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Abstract

Tileable Superconducting Quantum Circuits
with Magnetic Flux Control

Simone Diego Fasciati, Lincoln College, University of Oxford

A thesis submitted for the degree of Doctor of Philosophy
Hilary Term 2023

Superconducting circuits are a leading platform for quantum information process-
ing, partly due to the great freedom of tailoring circuit parameters which enables
the implementation of a wide variety of Hamiltonians. Many simple superconduct-
ing circuits commonly employed as qubits contain a variation of superconducting
quantum interference device (SQUID) that adds in-situ magnetic flux tunability
to the system and further increases its flexibility. At the same time, this control
parameter requires additional dedicated circuitry and can introduce flux noise
which is detrimental to qubit performance. This increases hardware complexity
and hinders the scaling to large qubit numbers. In this thesis, we develop and
test a simple 3D-integrated architecture for individual flux control of tileable,
coaxial, gradiometric superconducting qubits, achieving highly selective flux bias
(low crosstalk) and incorporating both charge and flux control into a single off-chip
element. The addition of flux tunability fully retains the simplicity of the fabri-
cation and packaging process of the original, fixed-frequency coaxial architecture.
We then use this experimental platform to study the inductively shunted transmon
(IST), an interesting qubit species based on a radio-frequency (RF) SQUID loop
with a small linear shunting inductance. Its qualitative behavior is similar to a
transmon qubit but with a positive instead of negative anharmonicity. We design,
simulate, fabricate and experimentally characterize gradiometric IST qubits, show-
ing that they can be easily integrated into an existing transmon-based quantum
processor architecture. Further, by directly coupling an IST to a transmon via a
mutual capacitance, we demonstrate how the opposite signs of anharmonicity can
be exploited to effectively reduce the undesired static longitudinal coupling (ZZ
interaction) to zero. We also investigate microwave sideband transitions in this
two-qubit system and benchmark a controlled-Z (CZ) entangling gate. This work
paves the way towards hardware-efficient, crosstalk-suppressed superconducting

quantum processors based on multi-species qubit lattices.
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1.

General introduction and outline

Quantum computation is the manipulation of information using the unitary evolu-
tion of a quantum mechanical system [1]. This now established field of research, at
the boundary between physics and computer science, started out as a theoretical
proposal in the early 1980’s to use atoms themselves as units of information to
more efficiently simulate quantum physics [2, 3]'. The development of formal
quantum-based algorithms for general computational purposes, predicted to offer
a remarkable speedup compared to their classical counterparts, lent significant
credibility to this idea [5-7]. This early theoretical groundwork spawned an incred-
ibly active field of experimental research in the decades that followed, focused on
performing quantum information processing in a variety of physical platforms [8, 9].
The field is currently at the threshold of quantum advantage, where first examples
of quantum algorithms at or beyond the reach of classical simulation resources
are being reported [10, 11]. Note that this does not necessarily imply that these
algorithms are of practical significance just yet.

There are important distinctions that should be made between different ap-
proaches to quantum information processing. When talking informally about a
quantum computer, we often refer to universal gate-based computing using discrete
sets of digital operations (gates) on a subset of the quantum bits (qubits) making
up the quantum processor [1, 12]. While a lot of platforms fall under this broad
umbrella, including the experiments carried out in the present work, fundamen-
tally different approaches such as quantum annealing [13, 14] or analog quantum
simulation [15, 16] are also being pursued for specific applications, showing great
promise.

It is generally accepted that performing a practically useful quantum computation
will require quantum processors orders of magnitude larger and much more robust to
errors than current small-to-intermediate scale systems [17]. Ultimately, quantum

error correction (QEC) of sufficiently large and high-quality physical systems will

Yes, this is yet another thesis in quantum computing that begins with the certainly overused
reference to Richard Feynman. See also a related perspective in Ref. 4.
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hopefully lead to fault-tolerant quantum computation, unlocking the full potential
of this technology [18-20].

In this thesis, we narrow our scope and focus on one particular platform for
quantum information processing: superconducting circuits [21, 22]. This approach
uses dissipationless electrical circuits that exhibit coherent dynamics in the quantum
regime, and benefits from established planar nanofabrication techniques to easily
build and scale two-dimensional circuits. Currently one of the most promising
platforms for quantum computing, superconducting quantum processors hosting on
the order of tens to more than hundred qubits have been successfully realized [10, 23—
25]. First viable demonstrations of QEC [26, 27] give an indication of the rapid
development in this field, while important obstacles to further development lie
ahead [28].

