pulses have flat-top sections of variable duration and Gaussian-shaped
rise and fall envelopes with fixed duration of 20 ns, chosen to prevent undesired leakage
to neighbouring levels. The delay between pulses in a drive sequence is constant and
set to 70ns, which is much shorter than any of the sequential decay times.

Furthermore, in this chapter, all frequencies are given in actual frequency f instead

of angular frequency w as in the previous chapters.
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7.3 Device characterisation

The Transmon-MIT is characterised by comparing the measured dispersive shifts
of the resonator with the numerical simulation (see Section [7.8)), we determined the
Josephson energy E; = 14.07 GHz and charging energy E- = 243 MHz with a ratio
E;/Ec = 58, placing it in the charge-insensitive transmon regime, leading again to
a dispersive Hamiltonian of the atom-cavity system with coupling strengths g; of the
cavity photon field to each qubit transition |i) — |i+1), with levelsi = 0,1,2,3,4. We
use the same standard state-dependent dispersive shift readout scheme as presented
in the previous chapter. From the resonator and qubit spectroscopic measurements
shown in Fig. [7.3] the Transmon-MIT reveals a non-tunable first transition frequency
for = 4.9692 GHz, a detuning from the cavity A = |f. — fo1| = 6.00617 GHz, and a
coupling strength go/2m = 164.5 MHz. The measured relaxation times and dephasing
times are listed in Tab. [7.1] During a different cooldown, the following additional
values for the lowest transition of our transmon were measured: 75 = 90 — 115 us,

and with spin echo Tor = 154 ps.

7.4 Rabi oscillations and decay for the first two
qubit transitions

As presented in Section and Section [6.1] the interactions between the qubit
in state |i) and the cavity causes a dispersive shift x; of the cavity resonance to a
new frequency f; = f. + x;, see Fig. [7.9] which is exploited for the readout of the
qubit state [I91]. We probe the state by sending coherent readout microwaves of
frequency f, through the resonator at a chosen detuning A, = f,w — fc from the
bare cavity resonance, and measure the averaged transmission coefficient Sy; of the

signal over many experiments. We define f,,, as the "RF” signal, specifically referring
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Figure 7.3: (a) Resonator spectroscopy for varying RF power, revealing the bare cavity
resonance and the dispersive low-power regime. (b) Qubit spectroscopy performed
for increasing drive power, showing the power broadening of the qubit linewidth. At
low powers, the qubit linewidth is very narrow, revealing its long coherence times.
to the readout tone, and use this label throughout the chapter. Through a heterodyne
detection scheme, the voltage amplitude of the transmission signal at f,, is recorded,
from which the qubit state population p; is then directly extracted. The resonator
transmission takes the form of a Lorentzian peak Eq. that is centred around the
qubit state-dependent resonator frequency f; for i =0,1,2,3,4, ...

Exciting the transmon to a higher level first requires us to measure and analyse
Rabi oscillations between adjacent pairs of energy levels, working sequentially up the
ladder of states, as depicted in Fig. [7.6h. Combined with qubit spectroscopy at each
step, this protocol allows us to obtain the successive transition frequencies up to f;_1;
and to accurately calibrate the corresponding m-pulses. Starting with the qubit in
the ground state |0), we apply a microwave pulse at fo; which drives the population
between states |0) «» |1), see Fig. [T.4h. As the qubit undergoes Rabi oscillations,

the resonator transmission peak continuously rises and falls, oscillating between the

discrete shifted resonance frequencies f, and f;. Fitting the Rabi oscillations on state
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|1) permits us to experimentally extract the m-pulse duration mg; = 40ns from the
white dashed line in Fig. [7.4h, required to achieve a complete population transfer
at transition frequency fp;. In the second step, we add a second Rabi drive tone
at fi2 promptly after the mp-pulse (with a delay of 70ns, much shorter than the
decay time '}y from state 1 to 0), so as to perform Rabi oscillations between states
|1) <+ |2), as shown in Fig. [7.4p, enabling the calibration of the second m-pulse of
duration m5 = 29ns to reach |2). This process is repeated by adding a drive tone at
each subsequent transition in order to calibrate the 7-pulses up to the desired state.
These procedures also allow us to experimentally extract the dispersive shifts y;. A
full numerical simulation of our coupled qubit-cavity Hamiltonian, see Section [7.8]
predicts all the qubit transition frequencies f;_;,; and the dispersive shifts x;, and
they are in very good agreement with the experimentally obtained values, displayed
in Tab. [[.1] and Tab. [L.2l

Proceeding with an initially prepared state |2), we observe its time-resolved pop-
ulation decay in Fig. [7.5p. The resulting stepwise transfer of the resonator peak
from fo — f1 — fo is a signature of the transmon’s sequential decay, as observed by
comparing it to the density plot in Fig. of a multi-level sequential decay model
starting from level |2). The sequential decay is a consequence of the symmetry of
its wave functions. This feature is investigated in more detail later Section [7.6.2]
The Fig. displays three overlayed resonator traces from Fig. for delay times
tr = 3 us (blue), 49 us (orange), and 191 us (red). The Lorentizans clearly show the
remaining qubit populations in the different qubit levels over time as the resonator
peak transfers back down to the ground frequency f, after complete energy relaxation

of the qubit.
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Figure 7.4: (a) Rabi oscillations between state |0) and |1) under a Rabi drive tone
of varying duration at fy;. The white dashed line indicates the position of the first
m-pulse at mp; = 40ns. (b) Rabi oscillations between [1) and |2) with w5 = 29ns,
obtained by adding a Rabi drive tone at fio after initialising state |1) by applying
mo1-pulse. (c) Rabi oscillations between |2) and |3) obtained by adding a Rabi drive
tone at fog after initialising state |2) by applying a mg;-pulse followed by a m15. The
Resonator does not shift deterministically conditioned on the qubit state anymore,
but jumps randomly between the different positions due to mixing with higher states
of the transmon.

7.5 Depopulation sequence and Rabi oscillations
for higher levels

When driving Rabi oscillations on the transition |i) <+ |i+1) for ¢ > 2, the readout
by the method presented above is not possible in this device, because state |3) does not
appear as a conditional shift to the resonator. This is a consequence of the fact that
certain states escape the dispersive regime due to their mixing with higher-excited
states that have transition frequencies close to the resonator frequency, see simulation

in Section[7.8 As a result, we use a modified readout protocol, which does not require
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Figure 7.5: (a) Qubit population decay from level |2) to |1) to |0), obtained by varying
the time delay At before readout. The frequency sweep of the readout pulse detuning
reveals the temporal transition of the resonator frequency from f; to f; to fo. (b)
Density plot of a multi-level decay model starting from level |2), in good agreement
with the experimentally observed decay. (c) Three overlayed resonator traces from
(a) for delay times tgr =3 us (blue), 49 us (orange), and 191 us (red). They show the
remaining qubit populations in the different qubit levels

measurement pulses at the shifted resonance f3 or f;. After preparing the state |i)
via the upward sequence of m-pulses SZT = (mo1, M2, - .-, Ti—1,), we additionally apply
a depopulation sequence Sii = (Tii-1,...,T21,T1p) to the qubit immediately before
the readout. This maps the population p; of state |i) onto that of the ground state

|0), allowing us to measure p; by simply probing the resonator at frequency fo.
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By incorporating the depopulation sequence we are able to drive Rabi oscillations
of the transmon up to state |4), as shown in Fig. [7.6(c). The Rabi frequencies €2;;,
extracted via a best-fit curve, are proportional to the matrix elements (i|n|j) between
the states ¢ and j, where n denotes the number of Cooper pairs transferred between
the two junction electrodes forming the capacitor (see Section . Consequently,
;; increase as (i|n|j) « /7, as expected from the coupling between the transmon
states and the resonator [103].

