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Chapter 1: Introduction

1.1 Overview of quantum computing

Richard Feynman once proposed the idea of using quantum computers (QCs) to simulate
guantum systems which can outspeed classical computers [11]. It was unclear how to actually
achieve a quantum speed-up until a few quantum algorithms were discovered [12—-16]. Peter Shor
proposed an algorithm for integer factoring which is computationally dif cult for large integers
in a classical computer and is the basis of the standard encryption via the internet [12]. Thus,
the security of widely used cryptosystems could be potentially broken by QCs [14]. Grover's
algorithm solved the problem of searching through unstructured data and showed a potential
improvement of operation numbers fra@(N) to O(p N) [16]. In the near future, we might
not see the above two algorithms running since they require millions of qubits with very high
delities [17]. However, some algorithms have potential if we could reach hundreds of qubits.
For example, quantum approximate optimization algorithm (QAOA) was proposed to improve
the computation time of problems such as Max-Cut and the max-independent set [18]. More-
over, quantum simulation of chemistry problems with quantum processors could potentially have
practical consequences in the near-term [19,20]. As a result, cryptography, chemistry simulation,
optimization, and machine learning have been signi cantly impacted by this technology.

The fundamental of computing is a bit, which is the smallest unit of classical information
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and can be in one of two discrete values (0 or 1). A classical bit is relatively robust to all sorts of
noise, such as physical motions, temperature uctuations, magnetic elds, etc, within a reason-
able margin. Even if an error occurs, well-developed error correction codes can rectify it [21].
A guantum counterpart of a bit is called “qubit”. A qubit has states in the bag® @indj1i,

and can represent an in nite set of values. Unlike classical bits, qubits are highly vulnerable to
environmental noises [22, 23]. Based on quantum mechanics, any unwanted interactions with the
environment will cause a quantum state to collapse into a spurious state. Moreover, imprecision
in qubit control would propagate forward during operations, and there is nothing to prevent the
accumulating errors from building up. The problems lie in the con icting demands which re-
qguires tremendous efforts to achieve together: a highly isolated quantum system on one side, and
fast manipulations and rapid readouts on the other side.

Many schemes of quantum error correction are proposed to correct errors [24—-27]. When
multiple connected qubits have their gate error per operation below a certain threshold value,
then we could bundle many imperfect qubits together into one near-perfect “logical” qubit. In the
simplest example, a bit- ip code copies the information multiple times and corrects the error if
disagreement happens, while the phase- ip error correction is more complex [24]. A more com-
plicated error-correcting process (i.e. surface code) attempts to use a number of two-dimensional
physical qubits array as one fault-tolerant logical qubit [27].

In principle, any quantum system with distinguishable energy states can be operated as
a qubit. Many physical implementations have been proposed and developed: polarization op-
tics [28, 29], nuclear spin [30], spins trapped by crystal defects or within quantum dots [31, 32],
ionized atoms [33], superconducting qubit [34—36], etc. There are strengths and weaknesses
in each approach, and none has convincing advantages to set itself apart as the only candidate.
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Superconducting (SC) qubits meet most of the requirements of building QCs in the future: long-
lived qubits, purity of two-qubits entanglement control, qubit state readout, scalability, etc. SC
qubits utilize the Josephson effect to realize arti cial atoms [37] and the well-controlled Joseph-
son junction (JJ) barrier thickness guarantees the accuracy of designed qubit frequencies. A
“quantum Moore's law” shows an increase in their lifetime by ve orders of magnitude [22, 36].
The improvement of qubit quality comes from many aspects. First of all, researchers learn to
avoid the loss mechanisms from (1) two-level systems (TLSs), which are located in disordered
interfaces or dielectric materials [38—40], or (2) quasiparticles generated by high-energy parti-
cles [41,42]. Moreover, new superconductor materials, such as Ta [43], Nb [44], or TiN [45, 46],
are found to have low loss and replace the traditional metal Al to improve the qubit lifetime.
Third, quantum-limited ampli ers utilizing the nonlinearity from JJs [47, 48] or the kinetic in-
ductance of superconductors [49] provide a large signal gain with a small added noise and en-
hance the readout delity. Fourth, noise insensitive designs are proposed to protect qubits from
decoherence i.e., transmon [35], uxonium [50] or §51] qubits, which have delocalized wave-
functions either in charge or/and in phase. Lastly, SC qubits are relatively easy to scale compared
to other systems. Due to the compatibility with the well-developed complementary metal-oxide
semiconductor (CMOS) techniques, one can design quantum systems on two or three chips with
high-density qubits and attach them together [52,53].

However, when the qubit processors are made more compact, complicated crosstalk be-
tween qubits would be an issue that is hard to be classi ed and be prevented. Moreover, the
problems of heating from readout pulses, complex coax cables for qubit frequency control, or
insuf cient spacing for cryogenic microwave components in cryostat cast a few daunting chal-
lenges. In current standard decoherence tie (100 s), the requirement of an arbitrary

3



quantum algorithm would be millions of qubits and would pose challenges for cryogenic engi-
neering [17]. Additionally, even though the physical size of a qubit is small, it is still larger
than that of its classical counterpart. These problems present challenges to the manufacture of
high-quality qubits with scalability to ful Il the advantage of quantum computing. In this thesis,

we aim to understand TLSs, the dominating loss source, in aluminum oxide, especially their mi-
crowave properties and microscopic information. The technique we used would be powerful for

future TLS characterization on other materials as well.

1.1.1 The Bloch sphere

As mentioned above, the qubit can be described by two levels, the groungDsiatel the

excited stat¢li. A general expression for a qubit state in the basi®ioandjli is

ji= o+ i (1.1)

where and are two complex numbers. The probabilitiesj@if andjli arej j?> andj j?,
respectively, which can be con rmed in measurements. As expected, the probabilities follow the
normalization rule of

jir+iir=t (1.2)

It is useful to imagine the state as a vector on a sphere, also called the Bloch sphere, as shown in
Fig. 1.1. We de ne that two orthogonal basis staj@s.andjli, are on north and south poles on
ili

the z-axis, respectively, aH%iJz— points to the positive x-axis on the Bloch sphere. Each vector

on the sphere can also be represented by two real value baaed: . is the angle between



Figure 1.1: The Bloch sphere provides a visualization of a single qubit state. Any point on
this sphere can be represented by a linear combination gDthendjli states with complex

coef cients as mentioned in Eq. 1.3. Apulse rotates' a qubit from thigi -state to%-* along
the y-axis. Figure is from Ref. [1]

the vector and the z-axis. is the angle between the vector and the positive x-axis measuring

counter-clockwise. The state can be rephrased as
. . — _ .0. + | . _ .1. : 1.3
j i COSZjI e Slnzjl (1.3)

1.1.2 Density matrix

A state is called “pure” if it can be represented by a vegtor For a pure state, the density

matrix 0 1 1

0

o 00 o1 jj

=j ih j= = : (1.4)
10 11 J j2

However, it is insuf cient if we want to describe qubits in “mixed” states by a vector. Mixed states

cannot be represented as linear superpositions of normalized state vectors. Traces of the square

2 is smaller than 1Tr ( 2) < 1, for a mixed state. Her&r (A) is the sum of all elements on the



diagonal. Mostly, the off-diagonal term,q,j, is smaller thap  j due to the decoherence or the
measurement. For example, due to the nature of a quantum mechanical system, the qubit state
would collapse or project on the measurement axis after the measurement. The post-measurement

state becomes a mixed state and 0 1

0= %J 2 0§ (1.5)

after measuring in z-axis.

