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1 Introduction

Understanding basic principles and phenomena in nature has been a perpetual
motivation for researchers since the beginning of mankind. Classical computers,
acting as universal computational devices in the sense of deterministic Turing
machines [Tur37], provide a powerful tool to efficiently simulate the dynamics of
physical systems obeying Newtonian physics. With the advent of quantum mechanics,
itbecame however apparent that the properties and dynamics of microscopic systems
in particular are not captured by classical physics in general. A quantum mechanical
treatment is typically required on atomic scales, for instance in order to treat single
molecules or proteins of biological systems or general quantum models in condensed
matter physics. These quantum problems have been proven incompatible with the
original Turing hypothesis [Deu85] and resilient to be efficiently simulated with
classical computers. However, it was proposed [Fey82;|Deu85] and verified [L1096]
that any physical system can be simulated by a universal quantum computer.
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Figure 1.1: Analog quantum simulation A quantum system of interest (red), artistically depicted as a
protein complex, is mapped onto an artificial quantum simulator (blue). In this thesis the quantum
simulator is a superconducting circuit. By preparing and reading out quantum states |¢) of the simulator
system, the time evolution U of the underlying quantum problem, described by the state [¥), can be
inferred [GAN14].

The quest in quantum simulation, which comes in two flavours, is to solve the time
evolution of a certain quantum system of interest.

The framework of analog quantum simulation, used in this thesis, is schematically
depicted in Fig. A quantum system of interest is mapped onto a tailored and
well controllable artificial quantum system, striving to mimic the dynamics of
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the investigated quantum system. In the setting of this thesis, the simulator is
a superconducting quantum circuit. When approximately the same equations of
motion hold for both systems, the solution of the underlying quantum problem can
be inferred from observing the time evolution of the artificially built model system.



2 Microwave theory

This chapter provides the fundamentals of microwave theory necessary for evaluating
and characterising quantum circuits. I give a brief summary of transmission line
theory and its circuit implementation which is followed by some network analysis
techniques. The description of microwave resonators is carried out in more detail.
Despite of its importance for a large community of microwave engineers as well
as to the field of circuit based quantum information processing, I find a lack of a
comprehensive treatment of respective fitting models in literature. To this end, I
derive relevant formulas relating the experimentally accessible scattering matrix
elements with the frequency response of microwave resonators, providing the
mathematical framework for extracting quality factors of resonating networks based
on circuit impedances.

Given that the magnitude signal |S5,|? is very small for strongly over-coupled
resonators, a robust method to extract resonator characteristics is provided by fitting
the frequency derivative of the phase to a Lorentzian distribution. In Fig. (??)(c), (d)
we compare Lorentzian fits to the derivative of the phase quadrature d/dw arg Sﬁl
and to the inverted and shifted phase quadrature, d/dw arg(1 — S3;). While the
latter is the analytically exact procedure, it requires an elaborate post-processing of
measured data, such as a normalization and a slope subtraction in the phase signal,
which is physically hard to justify. Comparing the extracted loaded quality factors
demonstrates the reliability of the straightforward method. The internal quality
factor in the example is ~ 20 x 10°.



Table 2.1: Summary of relations between scattering matrix elements and frequency response of relevant one- and two-port resonator networks In
the in-line configuration, a resonator is defined by introducing two gaps in a continuous transmission line. The reflection case is analog to single-port
re;f_lection, with individual coupling quality factors Q.; for port i = 1,2, respectively. For equal coupling capacitors at either port, we can recover
Sllli‘ = 8%, for Qc = Q,i/2. The in-line transmission matrix element S} is provided with respect to a the total coupling quality factor Qc’é = lel + Q;zl
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3 Theconcentrictransmon qubit
Some words with a Ref. [Bra+16].

3.1 Motivation

Over the last decade there has been a two order of magnitude increase in coherence
times of superconducting qubits, which allowed for several major achievements in the
pursuit of scalable quantum computation, such as the control and entanglement of
multiple qubits [Ste+06} Bar+14]. Further increases in coherence times will eventually
allow for building a fault tolerant quantum computer with a reasonable overhead
in terms of error correction, as well as implementing novel quantum simulation
schemes by accessing wider experimental parameter ranges [Par14|]. Apart from
the demand for advancing qubit lifetimes and coherence times, other properties
become more and more important, such as the scalability of quantum circuits and
the coupling versatility between qubits.