Over the course of this work, we will touch upon a few of the main practical
challenges of scaling superconducting quantum circuits and provide a perspective
on existing approaches and solutions to tackling them. We will then set out to
address some of these challenges in our own experimental architecture, developing

it further and using it to explore novel types of superconducting quantum circuits.

Thesis outline

This thesis is structured as follows. In Chapter 2 we provide an overview of
simple superconducting electrical circuits commonly used as qubits in quantum
information processing. We analyze one such circuit in more detail, the inductively
shunted transmon (IST). We also touch upon two-qubit dynamics and the issue of
static ZZ-type interaction that can limit quantum processor performance, as well
as methods for its suppression.

We continue with a discussion of the practical aspects of magnetic flux control
of superconducting qubits in Chapter 3, an important ingredient in many circuit
realizations. This includes design considerations of the flux biasing elements and of
the qubits themselves, and explains the issue of magnetic flux noise and how it can
be mitigated.

Moving on to the experimental part of this work, we address some of the
challenges of flux control with the development of a novel 3D-integrated flux tuning
architecture for circuit QED in Chapter 4. Its central element is the differential
flux bias line (dFBL), which can provide full individual XYZ control of coaxial
gradiometric qubits. Design, numerical simulations and cryogenic characterization

are carried out, using a test device with four tuneable transmons.
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We then proceed to the design, fabrication and measurements of IST qubits in
our dFBL platform to explore their physics. This is reported in Chapter 5, showing
that these circuits behave as expected from theory and are fully compatible with
our existing circuit QED architecture.

Building upon these results, we study the two-qubit dynamics of a coupled
transmon-IST circuit in Chapter 6. The system once again behaves as expected
from theory, showing an interesting landscape of static ZZ interaction which includes
an operating point with full ZZ suppression. We also identify sideband transitions
in this system, and use one such transition to tune up and benchmark an entangling
gate between the two qubits.

To conclude, our findings are summarized in Chapter 7 and we provide an outlook

on further exploratory studies in this direction.



2.

Theoretical aspects of

superconducting quantum circuits

2.1. Introduction

We begin with an important disclaimer: the aim of this chapter is not to offer a
general and complete introduction to quantum computing with superconducting
circuits. The reason is twofold: firstly, it would not be possible to describe in
this limited space all the important milestones achieved since coherent quantum
oscillations were first observed in a superconducting Cooper-pair box (CPB) circuit
almost 25 years ago [29], which is often viewed as the starting point for this
experimental field of research. Secondly, a number of accessible and detailed
reviews have already been written on the subject (or parts of it) from different
perspectives, ranging from the purely theoretical to the explicitly practical, which
should satisfy readers with a variety of backgrounds [21, 22, 30-33]. What this
chapter does attempt to do is instead to provide a few useful concepts and tools
that will be required to understand the ideas developed later in this work.

In the following we describe the prototypical superconducting charge-based qubit,
i.e. the CPB mentioned above. This is but one species in an ever-expanding qubit
zoo, made possible by the ease with which the Hamiltonian of a superconducting
circuit can be tailored to fit different needs and realize a variety of parameter
regimes. The fundamental building block of all these circuits is the Josephson
junction, a tunneling barrier between two superconductors which acts as a non-
linear inductor and gives rise to many interesting phenomena. Simple modifications
to the Cooper-pair box can make the non-linear inductance tunable by magnetic
flux (using a SQUID, or superconducting quantum interference device), or introduce
various degrees of protection from noise sources such as fluctuations of the charge
degree of freedom.

As a further important example we discuss in more detail the RF-SQUID (radio-
frequency SQUID) circuit consisting of a Josephson junction connected in parallel

with a linear inductor. This can be used to implement a variety of flux-based qubits
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with fundamentally different properties to charge qubits. We perform perturbative
and numerical analysis of the RF-SQUID in the low-inductance regime, i.e. where
the ratio of inductive energy Fp to Josephson energy E; is larger than one, to
obtain a relatively unexplored parameter regime that is simple to understand and
is potentially useful as a qubit.