Having thus obtained all the transition frequencies and m-pulse calibrations, the
qubit can be initialised in any state up to |4) with the sequence SI, and we proceed

to investigate the decay and phase coherence of these higher levels.
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Figure 7.6: (a) Simulated energy spectrum of the transmon with parameters E;/E¢c =
58, where U[d] is the Josephson potential. (b) Rabi oscillations on each successive
qubit transition up to state |4) using the depopulation readout method. The corre-
sponding excitation pulse sequence and respective depopulation sequence are shown
for each Rabi drive. The solid lines are best-fit curves allowing the extraction of
the Rabi frequencies. (c) Plot of extracted Rabi frequencies €;; as € = 8.45 MHz,
Q19 = 10.3 MHz, Q93 = 13.0 MHz, and €234 = 15.6 MHz, respectively.
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7.6 Decay of higher energy levels

We start by measuring the dynamics of the state population decay by introducing
a varying time delay before the readout process. The calibrated and normalised
population evolutions starting from states |1), |2), and |3) are plotted in Fig. [7.7|(a)-

(c). The decay from state |4) has also been measured and is presented in Fig. 7.8
7.6.1 Extraction of the state populations

In the following, we describe how the measured data of the population decays in
Fig. and Fig. must be corrected to obtain the actual normalized populations.
The data from each decay trace is the measured voltage V;(t) detected by the data
acquisition card for a readout pulse at f;. However, the data for each trace must be
corrected for the overlap of the Lorentzian tails from the other populations present
in frequency space at the point fj, as seen in Fig. and Fig. as well as for the
decay during the readout. We represent the evolution of the measured populations as
V() = [Vo(t), Va(t), Va(t), Va(t), Va(t)]T and define here the value at f;, of an individual

cavity response Lorentzian centred at f; as

1
[L+2iQ:(fx — fi)/ fi]

Ly = Li(fr) = (7.1)

with @Q; the total quality factor. In our first decay experiment, the total population
p is distributed over several states |i), and as presented in the transmission spectrum
becomes Ly(fx) = >, Li(fr). Fitting this Li(fx) for £ = 0,1,2 to the resonator
decay trace from the initialized state |2) at delay time ¢z = 8 us shown in Fig. [7.9
demonstrates how the Lorentzian tail overlaps need to be taken into account, and
also that they must be fitted in the complex plane to take into account the phase

information in order to properly fit the Lorentzians.
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Figure 7.7: (a)-(c) Population decay traces of the qubit states up to |3), obtained by
varying the time delay At before the depopulation sequence. The solid lines are state
occupations from the multi-level decay model taking into account all decay channels.
(d) The sequential decay rates I'; ;1 (green dots) for increasing energy state ¢, showing
the roughly linear dependance (solid line). (e)(f) Zoom of decay curves in panel (b)
and (c) respectively, showing the model with all transition rates allowed (solid line)
compared to the model with only neighbouring transitions allowed (dashed line). The
extracted decay times are listed in Tab. .
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Figure 7.8: (a) Measured decays of the qubit populations up to energy state [4).
The data represents the populations after correction for overlapping Lorentzians and
relaxation during readout. The solid lines are numerical solutions to the sequential
decay model. (b) Energy level scheme showing the sequential decay rates via the solid
arrows.
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Figure 7.9: (a) Transmission spectrum of the measured trace (red dots) at readout
delay tgr = 8 us from the population decay plot in Fig. of an initially prepared
state |2). The acquired signal is the averaged readout amplitude of the cavity response
and is proportional to the transmission coefficient Ss;. The best-fit (orange) is a sum
of overlapping Lorentzian peaks centered at frequencies fs, f1, and fy, corresponding
to the qubit being in state |2), |1), and |0) respectively, and expressing the dispersive
shifts xo, x1 and y2. (b) Transmission signal fitted in the complex plane in order to
consider the phase in addition to the amplitude.
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The corrected state populations pi(t) € p*(t) are obtained by §*(t) = L~ - V (1),

with the inversion matrix L given by

Loo Lio Lao Lzo Lo
Liyg Loo Lz Lzo Lo
L=|Lyy Loy Logo Lag Lao| . (7.2)
Ly Lo L3y Loo Lao
Ly Lag L3zo Lao Loo

The matrix elements are obtained by fitting the Lorentzian transmission profile
in the complex plane to the measured voltages, as shown in Fig. [7.9(b) for a sample
trace at delay time tp = 8 us.

The data p*(t) must then be corrected for the relaxation of the qubit during the
readout time of T}..,q = 8 us. The card averages the signal over the time of acquisition
Tread, during which the population from the Lorentzian pf(t), mapped to centre f;

after the depopulation sequence (corresponding to qubit in [1)), relaxes by a factor

- 1
A= / e 1ot g, 7.3
Tread T, ( )

read

where the rate 'y is extracted from the decay model fit. The final true populations

are therefore obtained by

pi = pi — pi(1 — N/ Tyeaq) for each 1 =1,2,3,4
bo = ps - pT(l - A/Tread)
and are plotted in Fig. after being normalised.

(7.4)

When performing readout with the depopulation method, these cumbersome steps
for extracting the populations can be replaced by the simpler method of directly
measuring calibration values for the population of each state. This is done by pumping
the population to state |i) and measuring the readout voltage response at f;. Then
the inversion matrix L., contains simply the calibration voltage values measured as

23 0 0 0
04 23 0 O

04 025 23 0
04 025 02 23

Lcal =
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The calibrated populations p;(t) € p(t) are thus given by

—

pt)y =L V(). (7.6)

cal

This method also intrinsically calibrates for the decay during readout and is the

method used to acquire the normalised population decay traces in Fig. [7.7]
7.6.2 Multi-level decay model

We model the data with a multi-level rate equation describing the evolution of

the state population vector p, with I';; representing the decay rate from state ¢ to j:

%’” =TT 5(t) (7.7)

),y = -3 Iy (73)

The coefficients (I');; are the diagonal elements of the decay rates matrix I', and the
I';; for ¢ # j are the off-diagonal elements. The upward rates are considered to be
negligible by setting I';; = 0 for all ¢ < j, as kgT < hf;; for all ¢,7. Indeed, the
quiescent state-|1) population of our transmon is measured to be less than 0.1% [92].
The state occupations of the model are plotted (solid lines) and compared to the
experimental data in Fig. for each state, whereby the rates I';; are used as fitting
parameters to extract all the system’s relaxation rates. The fitting was performed
iteratively, starting with the decay from |1), where we fit I'jy and then fix it for the
next decay from |2), where I'y; and I'yy are determined, and so forth.

The most prominent feature of the data is that the decay proceeds mainly sequen-
tially, with the non-sequential decay rates suppressed by two orders of magnitude.
The extracted decay times are in excess of 20 us for all states up to |[4), and are
listed in Tab. For the sequential rates, we find that the rates scale linearly with

state i, as plotted in Fig. [7.7(d); this behaviour is consistent with decay processes
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Frequency & fia Jo3 f34
Exp. f (GHz) 4.9692 4.6944 4.3855 4.0280
Sim. f (GHz) 4.9692* 4.6944* 4.3874 4.0475
Sequ. decay ™! ' T'51 I'sy 43
time ( us) 84 + 0.24 41 £ 0.21 30 £ 0.21 22 + 2
Non-sequ.™* [y I I'so

time (ps) 1812 £+ 223 | 1314 £+ 359 | 2631 £+ 694
Dephasing T T (01 T5 (12 T3 (23) T5 (34
time (us) £20% | 72 32 12 <2

Table 7.1: Comparison of experimental and simulated values for the transition fre-
quencies f; 11, the relaxation times F;jl for the sequential and non-sequential rates,
the dephasing times T5 ;) for the superpositions of states |i) and |j). The asterisks
indicate the values that were fitted to the experiment for use as parameters in the
full numerical simulation of the coupled qubit-cavity Hamiltonian.

related to fluctuations of the electric field (like Purcell or dielectric losses), for which
we expect the lifetimes to be inversely proportional to |{i|72]j)|* (see Section for
numerical calculations of the matrix elements). Furthermore, theoretical relaxation
rates between neighbouring levels due to quasiparticle tunnelling also respect this
approximate dependance I';;_1 ~ iI'yo [32, 34]. We note that the anharmonicity of
this device is sufficiently weak that its decay rates scale as those of Fock states in a
harmonic oscillator [118, 194].

To illustrate the effect of the non-sequential rates, we also fitted the data to a
model involving only sequential rates (dashed lines in Fig. [7.7(e)(f)). Although the
deviations between the two fits are small, inclusion of the rates Ty, I'sy and T'z}
does provide somewhat better matching for the initial increase in ground state pop-
ulation |0) for ¢t < 70 us where we would expect the largest impact. From numerical

simulations of the qubit-resonator Hamiltonian, we expect the rates I'yg and I's; to be

strongly suppressed due to the parity of those states [49], whereas the matrix element
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|(3|7]0)|? relevant for I'sy is about 100 times smaller than |[(1]7|0)[? (see Section [7.8)).
Quasiparticles also contribute to relaxation rates for non-neighbouring levels, and
theory [33] predicts that they are suppressed by at least three orders of magnitude,
a much stronger suppression than we extract. This suggests that the non-sequential
decay rates are dominated by some non-quasiparticle process, such as dielectric loss

or coupling to other cavity modes.

7.7 Coherence of higher energy levels

We now proceed to investigate the phase coherence of the higher levels by per-
forming a Ramsey-fringe measurement, whereby we obtain the dephasing times 7.
A Ramsey experiment on state |i) consists of first applying m-pulses to bring the
transmon to state |i — 1), followed by a 7/2-pulse at frequency f;_1; to bring it into
a superposition of states |i — 1) and [i), then allowing a variable free-evolution time
At to pass, and finally applying a second 7/2-pulse before applying the depopulation
sequence and performing the readout. The measured Ramsey fringes are shown in
Fig. for each state up to |4). The frequency of the 7/2-pulses was purposefully
detuned to generate oscillating traces.

