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Metamaterials are artificial structures consisting of sub-wavelength ‘atoms’

with engineered electromagnetic properties that create exotic light-matter interac-

tions through the effective medium approximation. Since the early 2000s, super-

conductors have been incorporated into a variety of structures to achieve tunable,

low-loss, and nonlinear metamaterials, and have enabled applications such as neg-

ative index of refraction, near zero permittivity, and parametric amplification. We

have designed, fabricated and characterized two types of superconducting metama-

terials based on the quantum three-junction flux qubits and classical radio frequency

superconducting quantum interference devices (rf SQUIDs).

The coplanar waveguide resonators hosting the qubit meta-atoms exhibit anoma-

lous reduction in loss in microwave transmission measurements at low rf excitation

levels upon decreasing temperature below 40 mK. In contrast, the well-known stan-

dard tunneling model (STM) of the two-level system (TLS), believed to be the



dominant source of loss at low temperatures, predicts a loss increasing then sat-

urating with lowering temperatures. This anomalous loss reduction is attributed

to the discrete nature of an ensemble of TLSs in the resonator. As temperature

decreases, the individual TLS response bandwidth reduces with their coherence rate

Γ2 � T , creating less overlap between neighboring TLSs in the energy spectrum.

This effective reduction in the density of states around the probe frequency is re-

sponsible for the observed lower loss at low rf excitation levels and low temperatures

as compared to the STM prediction. We also incorporate the discrete TLS ansatz

with the generalized tunneling model proposed by Faoro and Ioffe [PRL 2012, 109,

157005 and PRB 2015, 91, 014201] to fit the experimental data over a wide range of

temperatures and rf excitation powers. The resulting goodness of fit is better than

all common alternative explanations for the observed phenomenon.

Metamaterials made of large arrays of hysteretic (�rf = Lgeo=LJJ > 1) classical

rf SQUIDs are also designed and characterized in microwave transmission measure-

ments, where we observed the SQUID self-resonances tuning with applied dc and rf

magnetic flux, as well as temperature. The resonance features are tuned with dc flux

in integers of the flux quantum, as expected. Due to the phenomenon of multistabil-

ity present in the large system, the resonance bands can cross those from adjacent

dc flux periodicities resulting in hysteresis in dc flux sweeps, which is observed in

the experiment. Furthermore, we developed a new three-dimensional architecture of

rf SQUID metamaterials where the nearest-neighbor SQUID loops overlap. The re-

sulting capacitive coupling dramatically changes the response by introducing many

more resonance bands that spread over a broad range of frequencies, the upper limit



of which is much higher than the single-layer counterparts. A resistively and capac-

itively shunted junction (RCSJ) model with additional capacitive coupling between

SQUIDs is proposed and successfully attributes the high frequency bands to the

displacement current loops formed between the overlapping wiring of neighboring

SQUIDs. The capacitively-coupled rf SQUID metamaterial is relevant to the design

of single-flux-quantum-based superconducting digital electronic circuits, which has

adopted three-dimensional wiring to reduce the circuit footprint.
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Chapter 1

Introduction

1.1 Overview of superconducting metamaterials

Metamaterials are arti�cial structures consisting of `atoms' with exotic electro-

magnetic properties that are designed to create new light-matter interactions. One

important tool for understanding and engineering the metamaterial is the e�ective

medium approximation (EMA), which can be dated back to Maxwell's original work

on electromagnetic waves [1]. The concept behind EMA is quite intuitive and gen-

eral. The electromagnetic �eld amplitude cannot change on a scale much less than

its wavelength. Therefore, the details of any structures smaller than that length scale

could be omitted, and their e�ect on the electromagnetic wave could be generalized

as some phenomenological parameters (e.g. e�ective permittivity, permeability) that

describe the average response of the microscopic structures. Through careful engi-

neering, e�ective material properties that do not occur naturally can be achieved.

For example, a medium with a negative index of refraction [2, 3, 4] can be used

for cloaking, building a superlens with focusing power beyond the Rayleigh limit,

and achieving a negative phase velocity. Metamaterials with near zero permittivity

[5, 6, 7, 8, 9] possess near-in�nite phase velocity and wavelength and can be applied

to create near-perfect displacement current shielding [10].