1.1.3 Qubit gate and Pauli matrices

For accurate qubit controls, fast operations of a set of quantum gates are essential to max-
imizing the operation number within the qubit lifetime. Theoretically, all single qubit gates can

be comprised of Pauli matrices

. %o 1§; - %o i§; . %1 o§ s

10 i 0 0 1

and 1

0 0 1

0 2 0 0

= % ; = % § (1.7)
00 2 0

in the basis ofOi andjli. Operators describing the anglef rotation about three axes arg,

Ry, andR,, where

Ri()=e 'z =cos 5 [ isin 5 (1.8)



fori=x;y; z. A pulseRy ( ) or 5 pulseRy (5) (see Fig. 1.1), for example rotates the qubit
state along the y-axis, is one of the most common gates.péise rotates the state froj@i to

the positive x-axis and is shown in Fig. 1.1.

1.1.4 Qubit decoherence

Classically, a bit of 1 that gradually switches to 0 due to noise can be protected by thresh-
olding [21]. However, unlike classical bits, thresholding does not help qubits since qubits no
longer carry quantum information after measurements. Additionally, qubits lose their informa-
tion exponentially via environmental interactions and collapse into a random axis. One kind of
noise is “bit- ip” errors that switch the ground state to the excited state and vice versa. Another
noise acts on and causes “phase” error corresponding to the unstable energy of a qubit, which
has no analogy to the classical one. It is unique because it involves no energy loss.

To incorporate the dissipative environment, one would need to know the Hamiltonian and
density operator of the complete system consisting of both the qubit and the environment. This
approach is not feasible due to the size of the computation basis. However, this problem can be
mitigated by explicitly adding a dissipation term for incoherent interactions with the environment

to the qubit Hamiltoniam . The resulting equation is the so-called Lindblad master equation [54]

i X
= CHi 1+ D () (L.9)
k

o

dt

where the jump operatoi8, describes the exchange of single quanta with the environment at
an interaction rate  for the decoherence channel “k”, and the Lindblad operBtgr( ) =

MMY (MM + MYM).



For instance, the energy relaxation from a bip- ip error is encoded in the opdrater
j0ihl) = =2 at a decay rate; = 1=T;. And the dephasing process from a phase error has

operator. , = Z:p 2 at a dephasing rate . Inserting these two error types into Eq. 1.9 yields

0 1 0 1
d % 00 01§ i H % 1 00 -+ 01§ 110
— = — o+ . .
- - H ] (1.10)
10 11 -+ 10 11
Following standard convention, | de ne the off-diagonal decay rate (or decoherence sate)
71 + = 1:T2.

In a relaxation measurement, we apply pulse and readout the qubit of the z-axis after a
certain waiting time. An exponential decay is expected anft) = e 't for a state initialized
in j1i. After measuring on the z-axis several times, we acceg$) by counting the number
of the states i0i andjli. In order to measure the decoherence or ttiecay, we change the
measurement axis by applying twopulses with waiting time in between. We determine the

performance of a single qubit by these two measurements in Chapter 4.

1.2 Wave and Quantum electrodynamics

Cavity quantum electrodynamics (CQED) is a physics sub eld that describes a quantum
system (with quantized energy levels such as atoms or electrons) interacting with discrete har-
monic modes (photons, electromagnetic elds, etc). The quantum electrodynamics of microwave
elds and quantum bits implemented in superconducting circuits is called circuit QED (also ab-
breviated as cQED). cQED plays an important role in superconducting qubit readout [55, 56]

and quantum simulations [57]. Following standard methods, | start with the quantized electro-



magnetic eld by collective harmonic modes. Second, | will describe the quantization of the
eld of superconducting LC circuits as a harmonic oscillator or a resonator. Finally, | will use
the Jaynes-Cummings (JC) model to describe the whole system including a qubit (atom) and a

resonator.

1.2.1 Quantization of the electromagnetic eld

The rst one to describe radiation and matter was Dirac who came up with the idea of the
guantization of the electromagnetic eld as an ensemble of harmonic oscillators and introduced
the concept of creation and annihilation operators of particles [58]. He was able to describe
the spontaneous emission probability of an atom. One of the standard strategies to describe a
light-matter system involves quantization of the electromagnetic (EM) eld. It is convenient to
consider an EM eld without a source as a collection of in nite harmonic oscillator modes. From
Maxwell equations, | can write the electrical el&( and magnetic eld B ) which must satisfy

the vector potentialA ) and scalar potential () as

1@
E = =
c@tr
B=r A
(1.12)

r E =0
1@

B = =
c @t



For the total eld in a volumeV supposing periodic boundary conditions, we can perform a

Fourier expansion oA over a collection of these modks

X

Alrit) = p% A(t) €% (1.12)
k
where
yd
PBrdkre KT = v o0 (1.13)

Two potentials are put in the radiation gauge such that any set of the potential has the properties
=0andr A =O0resultingink Ay =0. From Eqg. 1.11, the vector potential satis es a wave

equationr 2A Ciz%—’; = 0 and we can further chooge,(t) = A, e "kt and!  =jkjc. In

the case of a standing wave in a box, the standing wave is a combination of positive and negative

wavevectok and we obtain a new equation from Eq. 1.12:

1 X - I
Arit)= = A Tl A e it (1.14)
2V
SinceA = A,wegetA ¢ = A,. The energyHey in the space contains energy from the

electric eld and magnetic eld, and

Z z #

1T, . 17 o1 @ ? -
Hew = o= dX(E*+B%) = o dx 3 ot +(r  A) (1.15)

SubstitutingA from Eq. 1.14 yields

1 X 12 o
Hew = o ngAkJ“ k2jA % (1.16)

k
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which looks similar to the Hamiltonian of a classical harmonic oscillator. Inspired by Dirac and
harmonic motions, we can introduce annihilation opera@mysanda , for thek and k mode.
Sincek Ay =0, there are two transverse unit vectors corresponding to photon polarieation

where =1, 2. Therefore, we obtain

S
4c2h X a +a
A, = B pé k_a (1.17)
and
h X X 1
HEM—Z a a +a a +taya, +a,ax =h azak+E
k k
(1.18)
We can recasA (r;t) as
x o0 It
Yy
A(r;t)= E|91v e 4'02h B -pt;k gkttt akp;ai o ik il gt
sk
k
(1.19)
Finally, E andB are quantized as
r
h X e N
E(r;t)= 27 p]_ke g, ekr it gy g ikrei (1.20)
k
2 Xk _ .
B(r;t)=1 2\};(: p]_é ay gkr it aﬁ e ikr+ilyt . (1.21)
"k
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1.2.2 Quantization of LC circuit

An LC circuit is also a harmonic oscillator (resonator), and, therefore, can be quantized
using the same methods as mentioned in Chap. 1.2.1. Quantizing resonators are important to
understand the fundamental of our quantum system. To begin with, | will start from the classical

LC circuit. From current and voltage/ relationship in inductoL. and capacito€, we have

I (t) = c—d\;?)