The measured Ramsey oscillations in Fig. directly reveal that the phase
coherence for higher states become shorter. The coherence times T5 ;) for the super-
positions between states |i) and |j), for i,7 = 0,1,2,3,4 (i < jand j =i+ 1), are
qualitatively defined as the decay time for the amplitude of the fringes. The states
12),]3) and |4) show clear modulation in addition to the main oscillations, and leak-
age to lower levels causes the amplitude oscillations to drift toward zero. The power
spectral density of the data, obtained via a discrete Fourier transform and plotted in

Fig. [7.10p, reveals two well-defined frequency components for states |2) and |3), and
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Figure 7.10: (a) Ramsey oscillations experiment on each subsequent energy transition
up to state |4). (b) The Power Spectral Density (PSD), obtained from the discrete
Fourier transforms of the corresponding Ramsey fringes. The Ramsey pulse sequence
(top) corresponds to the fourth-row panel, representing a Ramsey sequence on state
|4), with the black 7 /2-pulses representing the 734 /2-pulses performed at frequency
fas to bring the transmon into the superposition state (|3) +]4))/v/2 before allowing
the free evolution time At.
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a number of frequencies for state |4) (making it impossible to obtain a reasonable fit
for this last state).

In order to fit the Ramsey fringes for states up to |3), we first subtract a smoothed
background to discard the energy decay toward state |0). The voltage amplitude A

of the oscillations is then fitted to exponentially damped double sinusoid curves
A= e "2 cos(2m fat) + cos(2m(fa + Af)L)], (7.9)

and displayed in Fig. . The extracted T ;) values are listed in Tab. and are
found to be accurate within 20%. The frequencies f4, fa + Af represent the two fre-
quency components that fit the beating pattern in each Ramsey fringes plot, and have
values [fa, Aflu;) = [379kHz, 0 Hz] 01y, [504 kHz, 93 kHz|(12), and [1.1 MHz, 2.5 MHz] 3.
The fit parameter A f represents the total charge dispersion splittings €;;(n,) < eg;.”“)
for each transition between state ¢ and j, as defined in Section [2.4.2| and reported in
Tab. 7.2, with j =i+ 1 and €; = €;;(ng=1/2) — €;;(ny=0).

The splitting of the transition frequencies can be understood in terms of quasi-
particle tunnelling between the two junction electrodes, see Section [2.4] Despite the
large E;/E¢ ratio, the transmon retains some sensitivity to charge fluctuations, and
the charge dispersion approximately grows in an exponentially way with increasing
level number, see Fig. in Section [2.4.2

From our full numerical transmon-cavity simulation (see next section Section
for details), we calculate the change in level splitting €;;(n,) between levels 7, j as a
function of the effective offset charge n, [103], shown in Fig. [7.12] The maximum
change in ¢; due to quasi-particle tunnelling is given by ex-m”) = €;(ng =1/2) —
€ij(ng = 0), as marked by vertical dashed lines, but note that what we measure

experimentally is the dispersion between n,+ 1/2 and n, for an unknown value of n.
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Figure 7.11: (a)(b)(c) Fits of the Ramsey oscillations on each subsequent energy
transition up to state |3). The Ramsey traces are plotted after subtracting a smooth
background to discard the energy decay towards state |0). The best fits reveal the
dephasing times T5(; j) for the superpositions between states [i) and [j), for 4,5 =
1,2, 3, where each T time is qualitatively defined as the decay time for the amplitude
of the fringes. The measured Ramsey fringes on state |4) have a beating pattern

containing several frequencies, making it impossible to obtain a reasonable fit.
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Figure 7.12: (a) Calculated change in transition frequency €;;(n,) as a function of
the effective offset charge n,, expressing the charge dispersion of each transition. (b)
Zoom of the lowest two transitions 0-1 and 1-2.

(maz)
ij

The measured splittings are compared to the calculated maximum splittings e
in Tab. State |1) is unresolved, in agreement with the small splitting of 2.5 kHz
predicted, whereas we find that the splittings of states |2) and |3) are well predicted by
the simulation. Charge traps between the substrate and the deposited metal film, or
the presence of two-level fluctuators in the junction, also lead to charge fluctuations,
possibly explaining the additional peaks seen in the spectrum of the state |4), and
possibly explaining the worse agreement with the simulated splitting.

For quantum information purposes, the noise causing the beating in the Ramsey

fringes can be refocused with an echo sequence by adding a temporally short m-pulse

(broad frequency spectrum) to the centre of the Ramsey sequence [77].

Qubit State i 0) 1) 12) 13) |4)
Exp. y; ( MHz) 28 2 0.88

Sim. y; (MHz) 2.8 2 0.85

Exp. €; (MHz) - 0.09 253 5-10
Sim. € (MHz) 0.0025  0.091  1.89  26.8

Table 7.2: Comparison of experimental and simulated values for the dispersive shifts

Xi- The measured charge dispersion splittings €;;(n,) extracted from Ramsey fringes

are compared to the simulated maximum splittings egmm).
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7.8 Numerical simulation of the coupled transmon-
cavity system

The numerical simulation presented in this section follows the original simulation
performed in [7] for [I50]. Recall from Section in Chapter |2 that the coupled

transmon-cavity system is described by the effective Hamiltonian

H = Hy+ Hg + Hp (7.10)

. . 1 .
=4FEc(N — ng)2 — Ejcoso + h2rf.(ata + 5) + QQﬁVrmSN(&T +a), (7.11)

where the first term represents the transmon, the second the cavity, and the third one
the coupling. Furthermore, recall that the Hamiltonian is rewritten in the basis of
the uncoupled states |i) [103], leading to the generalized Hamiltonian which considers

higher levels of the transmon
H=hY 2rfili)(j| + hamfeala+ " gyli)(jl (@’ +a) , (7.12)
J .3
where the sum contains the coupling energies
hgij = 263Voms (| N|j) = hgl; (7.13)

As presented in Section [2.4] the unperturbed Hamiltonian Hp has an analytic
solution in terms of Mathieu functions, for which the energy spectrum in the phase
basis |0) for several higher levels is shown in Fig. [7.6h. The lowest four wavefunctions
(i]0) given by the lowest four transmon eigenstates |i) in the phase basis |d) are
displayed in Fig. [7.13

To numerically solve the coupled system, the modelling of the energies proceeds
in the charge basis. Since the interaction involves N , we first numerically diagonalize

Hy itself in terms of the N basis kets. The relevant Hilbert space of the transmon
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Figure 7.13: The transmon wavefunction amplitudes from simulation in d-space, over-
laid against the Josephson potential U[d]. Note that, for this figure, the Hamiltonian
was solved at n, = 0, which allows for a pure real energy eigenbasis.

can then be well represented for our purposes by only the lowest few eigenstates, i.e.
the important lowest energy levels can be properly captured by linear combinations
of a small set of charge basis states. The “effective completeness” of our restricted
basis is checked in our simulation, by showing that the states |i) we care about have
negligible projections (i|N) onto all charge basis states |N) beyond |N| = 10. For
the figures and tables in this work, the highest transmon state discussed is state [8).
However, the lowest twenty states |N| = 10 were used in simulation, which provides
an energy margin of approximately seven times the cavity frequency.

For the resonator Hilbert space, we restrict our attention as well to only the
lowest twenty states. Then, representing the coupled Hamiltonian H in Eq. on
the Kronecker basis of the lowest Hr and Hp eigenstates, we re-diagonalize the entire

Hamiltonian and read off the energies.
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Figure 7.14: Projections (i|N) of the relevant qubit states i = 0, 1,2, 3,4, 5,6 onto the
charge basis states |N = n) to check for completeness of the restricted charge basis.

Of course, this requires knowledge of the various constants in the Hamiltonian:
E;, Ec, and g. To quickly obtain starting guesses for the energy scales from the

frequencies, one can use the approximate relations already presented in Section [2.4.2

h(fm - f12) ~ Ec, hfn =~ \/8E;Ec — Ec, (7-14)

which can be derived from perturbation theory [103]. Those constants can be refined
by fitting to the first two frequencies in the transmon and the dispersive shift of the
first level. Thereafter the model will be able to predict the other frequencies, as well
as the other dispersive shifts, displayed in Tab. and Tab. Once the model is
fitted, we can examine the properties of our system.

This simulation provides valuable insight into the aforementioned difficulty of
experimentally probing states |i), for ¢ > 2. The dispersive readout method assumes
that the transmon transitions are in the “dispersive regime,” i.e. the detuning of any

transmon frequency from the resonator is far greater than the coupling strength, so
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Figure 7.15: Level scheme for the coupled transmon system up to state |8). We
can group the eigenstates of the total system by which transmon state each projects
onto the most when the resonator is traced out. We see that, corresponding to each
transmon eigenstate, there is a ladder of total eigenstates, separated by a regular
frequency.

the resonator only provides a small effective frequency shift to the barely intermixed
transmon states [22]. The opposite situation, where the resonator frequency is close
to a transition frequency, leads to heavy mixing between transmon states, and is
known as the “resonant regime” [103].

To examine this distinction in practice, we can cluster our diagonalized total eigen-
states into different “ladders” based on which pure transmon state they most project
onto, as in Fig. [7.15] That is to say, “Ladder 0” is the set of total energy eigenstates
which, when the resonator is traced out, project mostly onto pure transmon state |0).