There are three hallmark properties of superconductors: zero dc resistance, the
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perfect diamagnetic response under applied magnetic �eld, known as the Meissner

e�ect, and coherent macroscopic quantum phenomena such as 
ux quantization

and Josephson e�ects. In the superconducting state, the electrons are bonded with

one another to form Cooper pairs with binding energy twice the superconducting

gap energy, 2� [11]. A macroscopic ensemble of Cooper pairs is described by a

coherent wave function: 	 = 	 0 exp(i� ). The 
ux quantization condition, playing

an important role in this thesis, can be derived from this wave function as follows.

Consider a closed superconducting loop under an applied magnetic �eld. The

electric current in the loop is related to the probability current of the wave function:

~Jp =
	 2

0

m
(~~r � + 2e~A) (1.1)

wherem is the mass of an electron,~ = h=(2� ) is the reduced Planck constant, and

e is the elementary charge. As a consequence of the Meissner e�ect, the magnetic

�eld is zero deep inside the superconductor and the induced current has to 
ow

in a thin layer near the surface and vanishes in the bulk. The current inside the

superconductor is therefore zero, which requires

�
~
2e

~r � = ~A

Integrating the above equation over a closed loop deep inside the supercon-

ductor, we have:

�
~
2e

I
~r � � d~l =

I
~A � d~l

The left hand side can be evaluated using
R ~r � � d~l = 2n� , which is a consequence

of the single-valued wave function, since the wave function 	 is invariant under 2�
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changes in phase. The right hand side is just the de�nition of the total 
ux trapped

in the loop. We then have

n
h
2e

= � (1.2)

where n is an integer and � is the magnetic 
ux enclosed in the loop. Physically,

Eq.(1.2) states that the 
ux through a superconducting loop has to be quantized in

the unit of 
ux quantum, � 0 = h=(2e).

Superconducting metamaterials take advantage of these three hallmark prop-

erties to achieve tunablity, low loss, and nonlinearity that are essential for many

applications.

1.2 Di�erent realizations of superconducting metamaterials

The constituent meta-atoms of the superconducting metamaterials can come

in a variety of shapes and styles. Here we consider a number of designs relevant to

the thesis.

1.2.1 Split ring resonator

A simple split-ring resonator (SRR) consists of a metallic loop with inductance

L interrupted by a gap with capacitanceC, whose self resonant frequency is dictated

by its geometry,! 0 = 1=
p

LC . Some typical realizations of the SRR are summarized

in Fig.1.1 .

The metamaterial is built from arranging a large one or two dimensional array

of identical SRRs on a planar surface, forming a metasurface (e.g. a lithographically
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Figure 1.1: Di�erent realizations of split ring resonator meta-atoms, where the black

lines represent the metallic structure. All designs feature inductive loops and gap

capacitors which give rise to the geometric resonance of the meta-atom, typically in

the microwave frequency range.

de�ned pattern on a chip). These surfaces can also be stacked in the third dimension

to achieve three dimensional metamaterials [12]. The metamaterial is operated in the

con�guration where external rf magnetic �eld is perpendicular to the metasurface

to maximize the coupling between the applied �eld and the inductive loop in the

meta-atom. When an SRR is driven at frequency! near their resonance! 0, the

real part of the relative permeability of the e�ective medium can become negative:

� r,e� = 1 �
f ! 2

! 2 � ! 2
0 + i � !

(1.3)

where f is the �lling fraction of the meta-atoms, and � is the loss parameter [4].

The real part of the e�ective permeability attains negative real values for! & ! 0.