V(T) = L% (1.22)
& 1
B O+ Z10=0

with the angular resonant frequency= p-—. The energies store i@ andL areUc = ;CV?

andU, = %LI 2 respectively, and the Lagrangian

1 1
L= écv2 éL| 2: (1.23)

Choosing a more convenient pair of variables (branch uand branch charg®) [59] by the

de nition that

Z t
Q(t) = ) I()d (1.24)
and
Z t Z t
(t) = V()d = Ed; (1.25)
1 1 C
| get
B QZ 2



or

cz 2
L= - (1.27)
Since—L_ = LQ= , andQ are a pair of conjugate variables . Therefore, the HamiltoHign
interms of andQ is
2 QZ
= —+ —: .
H.c T (1.28)

The transformation from classical to quantum mechanics is similar to the Hamiltonian of a me-

AN

chanical oscillatoH mee = % + %Zkz throughp! @,2! " m! Candm! 2! 1. The

annihilation operatoa for LC circuit can be written aa = pi—T p;—T ipg——c such that

r

hz
"= — @+ a) (1.29)
and
Y
= i —=(@ ; 1.
Q= i (@ a) (1.30)
q — q__
whereZ = % A useful expression of voltage operatdr= % = | ;‘—!C(ay a) [60]. The

q__
amplitude of? is Vapt = 2—'(: and is frequently used in later chapters for calculation of the Rabi
frequency or the coupling strength of TLS-resonator. For example, the zero-point electrical eld

of a tri-layer capacitanc€ in an LC resonator is

o
V. 2C !

where the dielectric has a thicknaksa dielectric constaritand a volumeéV .
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Figure 1.2: Left: lllustration of the Jaynes-Cummings model. An atom with two states sits
inside a cavity. Figure is from Wiki (link). Right: The cavity resonant frequency depends on
qubit's state and the frequency shift is.2To obtain high readout delity, it is important to have

2 > 4, Where  is the total decay rate of the resonator. Figure is from Ref. [2]

1.3 Jaynes-Cumming model

The Jaynes-Cumming (JC) model describes the system of a two-level atom interacting with
a quantized mode of a harmonic oscillator (or a bosonic eld) shown in Fig. 1.2. The JC model
is particularly important in describing qubit-resonator systems due to the readout scheme. The
full Hamiltonian is

H = Hfield + Hatom + Hint s (1.32)

which consists of the eld Hamiltoniahli¢q , the atom Hamiltoniam 5m , and the interaction

of atom- eld HamiltonianH ;. Here,H¢ieq = h! .@¥a, Haiom = hTa ;andH = hg(a+
a)( + + ), wheregis the coupling strength,. is the harmonic mode frequency, ahgis
atom frequency.

The special case where the detuning !, !, is much larger tham gives the so-

called dispersive regime. In this limit, the qubit and the cavity do not exchange energy, meaning
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the eigenstates of the system can be well approximated by the product states of the qubit and

the cavity. Starting from the JC model, | apply a unitary transformalfior exp (X ) =

exp < a .a onH and expand the dispersive Hamiltonian
2
Hasp = DYHD = H+ [H;X ]+ 7[[H;X ;X 1+ 0(3); (1.33)
where = £ is a small value. | further simplify the equation while considering only the rst

order of and

l,+ —aa ,+ h!@a (1.34)

or

1 g? y

The above Eq. 1.35 indicates the possibility of quantum non-demolition (QND) measurements.
A QND measurement would leave the qubit in its measured eigenstate, e.g. if one mghsures
the state will remain inli upon repeated measurements. Mathematically, it means that a QND
measurement operatlts’i} is commuting with the full HamiltonianH gisp; M ] = 0. We can realize
QND measurement by probing the cavity frequency which yiéids= a¥a. Experimentally,
we will observe that the cavity frequenty is depending on the state of a qubit, where

= ¢ The illustration of the state-dependent resonator frequeridi2sand! ¥, is shown in
Fig. 1.2. A high- delity readout is shown when the two times the dispersive shift larger than the

total decay rate; of aresonator2 > o [56].
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1.4 Overview of thesis

In our group, we try to understand the loss mechanisms of superconducting devices which
could direct a path for further improving the single qubit performance. My thesis is divided
into three parts: (a) characterization and analysis of TLS individually in bulk dielectrics, (b)
fast-switching behavior of Al surface TLS, and (c) measurement of all-optical lithography made
transmons. The goal of the thesis is to increase the understanding of nanoscale TLS defects.

In Chapter 2, | describe the standard tunneling model of TLS together with the design of
my defect sensors. In Chapter 3, | describe the experimental setup along with the equipment
for device fabrications. In Chapter 4, | introduce transmons solely made by optical lithography.

In Chapter 5, | introduce the TLS spectrum in two structural phases of alumina. In addition, |
describe the factors that prevent dipole extraction. Chapter 6 describes vacuum-gap resonators

which provide evidence of interacting TLS. Finally, | summarize the thesis in Chapter 7.
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Chapter 2: Superconducting Devices and Nanoscale Two-Level Defects

2.1 Quantum engineering

Exploiting the ultralow resistance of superconductors makes high-quality resonators pos-
sible. In 1911 Heike Kamerlingh Onnes discovered the rst superconductor. He measured the
disappearance of the resistivity of mercury at temperature below 4.25K. In the 1950s, the theory
proposed by Bardeen, Cooper, and Schrieffer (BCS) microscopically describes the superconduc-
tivity [61]. They nd that a weak attractive interaction between electrons and phonons can cause
the formation of bound pairs of electrons which they called Cooper pairs.

Resonators made by superconductors will have very small energy loss from Joule heat-
ing and, therefore, secure high-quality fact@s For example, bulk niobium resonators used
in particle accelerators reach quality factorslof! [62]. In superconducting circuit, clean su-
perconducting materials such as aluminum and niobium can be grown easily by a physical va-
por deposition method and are compatible with the standard lithography fabrication processes.
Moreover, the Josephson effect, describing Cooper pairs tunneling between two superconductors
separated by a thin insulator, provides the nonlinearity for superconducting qubits [63].

In this section, | will introduce the concepts of lossless transmission lines and LC circuits

as resonators for material characterization.
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Figure 2.1: Schematic of a two-port network characterised by its scattering matrix.

2.1.1 Two-port network and scattering matrix

A two-port network shown in Fig. 2.1 is an electric circuit with two pairs of terminals.
Mathematically, a two-port network is fully described by a 2 by 2 scattering matrix of complex

numbers 0 1

Si1 S'12§ _

a- 2.1)

S21 S22

De ning the incident voltage waves &' and the re ected (output) wave & from portKk,

V. V.
S;i= -1 and Sy, = -2 2.2
11 V1+ 22 V2+ ( )
Similarly,
V. V.
S,= -t and Sy; = -2 2.3
12 V2+ 21 V1+ ( )

For instance, a lossless ideal transmission line mentioned later in Chap. 2.1.2 has magnitudes
of S;, andS,; equal to 1 and that dB,; andS,, equal to 0. The scattering matrix is particu-
larly important for resonator measurements as they directly re ect the properties sQchras

accessible through the measurement from a vector network analyzer (VNA).
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Figure 2.2: Left: Microstrip transmission line. It consists of 3 layers, conducting strip, dielectric
and ground plane. Right: Coplanar waveguide transmission line. It is formed from a center trace
separated from a pair of ground planes, all on the same plane, atop a substrate.