Explicitly, if 4% and 1%, represent the transmon and resonator eigenstates respec-

tively, then the projection of a total state Urg onto the pure transmon state k is
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Figure 7.16: Projections of the first, second, and third states of each ladder onto the
pure transmon states with the resonator traced out, per . We see that the first
ladder of states are almost entirely transmon state |0). For instance, if the system
were in the lowest eigenstate of Ladder 0 and the experimenter directly measured
the state, the experimenter would almost always find 0. Dissimilarly, states from
Ladder 3 have significant projections onto both state |3) and state |6), because the
3-6 transition is resonant with the cavity frequency. The same can be said of 5-8.

given by
Proj(¥rr, k) = ZW?K@&H‘I’TQ (7.15)

l

and an eigenstate Wy is in “Ladder i if |Proj(¥rrg, k)| is maximized by k = i. The
values of |Proj(Urg, k)| for the first three states in each ladder are shown in Fig.[7.16]

If we are in the dispersive regime, we expect to find, for each pure transmon
eigenstate i, a ladder of total eigenstates separated by some regular frequency f. +
xi- And each total eigenstate in a given ladder should project almost entirely onto

the same pure transmon state when the resonator is traced out. Referencing the
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projections of each total eigenstate, given in Fig. [7.16] we find this to be the case
for the “well-behaved” transmon states |0),|1),]2),]4), and |7). And the spacing of
the eigenstates in these ladders is highly regular (only varying on the kHz range in
simulation). However, when we examine Ladder 3 in Fig. , we see that these
states also have a significant projection onto pure transmon state |6), and vice-versa.
The same mixing occurs for Ladders 5 and 8. This suggests that these transitions are
not well described by the dispersive regime. Indeed, the simulation predicts that the
3-6 transition is a mere 187 MHz detuned from the resonator, and 5-8 is only 91 MHz
detuned.

A transition 4-j is in the dispersive regime only if the ratio |A;;|/g;; > 1, that is,
the cavity-transition detuning dominates over the coupling strength. This condition
prevents states ¢ and j from mixing. These ratios are tabulated in Tab. for each
significant transition, and we see that the ratio is lowest specifically for the noted

troublesome transitions.

State 0 1 2 3 4 5 6 7 8
0 36.5 561.5
1 36.5 27.8 181.1
2 27.8 24.6 45.5
3 561.5 24.6 23.5 5.8
4 181.1 23.5 24.1 40.7
5 45.5 24.1 25.3 2.2
6 5.8 25.3 25.7
7 40.7 25.7 33.5
8 2.2 33.5

Table 7.3: Compilation of |A;;|/g;; ratios for each transmon transition in the system.
Infrequent transitions for which this ratio is much greater than 1000 (such as parity-
forbidden or far off-diagonal jumps) have been omitted for ease of viewing. We see
quantitatively that the 3-6 transition and the 5-8 transition are of order unity, and
not safely within the dispersive regime.
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These low values are of order 1, so these transitions are neither resonant nor
dispersive, and our intuition from either regime is sure to break down. In fact, the
eigenstates of Ladder 3 are not evenly separated; the spacing varies on the MHz scale
(that is, three orders of magnitude more variation than for properly dispersive Ladders
in simulation). Consequently, attempted dispersive measurements on transmon state
|3) will not find a stable dispersive shift to associate with the state, but rather a
complex, noisy profile representing the interactions of the state |3) and state |6) with
the resonator.

However, the experiment was able to circumvent this difficulty and probe state
|3) by using a readout scheme with a depopulation sequence which renders it only
dependent on the dispersion of states |0) and |1). In general, future qudit schemes
on transmon systems may have to plan around these “accidental resonances” which

are bound to arise as more transitions come into play.
Conclusions

In conclusion, we have demonstrated the preparation and control of the five-lowest
states of an artificial atom in a three-dimensional cavity. We observed predominantly
sequential energy relaxation, with non-sequential rates suppressed by two orders of
magnitude. In addition, our direct measurement of the charge dispersion at higher
levels agrees well with theory and facilitates further studies of the crucially important
dephasing characteristics of quantum circuits. The measured qubit lifetimes in excess
of 20 us at all energy states up to |4) expands the practicability of transmons for

quantum information applications and simulations using multi-level systems.
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7.9 Higher energy levels of the qubit in Oxford

We reproduced the experiment on higher energy levels of a transmon presented
above (the prior part of this chapter) with the Transmon-J qubit, fabricated and
measured in our Lab in Oxford and characterised in Chapter [6] We again investigate
the decay and coherence of the higher levels and draw conclusions in comparison to

the Transmon-X qubit from MIT.
7.9.1 High-power readout

The qubit is measured using single-shot high-power readout (introduced in Sec-
tion , performed by probing the cavity with a readout pulse at the bare resonance
frequency f. = 10.4685 GHz of the cavity with a high-power of -1 dBm. At this power,
the high-transmission “bright” state is maximally sensitive to the initial qubit state.
A frequency sweep of the readout transmission around the cavity resonance at -1 dBm
input power is shown in Fig. for the qubit initially in the ground state |0) and
for the qubit initially in the first excited state |1). The large jump in transmission
amplitude depending on the qubit state allows us to clearly distinguish between the

two qubit states in a single shot.
7.9.2 Decay of higher levels

We measure the energy relaxation of the Transmon-J from an initial excitation
state |3) by varying the time delay before the readout process which includes the
depopulation pulses. The decay traces are shown in Fig. [7.1§ where we plotted the
data as 1 - Signal (mV) for the sake of presenting the data in the same exponential
decay form as in Fig.[7.7 The pulse sequences used here for populating the qubit into

its higher levels are analogous to the ones used in the previous part of this chapter in
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Figure 7.17: High-power frequency sweep of the resonator at its bare frequency for
the qubit initially in the ground state |0) and in the first excited state |1). The state-
dependent transmission amplitude allows to perform single shot readout of the qubit
state.

Section [7.5], Section [7.6] and Section [7.7] for the Transmon-X at MIT. Furthermore,
note that we plot the raw data here and have not corrected the traces with calibration
values of the populations of each state as we had done for the Transmon-X using
Eq. [7.5] to obtain Fig. [7.7]

An immediate observation is that the initial and end populations of the traces
of the states are high, even after the qubit is back in its ground state. This can
be explained if we include the finite temperature of the qubit, which is much higher
here than in the previous case. For this reason we build a multi-level decay model
including thermal distributions, and for simplicity we neglect non-sequential decays
since we showed in Tab. that they are suppressed by more than two orders of
magnitude. We modify our decay model in Eq.[7.7] to express the thermal excitations
as stimulated absorption by including non-zero sequential upward rates I'; ;4; in the
equations. These had been neglected in Eq. [7.7] due to the extremely low effective

temperature of the Transmon-X qubit [92]. The downward rates have a spontaneous

(st)

emission I’ i+44 component, giving one decay

fipl)l and a (thermal) stimulated emission I'
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rate [';;;, = Fgﬁ)z + Fﬁf@)l

Following the principle of detailed balance, the multi-level decay model for the

evolution of the state occupations for p;(t) for i = 0, 1,2, 3 is then given by the set of

equations
dpo(t
pg; : = —To1po(t) + Tiop1(?)
dp(t
p&; ) = F01p0(t) - Flopl (t) - F12p1 (t) + F21p2(t)
dps(?) (7.16)
pjt = Top1(t) — Toapa(t) — Taspa(t) + Isaps(t)
dps(t
pjt( ) = D'a3pa(t) — Daaps (1) -

We are chiefly interested in extracting the three decay rates I';1;; for ¢« = 0,1,2 by
fitting to the data. The upward rates I'; ;11 can be eliminated as fitting parameters
by calculating them from the steady state solutions (thermal equilibrium) of the
equation system. They are obtained by solving the equations for dp;(t)/dt = 0 for all
t = 0,1,2,3. The solution to the resulting equations gives the upward rates I'; ;11 as a

function of the downward rates I'; ;1 ; and the ratio of the corresponding populations

Liiv1 =Tty it fort=0,1,2 (7.17)
p

In statistical mechanics, the Boltzmann distribution is a probability distribution that
gives the probability in thermal equilibrium that a system will be in a certain state
as a function of that state’s energy and the temperature of the system [107]. It is

given as
efei/kBT

- SN e—ci/knT fori=0,1,2,3 (7.18)

Di

where p; is the probability of state ¢ to be occupied, ¢; the energy of state i, T,
the temperature of the system, and N the total number of states accessible to the
system. Applied to our system, the p; is the population of state ¢, the energy of state

i is € = hwy;, with wy; the transition frequency between the ground state |0) and
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excited state |i), T' = T, is the temperature of the qubit, and N = 3 is the number of
qubit states under consideration. The ratio of neighbouring populations in Eq.

can then be calculated given the single parameter 7;, and the upward rates become

e—ﬁwo,i+1/kBTq

Piv1 r.. .
i+1i e—Twoi/kpTy

i1 =it (7.19)

Replacing these upward rates in the decay model Eq. now gives us a simple model
with only four parameters I'sy, I's1, I'1g, T} to fit. The initial populations p;(t) at time
t = 0 could be estimated by transferring the thermal equilibrium occupations given
by Eq. with the m-pulse sequence. Due to our m-pulse imperfections however,
these initial populations cannot be predicted precisely, and we therefore set them in
the model to the initial values in the data.