To achieve simultaneous negative permittivity, one can construct an array of

metallic wires which posses a cut-o� frequency analogous to the plasma frequency

! p in a metal [13]. The e�ective permittivity of this system is given as [3]:
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� r,e� = 1 �
! 2

p

! 2 + i
!
(1.4)

where 
 is the dielectric loss parameter. The real part of the permittivity becomes

negative when the system is operated at! < ! p. Therefore, a metamaterial with

negative index of refraction can be realized by combining the two systems: the SRR

array with resonance! 0 and the wire array with plasma frequency! p, given that

! 0 < ! p [14]. The results depend only on the geometry of the meta-atom but not any

superconducting element. In fact, the early work on SRR metamaterials are based

on normal lossy metals [15, 16, 17]. However, the loss in the medium is the limiting

factor for achieving perfect negative index of refraction:n = � 1 + i0. The loss

can be reduced signi�cantly by building the metamaterial out of superconductors

[18, 19]. In addition, the magnetic �eld and temperature dependent penetration

depth � of the superconductor gives rise to a kinetic inductanceL k that introduces

some tunability to the metamaterial [20, 19].

1.2.2 rf SQUID

Similar to the split-ring resonator, the radio frequency (rf) Superconducting

QUantum Interference Device (SQUID) is also a self resonant structure containing a

loop inductanceLgeo and a gap capacitanceC. What sets them apart from the split

ring resonators is the inclusion of a Josephson junction, as illustrated in Fig. 1.2.
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Figure 1.2: Schematic of a Josephson junction between two superconductors, where

Cooper pairs can tunnel through the barrier to induce supercurrent even in the

absence of a potential di�erence across the barrier.

The Josephson junction is a barrier made of insulator, normal metal, or a

weakly superconducting material connecting two superconducting regions where the

Cooper pairs are in a coherent state described by the macroscopic quantum wave

function j jei� [21]. These pairs of electrons have �nite probabilities of tunneling

through the barrier depending on the gauge-invariant phase di�erence� across the

junction:

� = � L � � R �
2�
� 0

Z R

L

~A(~r) � d~l; (1.5)

where ~A is the magnetic vector potential, �0 = h=(2e) � 2:07 � 10� 15Wb is the


ux quantum and the integral is taken from the left to the right edge of the barrier.

The tunneling of charge carriers can induce a current without an applied potential

di�erence between the two superconductors, as described by the dc Josephson e�ect:

I = I c sin� (1.6)
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where I c is the critical current of the junction which is the maximum supercurrent

that the junction can support. I c depends on the geometry of the junction as well

as the superconducting gap in each side, which reduces with increasing temperature

[21].

The voltage across the junction is related to the rate of change of the gauge-

invariant phase di�erence in the ac Josephson e�ect:

d�
dt

=
2�
� 0

V (1.7)

If one di�erentiates Eq.(1.6) in time, the expression for the junction inductanceL JJ

is obtained:

dI
dt

= I c cos�
d�
dt

=
2�I c cos�

� 0
V

V =
� 0

2�I c cos�
dI
dt

= L JJ
dI
dt

(1.8)

The dependence of the Josephson inductance on the gauge-invariant phase

di�erence � is illustrated in Fig. 1.3.

Figure 1.3: Junction inductanceL JJ as a function of the gauge-invariant phase

di�erence � .
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Figure 1.4: Schematic design of a Josephson junction made from two overlapping

electrodes separated by a tunnel barrier, and the corresponding resistively and ca-

pacitively shunted junction circuit model.

The junction can be modeled as a parallel RLC circuit as shown in Fig. 1.4,

where the supercurrent channel is represented by the junction inductance shown as

a �̀ ', the normal current channel by the resistanceR, and the displacement current

channel by the capacitanceC.

Using the circuit model where the junction inductance and the loop inductance

are in parallel, the self resonance frequency of the rf SQUID can be determined as

! 0 =

s �
1

Lgeo
+

1
L JJ (� )

�
C � 1 : (1.9)

Compared to an SRR, the rf SQUID resonance clearly has enhanced tunability

through the gauge-invariant phase di�erence dependence ofL JJ , as illustrated in
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Fig. 1.3. A similar negative e�ective permeability is expected near the resonance of

the rf SQUID as in the SRR under the weak excitation limit where linear dynamics

of the junction is assumed [22, 23]. However, the key distinct feature of the rf SQUID

as a meta-atom is its nonlinearity, which has been thoroughly examined and demon-

strated by the two-tone intermodulation distortion (IMD) experimental results on

rf SQUID metamaterials [24, 25]. The intrinsic nonlinearity of the Josephson ef-

fect, along with the extreme tunability of rf SQUIDs, leads to bistability [26, 27]

and multistability [28, 29] in their response to rf and dc driving magnetic �elds.