Next, we present a few basic concepts of two-qubit coupling schemes and en-
tangling gates, which are all important considerations when trying to build an
actual quantum processor out of individual qubits. We focus in particular on the
aspect of unwanted coupling, or crosstalk, in the form of longitudinal ZZ-type
coupling between qubits, which is often a limiting factor for the fidelity of two-qubit
operations in superconducting circuits. Several techniques to mitigate or suppress
77 crosstalk have been developed in a variety of two-qubit coupling schemes. This
provides the context for some of the experimental studies carried out in this work,
which will investigate one such method for ZZ suppression with minimal impact on

the hardware and software complexity of the quantum circuit.

2.2. Basic superconducting circuits

2.2.1. The Josephson junction and the Cooper pair box

In superconducting quantum circuits, one particular phenomenon lies at the heart
of much of the interesting physics that we observe: the Josephson effect [34, 35],
which describes the behavior of two superconductors separated by a thin insulating
barrier. The superconductors are each associated with a macroscopic quantum
phase ¢ and ¢, respectively, and their difference is ¢ = ¢; — ¢5. Such an element
is called a Josephson junction (JJ), and the current I and voltage V' across it evolve

according to the Josephson relations [36]

I(t) = I.sin(p), V(t) = %3t = or Dt (2.1)

where ) = h/2e ~ 2.068 x 107> Wb is the magnetic flux quantum and I, is
the critical current of the JJ, which is related to its physical properties such as
dimensions and materials. The energy scale associated with this is the Josephson
energy F; = (®¢/2m)I.. Furthermore, a corresponding inductance scale can be

deduced by rewriting and combining the Josephson relation to obtain

oI L
V:L(w)a, L(p) = —7

(2.2)
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(a) (b)
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Figure 2.1: Basic superconducting circuits. (a) Josephson junction (JJ) element,
characterized by the Josephson energy E; and intrinsic charging energy Fc,, usually
written as a combined element. (b) Simple Cooper pair box (CPB) circuit, consisting of
a superconducting island weakly linked to a reservoir via a JJ. The charge on the island
can be controlled via an external gate voltage. (c) Standard transmon circuit, where a
JJ is shunted by a large capacitance. (d) Replacing the JJ by a DC-SQUID makes the
Josephson energy tunable via an external magnetic flux ®ey.

AV 4

This behavior mimics that of an inductor, but with an effective inductance that
depends non-linearly on the phase ¢, and with a characteristic Josephson inductance
Lj = (®g/2m)/1.. This is a kinetic inductance originating from the kinetic energy of
Cooper pairs in the superconductor. The JJ is therefore often referred to as a non-
linear inductive element and is usually represented in circuits with a cross symbol,
see Fig. 2.1 (a). In practical realizations, the proximity of the two superconductors
will also lead to a small capacitance C; in parallel with L;, with corresponding
energy scale Fo, = e¢?/(2C;). The combined element is represented as a cross
inside a square.

A single JJ is already enough to build a useful qubit, i.e. a system with a pair
of energy levels that can be addressed individually. An isolated superconducting
island is weakly connected to a large superconducting bath via a JJ. This is called a
Cooper pair box (CPB) and is depicted in Fig. 2.1 (b). In the typical case Fe > Ej,
adding an extra Cooper pair on the island by tunneling it across the JJ costs
significant charging energy, and therefore the number N of excess Cooper pairs in
the CPB at low temperatures is usually close to zero. The charging energy can be
overcome by applying an offset DC voltage V,, which will lead to a tunable amount
of offset charge N, = C,V,/2e on the island. The quantum Hamiltonian of the

CPB is the sum of the charge and Josephson term and reads
H = 4Eo(N — N,)? — E; cos(), (2.3)

with the charge and phase operators obeying the canonical commutation relation
[Cp, N } = i. Here the charging energy includes all capacitive contributions, C' =
Cj + Cy4. The eigenstates are commonly represented in the charge basis, i.e.

|0),]1), ... corresponding to the number of discrete excess Cooper pairs on the
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island. One finds that at a half integer value of the offset charge, N, = 0.5, the
states |0) and |1) are degenerate. The small finite tunneling probability through
the JJ couples these states and leads to a splitting of magnitude E;. Since all
other charge states are separated by at least Ec > E;, we have thus created a

single addressable transition — a qubit.