In contrast to the Transmon-X which had very long T} times relatively to the
readout time T...q = 8 us, our relaxation times are comparable to our readout time of
Treaqd = 4 ps. The model must therefore also account for the decay during the readout
time of the data acquisition by adding the corrections to the model populations using
Eq. and Eq. [7.4 This indeed brings the model traces to the correct population
distribution that matches the data at time ¢t = 15 ps.

From an independent Ti-measurement of the first excited state of the qubit we
extract I';y = 6.2 us which we fix as the first parameter. Varying the parameter T,
and the remaining two rates I'so, ['9; iteratively we then fit the calibrated model to
the data in Fig. [7.18] and the values of the best obtained fit are reported in Tab. [7.4]
The extracted decay rates again show that the sequential rates scale approximately
linearly. This thermal multi-level decay model fits well with our data and thereby
strongly indicates that significant sequential upward rates I'; ;11 due to the finite qubit
temperature (qubit placed at 10 mK but not well thermalized) explain the high state

occupations at the start and end of the evolution of the qubit states.
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Figure 7.18: Population decay traces of the qubit states up to |3), obtained by vary-
ing the time delay At before the depopulation sequence. The solid lines are state
occupations from the sequential multi-level decay model taking into account upward
rates that express thermal excitations. The model traces are calibrated for the decay
during the readout time and are then best fit to the data by adjusting the qubit
temperature and sequential decay rates.

Frequency for Ji2 Jo3

Exp. f (GHz) 6.848 6.589 6.307
Sequ. decay ! T ['ay I's

time (pus) 6.2 = 0.3 3.1 0.2 2.0+ 0.1
Dephasing T5 T (01) T512) T (23)
time (us) +20% 5.3 3.2 2.3

Table 7.4: Experimental values for the Transmon-J qubit measured in Oxford for
the transition frequencies f;;+1, the relaxation times Fi_jl for the sequential and non-
sequential rates, the dephasing times T ;) for the superpositions of states |i) and |j).
Errors on the decay rates are determined as the maximum deviation for which the
model still fits the data reasonably.
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7.9.3 Coherence of higher levels

The phase coherence of the higher levels is also investigated using Ramsey-type
experiments up to qubit state |3). The dephasing traces and the corresponding power
spectral densities obtained via Fourier transform are displayed in Fig.[7.19] and the co-
herence times 75 (91), 1,(12), 15,(23) are found in Tab. . As opposed to the Transmon-
X which revealed two clearly distinguishable frequency components for the states |2)
and |3) (see Fig. [7.10]), our Transmon-J here only shows one well-defined frequency
component as well as one or two less important additional components, indicated by
the black arrows in Fig. We consider two possible explanations. The first is that
the charge dispersion splitting is unresolved and therefore we only see one important
frequency component. This explanation is justified by the results of the numerical
simulation of the Transmon-J, which predicts that the maximum splitting eé@?“x) is
less than 30kHz, and eg“w) less than 3kHz, and eéTax) in the order of Hz. This is
mainly the result of the high ratio E;/Ec = 96 of the Transmon-J which greatly
flattens its levels. This is in contrast to the Transmon-X, where the much lower ratio
E;/Ec = 58 showed larger charge dispersion (see Tab. that allowed the Ramsey
experiment to resolve the frequency splitting. The second explanation would be that
the splitting revealed between the smaller indicated peak together with the major
one (the two black arrows in Fig.[7.19)) indeed represents the charge dispersion. That
would then mean that the observed transition frequency splitting of 3.19 MHz on
state |2) and of 8.21 MHz on state |3) is mainly induced by quasi-particle tunnelling
between the two junction electrodes, charge traps between the substrate and the de-
posited metal film, or the presence of two-level fluctuators in the junction, as already
mentioned in Section [7.7 These are likely dominant effects in our qubit causing the

large splitting which in turn strongly limits our coherence times.
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Figure 7.19: (a) Ramsey oscillations experiment on each subsequent energy transi-
tion up to state |3) with the Transmon-J in Oxford. The horizontal axis represents
the pulse duration, and all traces are taken at identical input power. (b) The Power
Spectral Density (PSD), obtained from the discrete Fourier transforms of the corre-
sponding Ramsey fringes.



Chapter 8

A coaxial circuit QED architecture

This chapter presents a novel qubit architecture based on coaxial geometries for the
qubit and resonator, that we call the coaxmon architecture. It allows for scaling up
by using the 3rd dimension for readout resonators and input/output control, thereby

allowing for scalable grids of qubits.

8.1 Motivation for coaxial circuit QED

We introduce a novel coaxial circuit QED architecture that consists of a coaxial
LC resonator (which we call coazLC') on one side of a chip coupled to a coaxial
transmon (which we name the coazmon) fabricated on the back of the chip, see
Fig. The similar geometry of the two allows for strong coupling across the
dielectric of the sapphire chip. Coaxial readout and control coupling ports are placed
inline in the 3rd dimension. This architecture allows the coaxial microwave cables
to be directly coupled to the resonator with no physical contact or additional on
chip circuit structures (no bonding). We demonstrate in Section that we can
fabricate and measure high-QQ coaxial L.C resonators by controlling the length of a
spiral inductor between the inner and outer rings of the coaxLC. Then we show
that replacing the spiral inductor by a Josephson junction on the back side of the

chip creates a circuit QED system. We demonstrate qubit spectroscopy and Rabi
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oscillations in Section [8.2.3.1] proving the coherence of the system. This lumped
element resonator only has a single resonant mode as opposed to the many modes in
a 3D cavity due to its physical size, although for much higher frequencies higher modes
will also appear. This is an important property of the coaxLC since it avoids leakage
from the coupling of the qubit to higher modes of the resonator. This architecture
is a significant departure from current circuit QED implementations in a number of
ways. First, the qubit has a concentric coaxial topology which naturally suppresses
spontaneous radiation due to radial symmetry. Second, the qubit is fabricated on
the back side of the chip where the resonator is fabricated. Third, the input/output
control lines as well as the readout resonator are inline in 3rd dimension, which
allows to create a grid of qubits without presence of resonators in the grid. These
characteristics make it a highly promising architecture for scaling up to the many-

qubit grids necessary for quantum computing.

8.2 C(Coaxial LC resonators

8.2.1 CoaxLC design and simulation

Designing a two port lumped element coaxial parallel LC resonator (coaxLC),
geometry shown in Fig. and Fig. [8.1] requires finite elements simulations with
HEFSS to find the correct parameter range for the resonance frequency w,, capacitance

C,, and inductance L, of the circuit given by

1
v L,.C,

Wy =

(8.1)

The purpose of the coaxL.C is to serve as a readout resonator for the coaxial transmon
(coaxmon) in a circuit QED setup. Since both circuits need to have a similar geometry

and size in order to achieve coupling, measuring a coaxL.C will serve as a basis for
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Figure 8.1: (a) HFSS simulation model of the coaxL.C with the refined mesh. The
coaxial capacitor geometry is defined by the radius of the inner disk r; = 0.25 mm and
the inner radius of the outer ring r, = 0.4 mm. (b) Optical picture of a coaxL.C with
bad liftoff on the capacitor ring edges. (c) Picture of the coaxL.C1 and coaxLC2 chips
placed in the aluminium sample holder. The small coupling port holes are visible on
the inner surface of the sample holder lid. (d) Picture of the closed sample holder
connected to the input/output lines and thermally attached to a copper plate fixed
to the 10 mK plate. (e) Picture of the coupling pin SMA connector. The 0.4 mm thin
copper wire is inserted into the connector’s inner stud and then soldered in place.

designing the coaxmon’s structure, and this means it is subject to several requirements
which are not easily fulfilled simultaneously. The inductance of the coaxmon will be
given by the engineered Josephson junction resistance as presented in Eq. The

capacitance C' = C, determining the charging energy via E¢ = €?/(2C%), however, is
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Figure 8.2: Plot of the resonance frequency of the coax.C as a function of the capac-
itance for a range of inductance values via w, = 1/2v LC.

difficult to calculate directly. It must be extracted by simulation, which delivers the
resonance frequency for a fixed inductance, resulting in the capacitance then obtained
via Eq. 8.1l A plot of the relation Eq. for various values of the inductance is
shown in Fig. and serves as reference when fabricating the normal resistance of
the Josephson junction to reach the desired qubit frequency.

The first constraint is a resonance frequency for the coaxLC in the range w, ~
6—12 GHz, i.e. a few GHz above the transition frequency of the coaxmon. The second
constraint is that we want a capacitance C). and inductance L, similar to those of a
transmon in the dispersive regime with F;/Ec ~ 50 — 100, which corresponds to a
capacitance on the order of C' ~ 100 fF and inductance L, ~ 1 — 10nH for junction
resistances of R, ~ 5 — 10k().