This in turn leads to complex and hysteretic behavior, including the phenomenon

of transparency [30]. Theory predicts that, under appropriate circumstances, driven

rf SQUIDs will display strange nonchaotic attractors [31] and chaos [32, 33]. The

rf SQUID metamaterials can also act as nonlinear gain media when immersed in

passing electromagnetic waves [34, 35, 36, 37, 38, 39, 40], which is based on the

nonlinear processes enabled by the Josephson e�ect that transfer energy to a signal

at frequencyf s from a strong pump signal at frequencyf p.

In early theoretical and experimental works on rf SQUID metamaterials, the

rf SQUIDs were packed together side-by-side in either one [41, 23, 42, 43] or two

dimensions,[44] with substantial long-range (dipole-dipole) mutual inductance of the

SQUID loops due to their close lateral proximity in the plane. Prior work examining

collections of Josephson-junction-based devices in two dimensions, not necessarily

metamaterials, include the following: superinductors made up of planar ladders of

superconducting wires/loops incorporating Josephson junctions [45], and Josephson

transmission lines utilizing SQUID arrays to create magneto-inductive waveguides
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[46, 47]. Another type of Josephson metamaterial recently realized utilizes a tun-

able plasma edge created by current-biased linear arrays of Josephson junctions

embedded in a three-dimensional waveguide [48], which interacts mainly with high

frequency electric �elds, rather than magnetic �elds.

1.2.3 Qubit

Except for the macroscopic quantum phenomena in the rf SQUIDs (i.e. Joseph-

son e�ect, and 
ux quantization), the treatment of these meta-atoms is mostly

classical, where the dynamics is governed by classical electromagnetism. However,

through careful engineering of the superconducting circuits, quantum mechanical

two level systems can be created from the discrete energy levels. These devices are

aptly named quantum bits (qubits), which form the building block for quantum

computing. There are three di�erent realizations of superconducting qubits that

involve three di�erent forms of tuning through an applied 
ux [49], voltage [50], and

bias current [51, 52] as illustrated in Fig.1.5.

The quantum metamaterial created from an ensemble of these qubit meta-

atoms is a rich platform for studying collective quantum phenomena, such as a

breathing mode with an oscillating band gap [53], and superradiance [54, 55, 56,

57]. More generally, a system of quantum meta-atoms can be naturally employed

for quantum simulation [58, 59] where a speci�c Hamiltonian that is analytically

unsolvable can be realized and analyzed experimentally.

The three-junction 
ux qubit embedded in a coplanar waveguide (CPW) res-
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Figure 1.5: Schematics of three di�erent kinds of superconducting qubits: 
ux,

charge and phase qubits. a) A three junction 
ux qubit is made of a superconducting

loop interrupted by three Josephson junctions and is tuned with external 
ux �.

b) The Cooper-pair box, a type of charge qubit, is built by connecting a Josephson

junction and a capacitor in series, creating a superconducting island between them

as outlined by the dashed box. This qubit is controlled by the applied voltageV. c)

A phase qubit consists of a Josephson junction and is biased by applied currentI .

onator in particular is a good candidate for building a quantum metamaterial since

the qubit presents a large anharmonicity, making the e�ective two level system ro-

bust to a large drive which could otherwise promote the system into higher excited

states, can be tunedin situ with an applied magnetic �eld, and has a small foot

print to enable uniform coupling of a large array to the cavity [42]. However, the

low coherence time of these meta-atoms has been a limitation in their application.