Figure 2.3: Lossless transmission line model: A lumped element representation of in nitesimal
sections of inductors and capacitors. A unitis comprised of a small inductor in wave transmission
direction and a capacitor to ground.

2.1.2 Transmission line

Transmission lines are one-dimensional waveguides and form an important part of quantum
circuits since they provide channels for transmitting signals. Microstrips, which have a center
trace and ground plane separated by dielectrics, and coplanar waveguides (CPW), which have
a center trace and ground planes on the same level, are two of the transmission line types (Fig.
2.2). CPW is more widely used due to the fewer fabrication steps and lower loss per meter
than microstrips. Both types can be described by a model of in nitesimal sections along two
conductors in the transverse direction of propagation [64]. In a simple case, we only consider the

lossless transmission line for CPW since the loss per meter is generally close to 0. The illustration
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of a lossless model is shown in Fig. 2.3.
In the case of a uniform capacitance and inductance per le@gtandL,, respectively,
the n-th in nitesimal section with lengthx contains a small capacito€ = C, x and inductor

L = L, x. The Lagrangian is given by the sum over the energies of all nodes or sections,
(2.4)

where , is the ux of the n-th node and is de ned in Eq. 1.2.2. Furtherxif! 0, we yield

Lt = . dx 9—(X't)z i( Wit)? (2.5)
L 2 2L, ’ ' '

The equation of motion for this Lagrangian is

@ (xt).

1
C| .(X,t) = L—IW

(2.6)

The phase velocity with which a signal propagates through the CPW structure is givgnby
pﬁ, and electromagnetic waves propagating along a transmission line depend @)laiach

L, [65]. This model can build open systems, resonators, or semi-in nite systems with one or two
shorted ends. The differences are given by the boundary condition of the circuit con guration.
Next, | will describe CPW transmission lines with one or two openings as a common type of

resonator.
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Figure 2.4: Lumped element representations of RLC circuit. Left: a series RLC. Middle: a par-
allel RLC. Right: a RLC circuit inductively couples to a transmission line. Energy is exchanged
through the mutual inductance between the transmission line and the resonator.

2.1.3 Overviews of superconducting resonators

In superconducting quantum information, LC oscillators are typically used to control and
read out the state of a qubit. Generally, LC oscillators cannot be used as a qubit solely, (exceptions
see [66]). Energies with! could excite the ground state to the rst excited state but also lead
to the excitation of the rst excited state to the second state;as ! 1,. One can avoid this by
using a non-linear element, which is the Josephson junction and will be mentioned in Chapter 4,
to change the energy potential from harmonic to anharmaonic:6 ! ;5.

Electrical circuits comprising inductive and capacitive elements have a resonance frequency
due to the opposite phase shift between their impedance. The most general model here is an RLC
circuit, named after its components: resistR),(inductor (), and capacitor®). These can be
arranged in series or parallel (see Fig. 2.4). The model we used the most in our group is the
one in the right panel where the resonator is inductively coupled to the transmission line. The

effective input impedancg;, of our resonators is

1 1 . !
o= —+ — + |l : .
Zin = iC (2.7)
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Zi, becomes a purely real value, whieris the resonance frequenkty = pE—T
Resonators or cavities made with superconductors show a high total quality @actor
'+>O where !, is the bandwidth. The quality factor can be characterized into two groups,

external or internal quality. The internal quality factor is de ned as

Qi = ! oRC: (2.8)

Q; describes the energy loss into the resistance which represents an environmental bath (TLSs,
guasiparticles, etc). Th@; of the resonators relates to similar superconducting structures, e.g.

coplanar shunting capacitors [67], and the qubit relaxation time

T, = (2.9)

Loss due to the coupling to the transmission line is characterized by the external quality
factor Qe. A moderateQ. is important for qubit measurements. Qk is too small, noise or
thermal photons would easily accumulate and reduce the coherence time [@8]sfoo large,
it takes too long for readout photons to ring up. Lastly, the total decay tates the sum of the

external decay rate = 6—2 and the internal decay rate = 22—0 and

= 2= + ;= 2+ (2.10)

tot
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Figure 2.5: Images of different types of resonators. (a) Lumped element resonator. Distinguish-
able inductance part in a meander shape on the bottom and capacitance part in an inter-digital
shape on the top are shown. (b) Coplanar waveguide resonator. The length of the resonator
determines the resonant frequency. Panel (a) and (b) from Ref. [3]. (c) 3D cavity containing a
transmon on a Si chip measured in Chap 4.

2.1.4 Types of resonators

The common resonator types include “2D” and “3D” geometries and are shown in Fig.
2.5. For planar or 2D geometry, lumped-element (LE) resonators and coplanar waveguide (CPW)
resonators are two well-known types. In an LE resonator, the inductive region is a thin length
of wire in a meander or spiral shape, and the capacitor is two pads of metal separated by a gap.
Generally, there is only one fundamental resondngcehich equalspﬁ—T. an LE resonator can
couple to the transmission line inductively or capacitively and usually has the same coupling
strength to two ports ( = ;). On the other hand, CPW resonators have an in nite number
of standing wave modes and the resonance depends on the boundary condition of whether the
resonator has one or two openings. No current can ow at the open ends which leads to voltage
anti-nodes and current nodes. Oppositely, closed ends require the voltage relative to the ground

must be zero. The opening of the transmission line is an anti-node for voltage and a node for
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current. A resonator with two openings is callgdesonator and needs to ful Il the boundary
condition: , = %I, where | is the wavelengthn is an integer andl is the length of CPW. A
resonator with one opening is called4 resonator and the resonant condition js= ﬁ [

Generally, the dielectric loss is larger when the distance between two superconductor planes
is closer due to the larger lling factor in the dielectric. It means the trade-off between the res-
onator's physical size and its internal loss. Long single-photon lifetimes on the order of millisec-
onds are observed in 3D cavities, whose size is thousands of times larger than the size of a 2D
resonator [69]. In recent years, 3D cavities attract considerable interest because of the increased
coherence times of qubits within a 3D cavity [70] and the proposals of bosonic qubits [71,72]. A

3D cavity can have rectangular or cylindrical shape and its dimension de nes the modes. For a

rectangular waveguide terminating both sides, we can compute the modes as [64]

; B c k 2+ m 2+ n
ki - P —
m 2 v rr Ia Ib |c

; (2.11)

wherec denotes the speed of light in vacuum,is the relative magnetic permeability andis
the relative permittivity of the material inside the cavity, I, andl. are the dimensions of the
cavity, andk, m andn are integers.

1 and , can be set differently in CPW and 3D resonators by choosing different input and
output capacitor€;, andC,,. Itis favorable to make the output capacitor large for maximizing
the signal power sent into the output port which connects to the ampli cation chain for readout.