A third constraint arises from the long length needed for the wire that physically
realizes the inductor. The self-inductance of a wire is given by [I89)

t
+0.5+ 0.2235%) 1077 H, (8.2)

2l
Lself(l,w,t) =2[- (ln Wt

where [ is the length, w = 1 um the width, and ¢ = 80 nm the thickness. To achieve
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an inductance of L, sq5 ~ 2.5nH requires a length of [ = 1.5mm, which can only
physically fit conveniently between the two narrow concentric capacitor rings of the
coaxL.C if it is in the form of a spiral, as seen in Fig. [8.1a)b). The formula for
self inductance Eq. was first tested by measuring capacitively two-port coupled
lumped element parallel LC oscillators with the inductor in the form of a meander
line between two non concentric capacitor plates. Fitting the measured transmission
spectrum with an ABCD matrix model [I54] confirmed good agreement of the Eq.
with the extracted inductance of the device, showing that the mutual inductance is
negligible.

The HFSS simulation of the coaxLC consisted mainly in varying the radius of
the inner disk r; and inner radius of the outer ring r,, see Fig. and Fig. 8.1k,
with fixed inductor length [ (fix inductance L,.) to simulate the resonance frequency
that corresponds to the desired capacitance. The plot in Fig. [8.2] serves as rough
guidance to fix the inductance in the simulation. Furthermore, the gap distance dgq),
between the sapphire chip (coaxL.C) and the tip of the centre pin of the coupling
port is also varied in the simulation in order to estimate the external quality factor
required to achieve a visible transmission resonance. The simulation results indicated

that appropriate dimensions are r; = 0.25mm, r, = 0.4mm with dg,, = 0.25 mm.
8.2.2 CoaxLC measurements

The fabrication of the first coax].C1 and coax.C2 was initially done using a single
layer of PMMA950k resist, which led to a bad liftoff of the edges of the capacitor inner
disk and outer ring, clearly visible in Fig.[8.Tp. Subsequent resonators were made with
a bi-layer, thereby solving the liftoff issues. The coaxial resonators are pure 80 nm

thick aluminium thin films fabricated in the e-beam evaporator, and embedded in
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Figure 8.3: HFSS simulation model of the coaxL.C resonator on a sapphire chip placed
inside a sampleholder with the two coaxial coupling ports.

a carefully designed sample holder shown in Fig. [8.1c which is thermally fixed to
the base plate of the dilution refrigerator at 10 mK, see Fig. [8.1d. The coupling pins
pictured in Fig. consist of a 0.4 mm diameter copper wire soldered into the center
pin of an SMA connector. The two ports are connected to two input/output lines that
are not highly attenuated, see Fig. in Chapter (3] and the devices were measured
with the VNA.

The measured transmission spectrum for both devices at 10mK is shown in
Fig. 8.4 CoaxLC1 has an inductor length | = 3mm, leading to a resonance fre-
quency w,; = 6.78 GHz, and fitted quality factors Qi = 850 and (¢rr = 1800. The
coaxLC2 has [ = 1.5mm with w, o = 9.70 GHz and quality factors @, = 2230 and
Qext = 670. The low internal quality factor is due to the bad liftoff. The corrsponding
HFSS simulation spectrums are overlaid (black) and show reasonably good agreement

with the measurements, see compared values in Tab. In order to obtain good
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Figure 8.4: Transmission measurements of the coaxLLC1 (green) and coaxL.C2 (blue).
The solid black lines are the respective HFSS simulation results. The data is corrected
for the attenuation of the input and output microwave lines.

simulation results for the coaxLLC with HFSS, it is important to refine the mesh in
and around the inductor spiral to a size smaller than its width of 1 ym, as shown in
Fig.[8.1a. The gap distance for both devices was chosen as small as physically possible
by filling down the coupling pin dg,, = 0.2 & 0.1 mm. The additional resonance in
the form of a dip comes from the fact that the parallel LC is in reality a capacitively
coupled LC resonator with coupling capacitances Cj in series (the coupling ports)
that lead to two resonances, one dip and one peak. It is the peak resonance that
relates to the internal quality factor of the coaxLLC though.

Subsequently we fabricated a coaxLLC3 using a double layer resist of Copoly-
mer/PMMA950k to solve the liftoff issue. The measured transmission spectrum at
10 mK is shown in Fig.|8.5| The second resonance (dip) is not visible for this device be-
cause the coupling pins were pulled further back to dy,, = 0.6 mm with Q.+ = 85000,
to the point where the coupling capacitances C} become negligible compared to the

internal C. of the coaxLC itself, and the capacitively coupled LC circuit reduces to a
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CoaxLC [=3mm [ =15mm
Lyety [nH ] 5.61 2.65
exp. w,/2m [GHz | 6.78 9.70
sim. w, /27 [GHz | 6.95 10.28
w,/2m % difference 2.5 6

exp. C, [F ] 08.4 101.5
sim. C, [fF ] 93.6 90.4
C, % difference 5.5 11.3

Table 8.1: Experimental and simulated values obtained for the two first coaxLC’s.
The Lgey is the theoretical value calculated in Eq. 8.2} This values are for r; =
0.25mm and r, = 0.4 mm

simple parallel LC resonator.
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Figure 8.5: Power dependance of the CoaxL.C3 device measured with a VNA at
increasing input powers from -52dB to -10dB, with 3500 averages, L;,q = 3mm,
fr = 6.86979 GHz, Q;,; = 110000, and Q.,; = 85000.

The coaxL.C undergoes non-linear effects (bifurcation) for high input powers where
it looses its Lorentzian shape, as shown in Fig. for the power range -52dBm to
-10dBm. This is the evidence that indeed the resonance is that of an LC oscillator

that behaves like a Duffing oscillator [58] at high power. In Fig. the traces are



8.2. Coaxial LC resonators 188

referenced to the different input powers of the VNA, which is the reason that the
peaks decrease in amplitude with increasing input power. We keep this visualisation,
keeping the same base line, since the purpose of the plot is only to show the evidence
of the non-linear effects.

The quality factors for the coax.C3 are extracted from the measured transmission
and reflection spectrum shown in Fig. by fitting the reflection dip in the complex
plane in order to take into account the magnitude and phase. It shows a high quality
factor Q;,; = 110000, which is two orders of magnitude larger than the first resonators
that had a bad liftoff. The measured trace is corrected for the attenuation of the input
and output microwave lines. This calibration was done by measuring the transmission
spectrum of through the input and output line in a separate fridge cooldown by
connecting them with a short “rough”-cable at the 10 mK stage, and then subtracting
this attenuation calibration data from the measured coaxL.C trace.

8.2.3 Coaxial circuit QED architecture: coupled coaxmon -
coaxLC system

The successful design and measurement of coax.Cs prepared the grounds to fab-
ricate a coupled coaxial qubit-cavity system for cQED. We use the coax.C with
a 1.bmm inductor line, giving an inductance of approx 3nH, and resonance at
w,/2m ~ 10 GHz as the cavity, fabricated on the top side of a 0.5 mm thick sapphire
chip. Since the coaxL.C resonator geometry consists of concentric capacitor rings of
dimensions r; = 0.25 mm and r, = 0.4 mm resulting in a capacitance C, ~ 100 fF, we
use the exact same geometry for fabricating the coaxmon. So the coaxmon is simply
a coaxL.C with the spiral inductor replaced by a Josephson junction fabricated on
the other side of the sapphire chip (developed by Joseph Rahamim). The simulation

design in Fig. depicts this system, showing the devices and the coupling ports on
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Figure 8.6: CoaxLC3 device with L;,; = 3mm, f,. = 6.869 GHz, Q;,,; = 110000, and
Qext = 85000. (a)(b)(c) Plot and fit of reflection measurement showing the ampli-
tude, phase, and complex representation respectively. (d) Transmission measurement,
corrected for the attenuation of input and output lines (5-7). Measured at low power
-64 dBm.

both sides. Note, however, that in this figure the radius of the inner disk of the coax-
mon is the optimal one r; = 0.125 mm as devised in Section 8.2.3.2l The inner radius
of the coaxmon fabricated and measured here is the exact same r;, = 0.25 mm as the
coaxLC one. The double sided coaxmon-coaxL.C chip is then placed in the aluminium
sample holder, as seen in Fig. [B.Ih, with an additional 0.2 mm deep pocket milled out
on the side of the coaxmon to give it a vacuum buffer with the sample holder. The
sample holder is again thermally fixed to the 10 mK stage of the fridge and the two
coupling ports are connected to the same input and output lines used to measure the

3D transmons in Chapter [7] i.e. a highly attenuated input line and the amplification

output line with the down-conversion and FPGA acquisition setup, see Fig. [3.3]
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8.2.3.1 Coaxial circuit QED results

First, spectroscopic resonator measurements (see Section of our coaxmon-
coaxLC system in Fig.[8.7]for varying input powers show the dispersive coupling, with
a dispersive shift xo/2m = 14.3 MHz. The coaxL.C’s bare resonance frequency w./2m =
9.3694 GHz at high input powers is shifted in the dispersive regime at low powers to
its ground resonance frequency w,/2m = 9.3837 GHz corresponding to the qubit in
the ground state |0). The resonance stays linear in the dispersive regime up to an
input power of -45 dBm. We observe only one resonance peak at the low powers which
corresponds to the qubit in the ground state |0). As opposed to our 3D transmon in
Chapter [6] we do not see any resonance peak at the frequency corresponding to the
qubit in state |1), which indicates that the coaxmon is very cold.