Although tremendous progress has been made in terms of design, fabrication and

measurement techniques, which has led to orders of magnitude increase in coherence

time [60, 61, 62], a comprehensive understanding of the responsible loss mechanisms

under all operating conditions (e.g. temperature, excitation power, etc.) is still
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missing. Therefore, an investigation of these losses in the superconducting circuit

remains relevant.

1.3 Outline of Thesis

This thesis is organized as follows. Chapter 2 discusses the work on design-

ing, fabricating, and characterizing the capacitively-coupled coplanar waveguide

resonator originally intended for housing the quantum metamaterial consisting of

three-junction 
ux qubits. The characterized loss of the resonator exhibits typical

power dependence from saturation of two-level systems. However, the temperature

dependence shows an anomalous reduction upon reducing temperature below TLS

saturation. This e�ect is modeled by combining a discrete ensemble of TLS and the

generalized tunneling model. This work has been published as [63].

Chapter 3 studies the conventional rf SQUID metamaterial with side-by-side

geometry made from individual hysteretic rf SQUIDs whose geometric inductance

is much larger than the junction inductance. The meta-atoms are modeled by the

resistively and capacitively shunted junction (RCSJ) model. The strong inductive

coupling among the SQUID meta-atoms combined with the multistability from the

hysteretic SQUIDs gives rise to interesting nonlinear dynamics. In particular, the rf

SQUID metamaterial is observed experimentally to undergo two 
ux quanta period-

icity when tuned under the applied dc magnetic 
ux, contrary to the conventional

one 
ux quantum periodicity.

Chapter 4 introduces the design of overlapping SQUID metamaterials and their
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theoretical treatment. We incorporated strong capacitive coupling due to the over-

lapping capacitors formed between the two overlapping wiring layers from the two

neighboring SQUIDs into the RCSJ model. We begin by modeling two overlapping

SQUIDs and studying the response in both the linear and nonlinear high-frequency

driving limits. By exploring a sequence of more and more complicated arrays, the

formalism is eventually extended to theN � N � 2 overlapping metamaterial array,

where we develop an understanding of the many (8N 2 � 8N + 3) resulting resonant

modes in terms of three classes of resonances. The capacitive coupling gives rise to

qualitatively new self-resonant responses of rf SQUID metamaterials, and is demon-

strated through analytical theory, numerical modeling, and experiment in the 10-30

GHz range on capacitively and inductively coupled rf SQUID metamaterials. This

work has been published as [64].

Chapter 5 serves as a summary of the thesis and outlines directions for future

research based on the results presented in this work.
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Chapter 2

Two Level Systems in the Superconducting Coplanar Waveguide

Resonator

Two-dimensional (2D) planar high internal quality factor (Qi ) superconduct-

ing resonators have been widely fabricated and investigated in recent times for ap-

plications such as single photon detectors [65], kinetic inductance detectors [66],

and quantum buses in quantum computing technology [60]. A 2D superconducting

resonator to house a qubit metamaterial intended for both resonant and dispersive

readouts of the qubits, as done in Ref. [67], is designed and fabricated. This chap-

ter discuses the characterization of the 2D resonator and establishes a thorough

understanding of the relevant loss mechanisms.

In microwave measurements, although all qubits are operated at an excitation

frequency well below the superconducting gap energy, microwave photons can be

absorbed by quasiparticles, which in turn interact with the phonon bath, creating

non-equilibrium distributions of both quasiparticles and phonons [68, 69, 70, 71].

This process a�ects the population of quasiparticles, in addition to pair-breaking

processes induced by cosmic rays [72] higher order microwave harmonics, and stray

infrared radiation [73, 74, 75]. These non-equilibrium quasiparticles are one limiting

factor on superconducting resonatorQi and qubit coherence, which can reduce both

the qubit relaxation time (TQubit
1 ) and the coherence time (TQubit

2 ) [76].
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Another comparable loss mechanism ubiquitous in 2D superconducting res-

onators is the dissipation incurred by the interaction between the resonant electric

�eld and the two-level system (TLS) [77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89,

90, 27, 91]. Despite the elusive microscopic origin of the TLS (some recent works

suggesting hydrogen impurities in alumina as one candidate for the TLS [92, 93]),