The total external quality factor

— C .
1 0Zo(CE + Cd)’

Qe (2.12)
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whereZ, is the impedance of the line and usually equals 50

2.1.5 Resonator transmission equation

The quality factor of a resonator can be determined by the transmission rate of two ports as
a function of frequency$;1(! ). I de ne a, a.i, anda;o as the annihilation operators for the
cavity, the input wave from port i and the output wave to port i, respectively. According to the

input-output theory [73], | can get

da . + o+ _ _
a = I (! ! 0) %a-}' P 1a1;in + P 2a2;in;
Ai:out = Aiin P a; (2-13)

_ pP—..
a2;out - a2;in 24,

where ; and , are the coupling rate to port 1 and port 2, respectively. If assuming a symmetric

coupling 1= »,= g | obtain a Lorentzian function

az 5 Qg
Syy= 2 -1 2 =1 € 5 2.14
=7 ay i(1 1)+ Ky 1+2iQ Llo (244

'o

In reality, the resonator response usually is not symmetric olue to impedance mis-
matches. Mismatches can be from the cables, the printed circuit board (PCB) of the sample box,

or CPW on a chip. The correction is derived in Ref. [74], where | rep@gcen Eq. 2.14 by a

complexQ. = jQsj¢ and = | 1
& e
- e - jQej .
Su=1 1+2iQ =, 1 1+2iQ =g (2.15)
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Figure 2.6: An example of transmission d&a and tting curve. (a) Magnitude 086,; vs

frequency. (b) Real and imaginary part®#. The red line is the tting of Eq. 2.16. The black

line represents the scaling of amplitude and the rotation from (1,0). The yellow line represents a
rotation from a small impedance mismatch. We plot the data with a normalized amplitude and

an electric delay correction on the right hand side of this gure.

We denote a new de nition fo®, * = Q ! Re(Q,1).
The amplitude and phase of transmission signal after a series of attenuation and ampli ca-
tion are usually not normalized. A more general case is
I

QiQ. te !

Szu= Amp e 1+21Q

(2.16)

We show an example of tin Fig. 2.6 in red, where the magnitudggfand 1Q data in panels (a)
and (b), respectively. In panel (b), we observe a small impedance mismatch rotatién66
in the yellow line (on the lower left). The-corrected and normalize®h; is displayed with its

opening facing (1,0).
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2.1.6 Number of photon in resonators

In quantum physics, the electromagnetic eld inside the resonator can be quantized. There-
fore, it is convenient to express the energy (microwave power) as an average number of photon
Nen. When the resonator is probed with an applied poRgrat frequency , the average num-
ber of input photomy.j, = m{;m ayinl = Pip=h!. From Eq. 2.13 and a real external coupling

=2 1=2 2,Wehave

S2a, = (i +( + )2)a

~ (2.17)
5 r + 2
In the case of = !,
Q2 I:)in
Npn =2 ——=; 2.18
T TQeh! 3 (219

which agrees with Ref. [75].

2.2 Two-level systems

In 2005, it was the rst time Martinis et al. [34] reported that dielectrics were the dominant
loss mechanism in their superconducting qubits. They observed that dielectric loss was saturated
by high-power microwave in resonators. Similar phenomena had been previously understood
as arising from resonant absorption of the acoustic wave by a bath of two-level systems (TLS)
possessing a strain dipole moment [76, 77]. Likewise, TLSs with electric dipole moment would
couple to qubits or resonators and absorb their energy. This chapter will start with the history

and background of amorphous glass studied in the 1970s and then the re nements of models
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Figure 2.7: (a) Thermal conductivity of vitreous (amorphous) quartz and crystal quartz at low
temperatures. The vitreous quartz shows a much smaller thermal conductivity and has a different
temperature dependendy (T?) at very low temperatures compared to the crystal énél ).

Data from Ref. [4]. (b) speci ¢ heat of vitreous quartz and crystal quartz at low temperatures.
Below 0.5 K the speci ¢ hea€, of the vitreous quartz is proportional 10-3, deviating from the

Debye model. Data from Ref. [5]

including TLS-TLS interaction.

2.2.1 Amorphous glass behaviors in low temperature

Amorphous materials are referred to as glassy materials. Below 1 K, glassy materials, re-
gardless of the structure or composition, are quantitatively very similar in the phonon scattering
properties including the speci ¢ heat [78], thermal conductivity [79] and the resonant ultrasonic
attenuation [80]. It has been known for some time, but the explanation is mainly phenomenolog-
ical.

In crystals, long-wavelength phonons from the collective excitation of the lattice are re-
sponsible for both the transport of heat and the speci ¢ heat of crystals. In the Debye model, we

introduce! = vq, where the phonon frequenty, the speed of sound in the crystgland the

28



wave number. The phonon density of stat&g! ) is related to the volum¥,, of the solid and

is given by

V, 12
D()d = 2_r12$ dl: (2.19)

The heat capacit¢, can be calculated from the small change of internal energyer temper-

ature at a xed volum&/ and

Z,
_ @u _ @ . .
Cv= ot Car, hiD (1)f (1T )d!; (2.20)

where Bose-Einstein distribution

f(hT)= h; (2.21)

ekeT 1

Since the total number of atoms is the integral oD (! ) from 0 to a cut-offl 5, we get

Z,

N=  D()d: (2.22)
0

For low temperatures, Eq. 2.20 can be solved analytically, and | obtain the well-KRdwn

dependency of

12 4 T 3

where Debye temperature = hIL—BD The thermal conductivity , can be treated within the
framework of the kinetic theory of gases considering the transport processes of a phonon gas
th = %CV v, whereas is the mean free path of the phonons. At low temperatures, the phonon-

phonon scattering is negligible. In the case of a crystalline solid, the mean free path is limited by
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Figure 2.8: (a) Drawing of a double-well potentialy is the barrier height separating the two
wells, is the asymmetry energy (energy difference between right and left wejl)s the
tunneling energy, and is the spatial separation of the potential minima. The tunneling object
has a massn in an isolated single harmonic well .. (b) A TLS with the dipole moment

p = gqd=2, under an external AC electric elf,.

the sample's diameter itsdlf constant. AT3-dependence of the phononic heat conductivity
 is expected as well., / T2 is observed in a crystal quartz as shown in Fig. 2.7 left panel.
However, speci ¢ heaC,, / T3 and  / T?are seen in vitreous quartz which is a disordered

material.

2.2.2 Standard tunneling model

Several models are proposed to explain these discrepancies. Among them, a microscopic
model proposed independently by Phillips [77] and Anderson et al. [76] is the most successful.
The theory is known as the standard tunneling model (STM) [76, 77], describing a tunneling
object might be a single atom or a group of atoms with nmas$he tunneling object lives in two

equilibrium isolated well states (left wglLi and right welljRi) which differ by the energy
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and are separated by the potential barrier heighSince the transition energy to the rst excited

state from the ground state in each isolated well is far larger than any other energy scale, we can
ignore any excited states in single well. The barrier height is chosen to be general soft-potential

such that the overlap of the two well's wavefunction is considered as perturbation. Therefore, the

HamiltonianHy, = H_ + Hgr + Vi, whereH, andHg are the Hamiltonian of left and right

well, respectively, an¥, is the interaction of two wells. It is equivalent to

1

0
"L+ hLj Vi JLI hLjHojRiI
Ho = % § (2.24)

hLjHojRIi "r + MRj Vint JRI
in the basis of the ground states of the two wglls @ndjRi).
It is convenient to assum j Vi jLi andhRj Vi, jRi= 0. One typically uses the expres-

sionhLjHjRi =2= (= h e r obtained from the WKB approximation. Here

2V7 i dp_——
HZmd? and o 2mV, (2.25)
and the distance of two wells ¢ Therefore, a simpli ed Hamiltonian

1

0
% °§ ; (2.26)
0

Hoz

NI =

where asymmetry energy  "r L.
In the STM, the TLSs are believed to have a uniform spatial distribution in a bulk amor-

phous dielectric. Also, the TLS spectral distributions irandV, / log( o) are assumed to be

31



uniform as well. Therefore, the energy distribution of TLSs per volume can be written as

dn = Pod d(log( o)) = POMd ; (2.27)
0

wherePy is a material-related constant denoting the TLS spectral and spatial density and has a

typical value of10**J m 3. It is useful to write the distribution in the basis of TLS energy
p

- 2.
Etls - 2+ 0-

@ Etls 1
dEys d o= P p——— dEys d o: 2.28
@Es tls 0 0 o | Etls (2) tls 0 ( )

d2n = Py

The integration over g yields the density of states

ZE
D(E) = d’n = Pyin( 2E

0:min O;min

) Do (2.29)

Here, omin IS the low energy cutoff anB (Eys) is usually approximated as a constaéntover

our measurement range.