2.2.2. The transmon qubit

The CPB qubit is one of the simplest superconducting qubits and indeed one of
the earliest to be implemented experimentally [29, 37], and was utilized in several
important early experiments in the field [38, 39]. Unfortunately, encoding the
qubit in the charge degree of freedom makes it highly sensitive to the electrostatic
environment, which can fluctuate in time due to the presence of charged defects and
therefore adds considerable noise to the qubit mode, limiting its coherence. This
prompted the shift towards superconducting qubits based instead on flux encoding
(more on this in Sec. 2.3), which are exposed to magnetic flux noise but not to
charge noise. On the other hand, a simple modification of the CPB also alleviates
the charge noise problem. Adding a large shunting capacitance C' in parallel with a
JJ, as depicted in Fig. 2.1 (c), makes the total charging energy E¢ very small and
achieves the regime F; > Ec. The enhanced tunneling of Cooper pairs smears
the eigenstates across many charge states simultaneously, therefore making their
eigenenergies approximately independent of the changes in offset charge N,. This
is the basic operating principle of the transmon qubit [40]. The Hamiltonian is
the same as the CPB in Eq. (2.3), but with the offset charge control IV, removed
as it is not anymore a useful tuning knob for the qubit energy. Instead, the large
shunting capacitance makes it easy to couple the macroscopic plasma oscillations
of the transmon mode to linear microwave cavities and external electromagnetic
fields (usually in the range of a few GHz). This is used to good effect for both
qubit control and readout, as well as qubit-qubit coupling, in the now very popular
framework of circuit quantum electrodynamics (circuit QED) [39, 41, 42].

The basic physics of the transmon [40] can be understood intuitively by making
an analogy to a mechanical oscillator, where a particle of mass m is trapped in a
potential (e.g. due to a spring with constant k). In the electrical oscillator version,
i.e. the LC circuit, the mass by convention corresponds to the capacitance C', and
the spring constant to the inductance L. The transmon is therefore referred to as
a heavy charge mode due to its very large value of C'. This heavy particle oscillates

around the minimum of the cosinusoidal phase potential provided by the inductive
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term U(p) = —FE; cos(@) of the Josephson junction. Expanding the potential for
small phase excursions around zero gives us
UQ)~ —Ey+ 2> — Z2¢ 2.4
@)~ —Bs+ 2297 — g, (2.4
which means that the heavy charge particle sees an approximately quadratic
(harmonic) potential with a negative quartic correction. The transmon Hamiltonian
is therefore often approximated as that of a quantum non-linear (Duffing) oscillator,

written in second quantization form as [40, 43]
ata L 1Y | Qtotos
%tr ~ h(,L)O a'a—+ 5 + EG a aa, (25)

with the creation and annihilation operators @' and @ that either add or remove an
excitation in the system, wy = v/8E¢E; is the plasma frequency, and a ~ —E¢ is
the non-linearity or anharmonicity of the circuit. Thus, the transmon is a weakly
anharmonic oscillator with a first transition frequency on the order of wy, spectrally
separated from the nearest transition by a modest anharmonicity a < wg. In
addition to the protection from charge noise mentioned above, the simple transmon
also does not suffer from magnetic flux noise as it does not couple to external
magnetic fields.

It is difficult to overstate how impactful the invention of the transmon qubit
has been. Its simplicity and resilience to noise has led to the rapid scaling of
quantum processors to a few tens of qubits [10, 23, 26] and recently even to over
100 qubits [25]. Refinements in materials and in circuit design have led to transmons
achieving relaxation times 7} and coherence times T of a few 100 ps [44-48].

One of the main drawbacks of the transmon is its anharmonicity «, which
is necessarily small in the charge-insensitive regime E; > Fo [40]. This leads
to higher excited states lying close in frequency to the qubit transition, causing
leakage of information into these states. While this can be elegantly used to execute
two-qubit entangling gates that leverage coupling to higher states [49, 50], it is
generally considered a disadvantage as it limits the speed of qubit manipulations

and requires careful pulse shaping to minimize leakage [51, 52].