Performing the standard qubit spectroscopy measurements (see Section for
procedure details) with readout on the coax.C ground resonance and sweeping the
frequency of a qubit drive, we observe the qubit (coaxmon) transition frequency at
wo1/2m = 5.5465 GHz in Fig. . The qubit drive is applied with a power of -
20dBm, and the readout signal is at -50 dBm. The high qubit drive power reveals
the additional transitions of the qubit at wis/2m = 5.4237 GHz and wgy/2 = 27 -
5.482 GHz. This allows us to extract the anharmonicity and charging energy of the
coaxmon « /27 = —FEg = 123 MHz, resulting in a Josephson energy E; = 29.5 GHz,
ratio E;/FEc = 227, and coupling g/2m = 234 MHz, see Tab. . The conclusion
from these results is that the capacitance Cy, of the coaxmon needs to be decreased
by decreasing the inner radius r;, which is done by simulation in Section [8.2.3.2] so
that the F¢ increases sufficiently to obtain a larger anharmonicity and smaller E;/E¢

ratio.
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Figure 8.7: Resonator spectroscopy of the coupled coaxmon-coaxL.C system for RF
input powers ranging from 0 dBm to -60 dBm. The coaxLLC resonance is shifted by
Xo/2m = 14.3MHz to w, /27 = 9.384 GHz due to the dispersive interaction with the
qubit at low input powers. For high powers, the dispersive shift neutralises and the
coaxL.C resonance appears at its bare resonance frequency w./2m = 9.37 GHz.
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Figure 8.8: (a) Qubit spectroscopy at high drive power revealing the qubit transition
frequencies wgy /2m = 5.5465 GHz, wyo/27m = 5.4237 GHz and the two-photon transi-
tion wpe/2 = 27 - 5.482 GHz. (b) Rabi oscillations on the coaxmon transition wpi,
with fitted Rabi frequency wrapi/2m = 5.33 MHz and a relaxation time of 7 us.
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w2 wor/2m A Xo/2m g E;  «a/2r(—Ec¢) E;/Ec
GHz GHz GHz MHz MHz GHz MHz
9.3837  5.5465  3.8372  14.3 234 295 123 227

Table 8.2: Parameters of the experimentally measured coaxmon.

In a final step we perform a Rabi experiment to prove that our coaxmon indeed is
a qubit displaying coherence. Using the standard protocol presented in Section |6.4.2]
we apply Rabi pulses of increasing length to obtain Rabi oscillations of the coaxmon,

plotted and fitted in Fig. 8.8p.

8.2.3.2 Black Box Quantization simulation

The results obtained for the first measured coaxmon show that precise simulations
for the capacitance are necessary in order to optimize the coaxmon’s parameters, in
particular o, F;/E¢, to make them more similar to typical values for transmon circuit
QED systems. We use the Black Box Quantization (BBQ) method [143] developed in
Yale to fully simulate a 3D circuit QED system with HFSS. First, we performed BBQ
simulation and compared the results to experimental data for a 3D transmon in order
to prove that the BBQ simulation is consistent with experiments, which turned out
to be the case. Detailed results of these simulations are presented in [I74]. Then, our
coupled coaxmon-coaxLC model shown Fig. was simulated for a range of values of
the inner radius r; of the coaxmon, for various sapphire chip thicknesses, and varying
the pin gap distance d,qp,. The main result is a good set of design parameters for the

geometry of the device for use as a circuit QED architecture. The key dimensions are:

(res)

chip thickness 0.5 mm, coaxLC inner radius r; = 0.25mm, coaxmon inner radius

quumﬂ = 0.125 mm, coupling pin gap distance dy,, = 0.25 mm. These dimensions lead
to the system parameters presented in Tab. [8.3] With these dimensions we therefore

obtain a reasonable ratio F;/Es ~ 100 and sufficient anharmonicity /27 ~ 200.
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The top view of the model in Fig. shows the relative dimensions of the coaxLC
and coaxmon. For this geometry, the simulations of the Purcell limiting lifetime
Tpurcen for varying values of dgq, reveal that for a coupling pin distance of minimum
dgap = 0.2mm the coaxmon has Tpyrcen > 100 s, which means that our system is far

from being Purcell limited.

(a) ' (b)

coaxmon

coaxmon
coaxLC

%

inductor
Josephson

junction 0.25 mm

Figure 8.9: (a) HFSS simulation model of the coupled coaxmon - coaxLC system.
The coaxmon (purple) is on the top face of the sapphire chip and the coaxL.C (green)
is on the backside of the chip. (b) Top view of the coupled system showing the relative
geometries of the two devices.

wr/27r w01/27r A X0/27T g EJ Oé/271' (—Ec) EJ/EC Tpurcell

GHz GHz GHz MHz MHz GHz MHz 1S
sim BBQ 10.61 6.01 4.52  3.62 234 90 19.6 84 101
% error 3 13 7 11 4 - 13 20 -

Table 8.3: Parameters of simulations for optimal coaxmon with BBQ. Errors are cal-
culated from comparison of experimental data and BBQ simulation of a 3D transmon.



Chapter 9

Conclusions and Outlook

9.1 Conclusions

The experimental work in this thesis consisted of three main accomplishments.
The first part was designing and building a 3D circuit QED setup from scratch in
a new lab which involved the following main steps: producing high quality factor
cavities; designing, building and installing the cryogenic microwave setup as well as
the room temperature amplification chains and data acquisition circuitry, successfully
developing a recipe and fabricating Josephson junctions in Oxford, as well as mea-
suring and controlling their normal resistances; and controlling, measuring, and fully
characterising 3D transmons at 10 mK.

The second part consisted of demonstrating preparation and control of the five-
lowest states of a transmon qubit in a 3D cavity and investigating the coherence and
decay dynamics of these higher energy levels. The predominant energy relaxation
was observed to be sequential, with non-sequential rates suppressed by two orders
of magnitude. The direct measurement of the charge dispersion at higher levels
agrees well with theory and facilitates further studies of decoherence characteristics
of transmons. The measured qubit lifetimes in excess of 20 us at energy states up

to |4) expands the practicability of transmons for quantum information applications
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and simulations using multi-level systems. This experiment on higher levels was
reproduced on a transmon fabricated and measured in Oxford, and a multi-level decay
model including thermal populations was used to describe the relaxation dynamics.
The third accomplishment consisted in the demonstration of a novel coaxial trans-
mon (coaxmon) architecture with a coaxial LC readout resonator and input/output
coupling ports placed inline along the third dimension. This coaxial circuit QED
architecture holds great promise for scaling up to the many-qubit grids necessary for

building a quantum computer.

9.2 Outlook

This thesis has presented the development of single qubit 3D circuit QED exper-
iments in Oxford, but that is only the first step in achieving a quantum computing
building block. Indeed, this requires demonstrating the coupling and entanglement
of two qubits as a next important step, in addition to implementing high fidelity two-
qubit gates. The immediate next step is to fabricate a second transmon on the same
or a second sapphire chip in our 3D cavity at a slightly different transition frequency
and measure the two-qubit coupling. This does not require major design changes in
the setup. Complete new designs are required when coupling two separate cavities as
in [I01]. Moreover, several important steps need to be taken to increase the lifetime
and coherence of our transmons from the current typical values range 177 =5 — 10 us
and T, = 2 — 5 us to state of the art values 77 = 20 — 90 us and T, = 15 — 100 ps. In
order to achieve that, firstly the fabrication recipe needs to include a proper residual
resist cleaning step before the aluminium evaporation. Most research labs use an
in-situ ion gun mill to achieve this, which is not available to us, but this could be

substituted by using carefully calibrated plasma etching or ashing. The current up-
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grading to a cryopumped chamber on our home-built e-beam evaporator may already
improve lifetimes. A post lift-off cleaning step also needs to be tested and added to
the fabrication recipe. Secondly, as shown in Chapter [6] the cavity and qubit are not
cold enough at the base plate (over 200 mK) and therefore the presence of thermal
photons in the cavity causes decoherence of the qubit state. This can be improved
by better thermalizing the cavity to the 10 mK plate and adding better filters on the
input and output lines to remove any radiation from reaching the cavity. A third im-
provement would be to optimize the dielectric surface participation ratio [192] of our
3D transmon geometry. Nevertheless, it is important to note that these improvements
can be undertaken in parallel to performing new single and two-qubit experiments
in one or two coupled cavities with the qubits and cavities that we currently have,
because our coherence times are sufficiently good to apply sequences of many gates
before decoherence becomes problematic.