2.2.3 Field absorption by TLSs

If charges are involved in a tunneling process of a distance, the system owns a dipole
moment which | denoted = % For small elds, one can use the rst order perturbation theory

and add the perturbatidt; = H o into the unperturbed Hamiltoniaf,:

0
H=Ho+ Hy= %% (=) or °§: (2.30)

ot 0 +
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Under the eldF, it is assumed that the modi cation on the barrier heightis ignorable so
thatj | | o 0. The eld changes linearlyas =2 p F = 2jpjjFjcos , where

is the angle betweep andF. Experiments like [9, 81] strongly support this assumption. For
convenience, here we discuss electrical dipoles and there is no change of the concepbfeom
strain dipole moment [81] or a magnetic dipole moment. However, the effect of magnetic dipole
moment is less studied [82, 83]

Applying an unitary matrix to diagonalizd, the new Hamiltonian isH® = HJ + H?,

where
E
HO= =% (2.31)
2
HO = + 0 F;: 2.32
! Etls ’ Etls x P ( )

If Fis oscillating with frequency andF = F,. coslt , HCis equivalent to a classical spin-
% rotating under a magnetic el&: Hgp, = B S, where . is the gyromagnetic ratio
andS is the spin vector. We can map°to Hepin by a total magnetic eldB (t), which is a
combination of a strong static elB., in z-direction and an oscillating perturbation eR} (t)

in x- and z-direction:

0
B1x cos(t )
B (t)= Bo.+ Bi(t) = % 0 ; (2.33)

Boz + By, cos(t)
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The relationship of between the magnetic elds and TLS parameters is

ehBO;z = Eus

ehBux (=22 p F(1) (2.34)

tls

ehB1, (1) =2 Ev p F(1):
tls

The dynamics of the spin is described by the well-known Bloch equations [84]:

%hsxi = [§)iB.() hS,iB,] IS
%hsyi = oIMSiB(t) hSiB,] oS (2.35)
%hszi = ([SiBy (t) h S,iBy] 1(NS;i h S;igg):

HerehS;i is the ensemble average of the spin operatpgnd , are the relaxation and decoher-
ence rate of the spin, respectively, &l ¢ is the spin z-component whérd 1 . With a new

set of de nitions

Etls

(2.36)
h o= jpjjFacjcos = pFscos
| . = %
. 0 h b
we simplify Eq. 2.34 to
eBoz= o
eBl;x (t) = 0 e”‘ + e it (2.37)

o
eBl;z (t) = 1 2 0 el.t +e it
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Substituting Eq. 2.35 by Eq. 2.37 anth = hS;ieq = 3 tanh (5% ), | have

d, . . ,

g =Syl ol

q h  p___ . o . .
arsyl - !O+ 1 2 0 eI!t + e i erl zi'Syl 0 eI!t + e it rSZI
d

G = o rel s (i mo):
(2.38)

To solve the Bloch equations, | write all three componeh®j, hS,i andhS;i, in a sum of
frequency components & = k ! fork 2 Z andhS;ji = P K Sitk e« and Sk = S; | for
i=Xy; Z.

Comparing the existing term, only the terms withk = -1, 0, and 1 survive. In addition,

sincewhert ' 1 |, S;.o andS; are irreverent,S,.o = S;.0 = 0. Along withS; = S;.; 1Sy,

| obtain

d_. . : .

asl =i[(!o ')+10 2S] 1 0Sz0 (2.39)
and

d +
The stationary solution

St = ot o 12 : (2.41)

R A

Eq. 2.41 can be seen as a single dipole being polarized by the eld. Since the dipole moment
after unitary transformation in the off-diagonal part of Eq. 2.32 is npywe de ne the dipole

P
operator® = jpjcos S [85]. The collective effect of the polarizatidty = ;5 * is the

summation of all TLSs and the polarization energPi& ... The power dissipation densiBys
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is given by the time average of the imaginary part of the polarization energy, and

* +
[ X
Pt|s = Im EFaC A . (2.42)

TLS

The ratio ofPys to the storage power density in the dielectric I%TF‘,EC is the de nition of loss

tangent
an = Pis _ 1X pcos 22 »mg X p2cog 2 ,mg _
IEFgC TLS (! Lo)2+ 3+ 2 § 2 11 TLS (! )2+ 3+ 5 2 11.
(2.43)

In the assumption of uniform TLS density in, log o, andcos (i.e., isotropicp andjpj = p,

the integration of Eq. 2.43 over all TLSs is

Z Z Z

max 0;max 1
Pop? d do d(cos )

min 0;min 1

cod ,'mg

2 T 1
I+(0 1o)? %+ 2 § 57

(2.44)

tan =

Eg. 2.43 is an approximation of Eq. (G.2) in Ref. [86] wHenr ! 2. Proven in Ref. [86],
the integration over is solely associated tp and is equivalent to replacing? by averaged
h?i =

According to Ref. [76], the energy decay of a TLS is only via TLS-phonon coupling (i.e.,

W[

phonon emission and absorption), and

2
0

= mi 2.45

1 Etls 1;min ( )

Lmin — 1,0 E3| coth e ; (2.46)
' o ls 2kB |
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where 1 is a constant depending on the material intrinsic properties such as sound velocity and
mass density of the material [76,86]. When TLS-TLS interaction is ignorahle, 2 ,, | can
simplify Eqg. 2.44 to the well-known power-dependent loss tangent

Pop }anh (2|?; T

3 2
1+

tan =

; (2.47)

where . = p3—12. WhenF, is an electrical eld, we havé,, = Eac = h jE (&Y +
aj i = oP NpnE e, Wherej i is a coherent state (andis a real number) and,, = 2 is
the photon number mentioned in Chapter 2.1.6. Smgds generally more accessible thEg.
which can be geometric-dependent (especially in planar resonators), it is useful to transfer the

equation from o to nyy by

o 4°Eloi Mon _ M (2.48)
c 3h? ; , Ne
and
3h? 1 2

= ———= 2.49
fle 4p2 Ezzpf ( )

The TLS loss atasmall eldr(;  n) is called “single-photon” loss

P

tan 9, = 30p2: (2.50)

However, there are differences between the approximated solution Eq. 2.47 and a full

numerical integration of Eq. 2.44 when ». The calculations of the full integration at
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Figure 2.9: Power-dependent loss tangant derived from a full numerical integration of Eq.
2.44. The color represents different valuesTef(sec) and all curves have a constdpl, =
10 !(sec). The constant value of, T, ensures the . is the same for all curves. Whdp is
close toT,, tan can be approximated to Eq. 2.47, e.g., the violet curve.

variousT, (sec) are shown in Fig. 2.9. A constanfT, (se¢) ensures the . is the same for all
curves. WherT, is small andT; is large (e.g. the red curve), we observe the loss tangent would
deviate from Eq. 2.47 at largey. Only if T, T, as shown in the violet curve, Eq. 2.47 is a

good approximation of Eq. 2.44.