TLSs can be simply modeled as electric dipoles that couple to the microwave electric

�eld. In general, TLSs are abundant in amorphous solids and can also exist in the

local defects of crystalline materials. They are found in three kinds of interfaces

in the superconducting resonators: the metal-vacuum interface due to surface ox-

ide or contaminants; the metal-dielectric substrate interface due to residual resist

chemicals and buried adsorbates; and the dielectric substrate-vacuum interface with

hydroxide dangling bonds, processing residuals, and adsorbates [94]. To address

these issues, di�erent kinds of geometry of coplanar waveguide (CPW) structure

have been proposed and fabricated, with more care given to the surface treatment

to alleviate the TLS losses [95]. For example, a trenched structure in the CPW helps

to mitigate the metal-dielectric TLS interaction with the resonator �elds [96, 97].

These e�orts have improved the 2D resonator intrinsic quality factor to more than

1 million in recent realizations of high-Qi resonators [96, 98, 99, 100, 97]. Neverthe-

less, TLSs still exist even in extremely highQi 3D superconducting radio frequency

cavities used in particle accelerator applications [101]. Recently, other sources of

the TLS loss have been proposed based on quasiparticles trapped near the surface

of a superconductor [102].
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Clearly the TLS loss is a universal issue in superconducting resonators. How-

ever, at microwave frequencies, this loss was long thought to be constant under low

microwave power and low temperature [78, 103, 104, 80, 79, 90]. Measurements in

this regime were limited due to the constraints of noise levels in both electronic

equipment and the thermal environment. Therefore, experimental investigation of

the TLS at low temperatures and microwave excitation are important, and would

assist the superconducting quantum information community to understand its e�ect

on operating quantum devices.

We have designed a 2D half wavelength resonator to host many three-junction


ux qubits for the study of the collective behavior of quantum meta-materials. Anal-

ogous to cavity quantum electrodynamics, qubits serve as arti�cial meta-atoms with

mutual coupling [105, 53, 106, 107, 108] and can be read out through the dispersive

frequency shift of the cavity[109, 42, 110]. Theoretical publications discussing the

physics of qubit arrays coupled to the harmonic cavities predict a number of novel

collective behaviors of these meta-atoms [111, 112, 113]. In this chapter, we report

our �nding on the TLS loss in the low power and low temperature limit of this par-

ticular design of capacitively-coupled half-wavelength resonator, without the qubits.

The technique of very low power microwave measurement with low noise to enhance

the signal-to-noise ratio (SNR) is critical for measuring this behavior of TLSs.
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2.1 Design and fabrication of the resonator

The CPW resonator in this work is designed with a tapering geometry at the

center that gradually shrinks the signal line widthw and the spacing between the

signal line and grounds as shown in Fig.2.1 (b). The smaller size enhances the

coupling to the qubit meta-atoms to be hosted in the center. The CPW resonator

chip was mounted on a printed circuit board bolted inside a copper box. Several

lumps of indium were pressed between the on-chip ground planes and the copper box

ground to achieve a continuous ground contact, which mitigates parasitic resonant

microwave modes due to uneven electrical grounding. The indium lumps also secured

the chip in the center of the printed circuit board. The on-chip transmission line is

wire-bonded to the center conductor of the transmission line on the printed circuit

board by gold wires. Finally, the copper box is capped by a copper lid to eliminate

stray light illumination. The schematics of the setup are shown in Fig.2.1

The resonator is designed with a center line widthw = 50 �m and spac-

ing s = 30 �m (the distance between center conductor line and ground plane as

illustrated in Fig. 2.2(b)) to maintain the characteristic impedance near 50 
 in

the meander part. At the center of the resonator a tapering structure narrows the

center line width down to w = 1 �m and spacing tos = 12 �m , which gradually

increases the characteristic impedance to 100 
 at the resonator center. A model of

the CPW microwave resonator was constructed in a microwave simulation software,

CST (Computer Simulation Technology) Microwave Studio. The model structure

represents the entire CPW resonator and coupling capacitors, both of which repro-
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