The design and architecture of the concentric transmon qubit is depicted in Fig.[3.1(a).

3.2 Dissipative dynamics

The dissipative dynamics of the investigated concentric transmon is depicted in
Fig. ??. At a qubit operation frequency of € /27t = 6.85 GHz we extract T; = 9.6 us by
exciting the qubit with a previously calibrated 7t pulse and measuring its population
after varying times At. We engineered the concentric transmon to have a reduced
sensitivity to its major loss channels, namely spontaneous Purcell emission, dielectric
loss, and radiative decay. Losses due to quasi-particle tunneling processes typically
impose a T7 limitation at around ~ 1 ms [Ris+13]], having no considerable effect on
the lifetime of our circuit.

In the following, we provide a loss participation ratio analysis in order to explain
the measured value for Tj. The results are summarized in Tab.



3 The concentric transmon qubit
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Figure 3.1: Architecture of the concentric transmon qubit (a) Optical micrograph of the fabricated
sample. The dark grey colour corresponds to the intrinsic silicon substrate, while the coloured and
brighter areas are covered with an Al film. The transmon consists of a central island with holes for flux
trapping, that is surrounded by a concentric ring electrode. The electrodes are interconnected by two
Josephson junctions, forming a gradiometric dc SQUID. The open end of a microstrip A/2-resonator
(coloured in blue) capacitively couples to the concentric transmon for dispersive qubit readout. An
on-chip flux bias coil (yellow) allows for fast tuning of the qubit transition frequency since it couples
asymmetrically to the two SQUID loops. It is designed in coplanar geometry in order to match its
impedance to 50 (). The flux bias line is grounded at one of its ends on chip. A superconducting
groundplane is applied to the backside of the substrate. (b) Simplified lumped-element circuit diagram.
The black dot in the middle corresponds to the central qubit island. One can recognize two closed
loops (L1, Ly) sharing the two Josephson junctions. The large loop size in the geometry amounts to a
geometric inductance contribution, as indicated in the circuit. Since the mutual inductances to the flux
bias line are not equal, My # M, the effective critical current of the SQUID can be tuned.

Table 3.1: Calculated loss contributions fo the concentric transmon qubit The main contribution Fﬂl‘d
arises from inductive coupling to the flux bias line, leading to a total Purcell limitation of I, p = 16 ps.

The estimated reciprocal sum Iy ! is in good agreement with the measured value for Tj.

Purcell Defects Radiation | Reciprocal sum
I} om [ ind I fclap [ fir I} ba !
47 us 32us ~ 87 us
Ip =1l6ps ~26ps > 100ps 8.9 us

3.2.1 Purcell decay

We find a coupling limited decay rate x = 26 x 10°s~!, corresponding to a line width
of 4.1 MHz of the dispersive readout resonator, which is close to the design value.
The qubit lifetime is potentially Purcell limited by spontaneous emission into modes
that are nearby in frequency. Major contributions are the dispersive single-mode
decay into the capacitively coupled readout resonator as well as emission into the
flux bias line [Koc+07;|Hou+08|] due to inductive coupling. The coupling strength



3.3 Conclusion

g/2m = 55 MHz between qubit and resonator is extracted from the dispersive shift
of the resonator [Bra+15].

3.3 Conclusion

We have designed, fabricated and experimentally investigated a planar tunable qubit
based on superconducting circuits that we call concentric transmon.






4 Conclusion

It is my conviction that the universal quantum computer will be a truly digital device
while meaningful computations with quantum hardware in the near future will be
based on analog simulation schemes. This thesis presents a small contribution in
this direction.
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Appendix
A  Fabrication parameters

Table 1: Substrate cleaning

solvent ultrasonic bath IPA HO hot plate piranha rinse

NEP 10 min yes yes 145°C, 1min yes

A.1 Electron beam lithography

Table 2: Application of the resist stack

resist pre spin hotplate
LOR500nm  300rpm, 10s 3000rpm, 60s 180°C, 5min
PMMA 950K

AR-Pe7203 200rpm,10s  6000rpm, 60s  145°C, Smin
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