2.2.4 TLS loss in microwave resonator

Several different mechanisms can contribute to the loss of energy in a superconducting
resonator. To quantify these losses, we characterize the different contributions and the general

expression for the internal quality factor is given by

1 1 1 1
- = + + +
Qi Qtls qu Qrad

(2.51)
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whereQys is TLS-related and a function of power and temperat@@,is quasiparticle-related
and a function of power and temperature, &gy is radiation-related. Since only the TLS
loss decreases with power and most of other loss mechanisms are power-insensitive or slightly

increasing with power, we can determine the TLS loss

1 1 1
Qi;tls Qi;L Qi;H ’

tan tls =

(2.52)

whereQ;. andQ;y are the internal quality factor at low (or single-photon) and high power.
Since TLSs are generally located in dielectric, TLS loss is called dielectric loss as well.

The geometry of superconducting qubits or resonators contains dielectric loss from var-
ious materials or componenks TLS loss contribution from region with a volumé& can be

understood by the lling factoF, times its loss tangenan * and

R
" (IEo(n)f? dr®

TS T B dr

(2.53)

where"(r) is the dielectric constanE is the electric eld and is the position. The total loss
tangent is written as
X

tan g5 = Fr tan X (2.54)
k

In Ref. [87], they characterize intrinstan § from different interfaces and substrate by
various resonators designs. They realize the limitatioQ;as from the superconducting surface
or substrate surface which hgen 10 2 10 2 and the loss from Si substrate is usually
small withtan ¢ =26 107 4 102¢&.

A strategy to lowetan s is loweringF,« by the geometry of the resonators. For instance,

39



Figure 2.10: The pumping torlg, causes the original resonator frequehegyo shift to the nal
resonancé ?

due to a large vacuum volume in the 3D cavity, most of the energy is stored in the lossless vacuum
and the lling factor on the metal surface is minimized. It results in a High> 10’ and the

photon lifetime 100 s [70].

2.2.5 TLS two-tone spectroscopy

Here, | will introduce the technique [88,89] to extract the TLS's Rabi frequency from two-
tone spectroscopy and derive the equations of frequency and loss tangent shifts in the resonator.
The two-tone technique uses a second strong pumping tone to saturate the TLS asymmetrically
to cavity resonance. For a saturation tone detuneg= ! , ! . > 0 from the original resonator
frequency! ., both the resulting resonanté and internal quality facto®® would increase be-
cause of the reduced TLS ground-state population on the upper slde &ee Fig. 2.10 for
illustration of the tones.

First of all, | start by deriving the small complex frequency shift due to a single TLS. From

the Jaynes-Cummings Hamiltonian and a pumping tone at frequgneye have

h! . .
H = h! aa+ 2“5 ,+hg & a, +hl aert adrt; (2.55)
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wherea is the annihilation cavity operatdr, is the cavity frequency, s is the TLS frequency,
g = 5 is the TLS-cavity coupling strength, is the TLS spin operator, antlis the strength of
the pumping tone. To cancel out the rotating grt!, | apply a unitary operatdd = €' »2’2

and the Hamiltonian in the rotating frame is

.du
19 (1) = i U+ UHU (2.56)
Since
g2’geid’a- gl g (2.57)
ga’agig iava- d o (2.58)
and
du .
HUV =il ,@a; (2.59)
| have

| . .

B@M)=(!. !, aa+ h'z“s ,+hg @ €° a.,e"' +hl @ a: (2.60)
A second rotating unitary®= €' »' % is applied to (t) with rules of
T=re! (2.61)

and

P = d (2.62)

41



| have

9oty =(!c !paa+ h(lt's—zlp)

,+hg & a, +hl @& a: (2.63)

The dissipation of TLS density matrixis described by the Lindblad equation [54] men-

tioned in Eq. 1.9:

. h i
= 5 M+ D ()r 5D.()* Dal); (2.64)

o

where ;and are the relaxation and the dephasing rate of TLSs the cavity photon decay

rate. Using the fact thdAi = Tr( A ), we yield equations similar to Eq. 2.38:

%hsd = . ?r hai  igh i +J (2.65)
d . . o .
&h =0 1 s 2h 1 igha i (2.66)
d, . . v . . .
ah A= 2ig e i+ ha.i 1(h 2 mg); (2.67)
where s = !y !pand =1, !, Notethaimy=tanh ;Lﬁ . From the derivation of

the Bloch equations in Chapter 2.2.3, we know only the terms,ofvith m = -1,0,1 are impor-
tant. | decomposkai to a semi-classical stationary componentsgnd modulated components

a(t)é t, where a(t) is a slow varying function:

hai = + a(t)e % (2.68)
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The same decomposition process applids ta andh ;i:

h i= o+ (e ! (2.69)

and

hai= ;0t z(t)ei ot (2.70)

From the hindsight of the Bloch solutioh,,i has no oscillatingtermwhen 1 and ,(t) =

0. The semi-classical stationary solutions are

o= i, -% ig o+ J (2.71)
0=( i us 2) 0 19 20 (2.72)
0= 2ig ot 0 1( zo  Mo): (2.73)
We obtain
0= |'9|—+°2 (2.74)
and

1
4 5 4 gznpu

2 2 > T 1
gs ¥ 2 1+4g°np 7

; (2.75)

where we denote the photon number in the cavity from pumping tong,is j j°. The Rabi
frequency is given by

=2 ¢" M =2 pEypr cos P (2.76)

 tls
For considering only the oscillating terms and a slow TLS dynamic, | can adiabatically
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eliminate$( ) =0 and get
2.77)

and
9 =0 (2.78)

i(!c !tls) 2.

Eventually, the small amplitude of is depending on the TLS state, by substituting Eq. 2.78

into Eq. 2.77:
2
= L4 9 2.79
= 270 W 279
The second term in parenthesis is a complex pull from the TLS
(2.80)

| = 92 z,0
- i(!c !tls)+ 2.