The outlook described here not only applies to the 3D transmons but also to our
coaxmons, since the Josephson junction is the same in both cases. Improving the
fabrication of the Josephson junction will increase the lifetime of the coaxmon as
well. Similarly, to prove the viability of the coaxmon architecture, the coupling of
two coaxmon - coaxL.C systems needs to be demonstrated. Simulations of different
ways of coupling the two systems are underway and measurements are expected in
the near future. These results will indicate how well two side by side coaxmons can be
isolated, and simultaneously how well they can be entangled for quantum computing
purposes. It is possible that some form of resonator bus will be needed to connect two
coaxmons, analogous to the connecting resonators in current state of the art planar
circuit QED systems that are realizing grids of qubits for quantum error correction

[3)].
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Building a practical fault-tolerant scalable quantum computer will require apply-
ing quantum error correction codes, such as the surface code or repetition code, on
thousands or millions of qubits in a 2D array to protect logical qubits [53] from errors
induced by decoherence. Then operations on single logical qubits followed by quan-
tum algorithms on several logical qubits need to be demonstrated before achieving
a fault tolerant quantum computer. The current state-of-the-art has implemented
the repetition code on a one-dimensional array of nine qubits [99]. It is clear that
many inventions and engineering feats still lie ahead to create large reliable qubit-
resonator grid structures to form the first logical qubit, and our hope is that perhaps

our innovative coaxmon architecture will play a role in this great quantum endeavour.
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Appendices
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Appendix A

Aspects of the experimental setup

A.1 Microwave cables and heat loads

Our pulse tube cooled cryostat has a cooling power of less than 0.5 W at the 2.7 K.
A single coaxial copper cable connecting the room temperature stage 300 K to the
2.7K stage would have a heat load greater than 1 W, which would inevitably warm
up the fridge. Cables with stainless steel (SS) are therefore the forced choice, as they
have a low thermal conductivity. The trade-off though is that the stainless steel cables
also have a significantly lower electrical conductivity than the copper ones. As shown
in Fig. and Tab. [A.2] we installed semi-rigid coaxial cables UT85-SS/SS made of
304 SS inner and outer conductor from base 10 mK to the 2.7 K stage, cables UT85-SS
made of SPCW inner conductor and SS outer conductor from 2.7 K to 300 K, and
cables UT85-TP made of tin plated copper inner and outer conductor from the fridge
output to the microwave equipment. The label "UT-85" represents the standard
radial size of the cables in the GHz range, and the frequency dependance of the
intrinsic attenuation of the three different types of cables is plotted in Fig.[A.Th. The
cables are thermally anchored through oxygen-free-high-conductivity-copper (OFHC)
baffle plates and feedthrough connectors at each temperature stage plate, as depicted

in Fig. 3.2l These feedthrough connectors ensure that the cables have their outer
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conductor well thermalised. In addition, inserting attenuators onto the feedthrough
connectors helps to thermalise the inner conductor of the cables, since attenuators

have a finite resistance between the coaxial outer and inner conductor.
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Figure A.1: (a) Temperature dependance of thermal conductivity for Stainless Steel
(SS), Beryllium Copper (BeCu), and Oxygen Free Copper (OFC). (b) Frequency
dependance of the attenuation of UT-85 coaxial cables made of different materials.

For determining the effective heat load at each stage in our Triton200 fridge, we

consider the heat flow in a coaxial cable across a temperature difference AT given by

. dT AT
— A~ a2t
@ & dx w L’

where A is the cross-section, L the length of the cable with ends at temperatures 77
and 715, and k is the temperature-dependant thermal conductivity of the material.
The temperature dependancies of the thermal conductivities x(T") of three common
materials, stainless steel, beryllium-copper, and oxygen-free copper, are taken from
the Cryogencis Materials Properties Database from the NIST Cryogenics Group [123]
and are plotted in Fig. [A.Tp.

For large temperature differences though, as is the case in our fridge, the heat

conduction should be calculated with thermal conductivity integrals %,

A

) Ty A
Q= T /T x(T)dT = T 0% (k)
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Integrating the above thermal conductivities for the various temperature differences

across the fridge stages gives us the results for the G)% tabulated in Tab. |A.1}

Temperature UT85 O[Wm™] Heat-flow [W]  Heat-flow [W] Local
from to material 1 cable 1 cable 14 cables cooling power
300 K 40 K SS/SPCW  2943.12 / 130914 0.22 W 3.06 W 4 W
40 K 2.7K SS/SPCW 88.0 / 71478.7 0.1W 1.2 W 0.5 W
2.7K 0.65 K SS/SS 17x1072 3.01 uW 42 pW 10 mW
0.65 K 65 mK SS/SS 6.8x1073 6.69x1078 W 9.36x1077 W 200 pW
65 mK 10 mK SS/SS 3.47x1077 47Tx10712 W 6.68x10711 W 4 pW

Table A.1: Heat loads in the Triton200 setup for 14 built-in cable lines.

The surface area of the semi-rigid UT85 cables includes the outer shield, the
dielectric and the inner conductor. The dielectric is PTFE (teflon), which is an
insulator, and has a very bad thermal conductivity to the point that it may be
neglected. The surface area of the inner and outer conductor sums to 1.79 x 10~m=2.
The centre conductor is not well thermalised, but it only represents 11% of the outer
shield’s area contribution. Taking the total length of the input line cables results
in the total heat flows per stage in the fridge. The heat flow at the two higher
temperature stages seems quite large compared to the local cooling power. These
results however must be regarded with caution. In fact, the top two stages have
UT85-SS/SPCW cables, which have a silver-plated copperweld (SPCW) as center
conductor, which is copper-clad steel (CSS), a bi-metallic product that combines the
high mechanical resistance of steel with the conductivity and resistance to corrosion
of copper. Therefore, it has significantly lower thermal conductivity than the OFHC.
However, we use OFHC values for the calculations of heat flows, acting as an upper
bound, because there is no data available for the SPCW thermal conductivity. The

last two columns in Tab. show that at each temperature stage, the local cooling

power is greater than the combined heat flows of all cable lines.
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A.2 Microwave components and instruments

Input line Output line
Temp. | Component Attn. [dB] | Component Attn. [dB]
RT Source 0 dBm ADC
UT85-TP -2.4 UT85-TP -2.4
IQ Upconverter -7 BPF 55-67 MHz -1.5
Combiner -3 LN Amplifier +24
UT85-TP -4.8 LPF 300 MHz -0.5
UT85-TP -0.5
Attenuator -3
1Q Downconverter -5.5
UT85-TP 2.4
Wideband LN Amplifier +26
K&L BPF 8-12 GHz -1
Attenuator -3
Wideband LN Amplifier +28
K&L BPF 8-12 GHz -1
UT85-TP -4.8
DC block -0.5 DC block -0.5
RT UT85-TP -2 UT85-TP -2
- UT85-SS -1.6 UT85-SS -1.5
2.7K Attenuator -20 HEMT amplifier +39
- UT85-SS/SS -3.9 UT85-NbTi -
65 mK | Attenuator -20
65 mK | UT85-SS/SS -1.8
10 mK Attenuator -20 Circulator 8-12 GHz -0.3
Circulator 8-12 GHz -0.3
K&L cryo BPF 8-12GHz -1
K&L cryo LPF 12 GHz -1
Microwave Switch -0.5
UT85-TP -0.5 UT85-TP -0.8
10 mK | Cavity Cavity
Total -85.5 Total +82

Table A.2: A detailed list of the input and output lines in the microwave measurement
setup and their respective attenuations and amplifications.
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Appendix B

Fabrication

B.1

beam lithography

Step Description

Equipment used

Precision

Fabrication recipe for qubits with electron-

1 Cleaning

2 Dehydration

3 Resist coating

4 Baking

) Resist coating

6 Baking

7 Dissipation coating
8 E-beam lithography
9 Dissipation removal
10 Development

11 Cleaning (optional)
12 Al deposition

13 Lift off

Acetone
Acetone

DMSO

Hotplate

AR-P 617.08 (Copolymer)
Hotplate

AR-P 672.045 (PMMA950k)
Hotplate

Electra
Jeol JBX-5500 series ZC

Hotplate, 1:3 MIBK:IPA

UV Ozone cleaner
Leek Evaporator

Hotplate, Acetone

Ultrasonic bath 50°C 5 min
Again Ultrasonic bath 50°C 5 min
Rinse in IPA 155

80°C 15 min

Rinse in warm water twice
Bake 180°C 2 min

Let cool down 2 min

Spin 45s at 3000 rpm

Bake 180°C 5 min

Spin 45s at 2500 rpm

Bake 180°C 5 min

Spin 30s at 3000 rpm
Acceleration voltage 50kV
Aperture 2

Beam current 1 nA

Large areas dose 750 uC/cm?
Junction area dose 950 pC/cm?
Undercut boxes dose 200 C/cm?
15s in DI Water

45s at 25°C

Rinse in IPA 155

Ng blow dry, very low pressure
10 min

60nm at 0.5nm -s~* and 60°
Oxidation 2 mbar for 60s
70nm at 0.5nm -s~! and 0°
10min at 50°C

again 5 min at 50°C

Rinse in TPA 155

Ny blow dry

Table B.1: Fabrication recipe for Josephson junctions.
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