Noted that the real part of is a frequency shift and the imaginaryphrt( ! )=2 .
over TLS distribution ( o, ! 45, COS ), | obtain the equations of res-

After integrating !
onator frequency shift! = 1.0 !.and anew internal qualit@°[88] related to
q - 2
I 3tan 1, 1tz 1
T = —P3 S > (2.81)
c 4 2 0 1+ 5 ?2 +1
and
8 s 0 2 s 319
Q ;o 2< ;2 I 2 ) 2 =
~= —P 6+3 1+2 —P n@+ P 41 1+2 P SA
Qi 0 . 0 0 0 y
(2.82)

where the maximum Rabi frequenhy ¢ = p%pEpr P Npu (considering the averaging factor of
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Figure 2.11: TLS ground state polulation,, calculated from Eq. 2.75 versus TLS frequency
over various TLS Rabi frequencies A detuned tone pumps is at 4.99GHz and the resonator
frequency is at 5GHz. The color represents the strength of pumping related @m the top,
arrows represents the shifted resonator frequency at different

P 3for p). n,y can be obtained from the pumping povy (see Chapt. 2.1.6) by

2 Pm
Npy = : (2.83)
> 4 1 S+ t20t h! p

Here  and are the total and external decay rate of the resonator.
20 and resonator frequency shift from the calculations at various Rabi frequency are
shown in Fig. 2.11. | plot ;. vs! ys over different o (/ P Npy) with a detuned pump at
I p =4.99GHz. On the top of the gure, | shol’from its original resonance; =2 5 GHz.
Fig. 2.12 shows ! versus the pump frequency. Each color represents a differe@n the top
of Fig. 2.12, | show the maximum of! at each g, and there is a saturate phenomenon in the

maximum of ! which depends on the TLS single photon loss tangent obtained in Eq. 2.50.
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Figure 2.12: Frequency shift of the resonatdr = ! ¢ ! . versus the pump frequency. Each
color corresponds to a different TLS Rabi frequengy which positively related to the pumping
power, ranging fromi(®® to 1¢° Hz. Points correspond to the calculation from Eg. 2.81. On the
top, | show the maximum resonance shift for eagh

Figure 2.13: Left: The cross section of the simulagg; of IDC. IDC has width and gap = 0.5
m. Right: The probability opE, s in substrate-metal or substrate-air interfaces. Since the wide
spread of values, a single valogis not preferred.
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2.3 Puzzles in loss tangent

Sometimes, researchers nd dif cult to interpret their experiments in terms of Eq. 2.47. A
phenomenological approach is adding a free tting parametgypically =0.15 0.4) [38,90-
93] in the denominator part of Eq. 2.47 and yields
tanh (52~
tan =tan $ A: (2.84)

2
1+ —

c

The motivation of comes from the non-negligible interactions between TLSs leading to fre-
guency drifts of near-resonant TLSs caused by far-detuned TLSs such that stronger elds are
required to saturate TLSs (see Chap. 2.3.1). However, those resonators adtled are pla-

nar resonators which have position-dependent electric eld distribution [94], and dielectric Ims
may exhibit a wide spread @f[9, 95], resulting in non-unifornm. which is a function of both
parameters (Eq. 2.49). A simulation i, over interdigital-capacitor (IDC) with dipole mo-
mentp = 2 Debye is shown in Fig. 2.13. As a result, instead of using a simgleve need to
consider the different TLS effects (located in bulk or at the metal-air, substrate-air, and metal-
substrate interfaces) contribute to the total loss tantre@t [38, 90, 94]. Therefore, for scienti ¢
understanding, it is important to verify the correct explanation by some means. In the next two

sections, | will provide the details for each explanation.

2.3.1 TLSs with mutual interactions

TLS models incorporating TLS interaction exist for describing the low temperature glassy

material properties [96,97]. A recent development in understanding TLS loss is that the TLS en-
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Figure 2.14: Interpretation of a coherent TLS (cTLS) coupled to thermal TLSs and quantum
systems. A cTLS in red which has energy close to a certain quantum system, e.g., a resonator,
interacts with low-frequency thermal TLSs in yellow. The quantum system is directly affected
by the cTLS but not thermal TLSs. This cTLS energy is uctuating over time depending on the
states of thermal TLSs.

ergies are not stationary in time. Observations of phenomena induced by mutual TLS interactions
such as TLS spectral diffusion [98] and TLS-TLS avoided crossings are reported recently [99].
Speci cally, high-frequency TLSs (coherent TLSs or cTLSs) are near-resonant to the resonator
resulting in dissipation. A bath of thermally activated low-frequency (LF) TLSs leads to uc-
tuations of cTLS energies and consequently alters the obs€vealue and resonant frequency

in the time domain. Figure 2.14 illustrates a red cTLS interacts with a bunch of yellow thermal
TLSs and the quantum systems. The cTLS energy is jittering at a ratee uctuations of the

TLS energy in the time domain have an important consequence on the TLS loss. When the TLS
energy shifts away from the resonator frequency, then it cannot absorb microwave photons from
the resonator. In this case, Faoro shows that the power dependence of the TLS loss tangent is

weak and becomes logarithmic [85]. In the condition that 2, the logarithmic power
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dependence loss tangent is formally given as

. ht

tan ys = tan g, P tanh(szT) In(—/ + Cy);: (2.85)

Here, the TLS jitter rate rati® = 1=IN( max= min), max and mnin are the maximum and
minimum rate of TLS jitter respectively, ar@, is a constant accounting for power-insensitive
loss.

In a different regionthat  , > 2, one can obtain

h!
2kg T

tan gs = tan X P tanh( ) In(—=5 2+ Cy): (2.86)

2.3.2 Multiple contributions from different material interfaces

In typical planar resonator designs, the loss from TLSs (located in bulk or at the metal-
air, substrate-air, and metal-substrate interfaces) contribute differently to the total loss tangent
1=Q [87]. This yields an equation considering the lling factor for analyzing different material

volumes with TLSs [38]:

1 h! X tan ©
— =tanh Fri ¢———: 2.87
Qi 2kBT i " 1+ Nph ( )

Ng;i

In volumeV;, the TLS loss propertiep( E,pr, and 1.,) are assumed to be the same. Another
expression in Ref. [90], on the other hand, uses an integration but the concept is similar to Eq.

2.87 and we obtain =
1 "(r)Eo(r)j® tan ys(r) dr®.

o () Eo(D) dr° (2.88)
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In the rest of this thesis, | will call Faoro's model a fast-switching (FS) TLS model, and
call the model including differem. as a multi-contribution (MC) model. To our knowledge,
there is no systematic study to verify which explanation is more convincing. In Chapter 6, we
show the evidence that only the fast-switching TLS model is consistent with our data but not the
MC model. Moreover, the absence of such a logarithmic power dependent loss in the alumina
samples even with the observed TLS energy jitter is inspiring and more detail will be discussed

in Chapter 5.
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Chapter 3: Experimental Setup and Fabrication Tools

In this chapter, | will provide detailed information about the experimental methods used
within this thesis. The chapter starts with a brief introduction about performing measurements at
a millikelvin environment. | specify the microwave setup for measuring the resonator's response
of the aluminum oxide samples. Next, | will introduce fabrication tools and steps for resonators.
This chapter also contains the speci ¢ DC voltage bias line setup that are of importance for the

observation of individual TLSs.

3.1 Cryogenic setup

3.1.1 Dilution refrigerator

Superconducting quantum devices require a low temperature much lower than their su-
perconducting transition temperature to suppress the quasiparticles and take advantage of low
resistance. Another bene t of low temperature is suppressing thermal noise and thermal excita-
tions in a quantum state [100]. For example, an common transition energy is equivalent to 250
mK ( 252M2) and the thermal populatidanh = is very low at 10 mK. In this thesis, all

the samples are measured in the CF-650 cryogen-free dilution refrigerator (DR), manufactured

by Leiden Cryogenics BV, and the working temperature is at tens of mK. The image of DR, the
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