2.2.3. Adding flux tunability

Although both CPB and transmon can be realized using a single Josephson junction,

a simple modification makes them much more flexible and controllable. This consists
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of replacing the JJ by a SQUID (superconducting quantum interference device),
a closed superconducting loop interrupted by two JJs with energy Ej; and Ej
respectively, as shown in Fig. 2.1 (d). The two junctions are not necessarily identical.
Assuming E;; > Ejs, we define the asymmetry d = (Ej; — Ej2)/E i with

Ejiot = Ej1 + Ejo. The Hamiltonian now has two separate inductive contributions,
A~ 2 “ “
H=4EcN — Ej cos(p;) — Ejacos(@y), (2.6)

where we denote the phase operator across each junction as ¢, and @,. The presence
of a closed loop allows a finite amount of magnetic flux &, to be threaded through
it by applying an external magnetic field perpendicular to the SQUID plane. Due
to the fundamental requirement that flux through a superconducting ring must be
quantized to a multiple of ®q, the external flux will be compensated by an induced
supercurrent that will in turn current-bias the two JJs [36]. The flux quantization

condition reads
(I)ext

d,

with n € N, and we have introduced the reduced external flux .y for convenience.

D1 — Pyt Pext = 2N, Pext = 2T (2.7)

This constraint allows us to eliminate one of the two phase variables, introducing
the average phase drop @ = (¢, + ¢,)/2 and rewriting Eq. (2.6) as [40]

H = 4ECN2 — Ej(pext) cos(p), (2.8)

which is reduced to the same functional Hamiltonian as the single-junction case,

but with a flux-dependent Josephson energy

oS <90;Xt>’ X \/1 + d? tan <%0;Xt>. (2.9)

This makes the transmon (or CPB) transition frequency tunable in-situ by changing

EJ((pext) - EJ,tot X

the amount of applied external flux, without affecting its underlying physics. This
is in fact a very common technique used experimentally [29, 53, 54] to add more
freedom and flexibility but also to make up for shortcomings in fabrication, which
limit the accuracy and precision with which E; of an individual junction can be
set. The major drawback is that this makes the qubit sensitive to noise in the
flux control parameter, similar to the case of flux-based qubits discussed later.

Fluctuations in flux will modify the qubit frequency, leading to dephasing. The
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practicalities of flux tuning and flux noise will be discussed in greater detail in
Chapter 3.

The inductive energy in Eq. (2.9) is periodic in applied flux, as expected from flux
quantization. In case of symmetric junctions with d = 0, the expression simplifies
to a simple cosine dependence E;(@ext) = Ejot| S (Pext/2) |, meaning that the
Josephson energy can be brought to zero at half-integer values of flux bias. Instead,
for finite asymmetry the square-root term reduces the total tunability range to
between Ej; and Ej — Ejo > 0. This is sometimes done intentionally to provide
only the tunability necessary for a particular experiment while limiting the amount

of dephasing due to flux noise to acceptable levels [55, 56].

2.3. The RF-SQUID circuit

The RF-SQUID (radio-frequency SQUID) is a circuit consisting of a closed super-
conducting loop with self-inductance L interrupted at one location by a Josephson
junction. Three energy scales define the dynamics of this circuit: the inductive
energy E; = (®y/27) /L coming from the linear inductance L of the ring, the
Josephson energy E; of the JJ, and a charging energy Ec = e*/ (2C) associated
with the total capacitive contribution C' in the circuit, such as the JJ capacitance
or any additional shunting capacitance. The equivalent circuit representation is
shown in Fig. 2.2 (a). The RF-SQUID thus incorporates the three basic elements
of a dissipationless circuit: linear inductance, non-linear Josephson inductance, and

capacitance. The quantum Hamiltonian that describes this circuit is given by

Ho = 4EN — By cos (3 + o) + ;EL@{ (2.10)
where N and @ are the conjugate operators for charge number and phase, and gy
is the reduced external flux through the loop, as before. Most superconducting
qubits can be treated as a special case or slight modification of the generic RF-
SQUID circuit! [21, 58]. Even the physics of the CPB described above, which is
topologically distinct due to the absence of a closed loop, can be recovered in the
limit of an infinitely large inductor L — oo [59].

One feature of the RF-SQUID loop is that there is no isolated superconducting
island that can hold a discrete number of Cooper pairs, as in the CPB case. The

linear inductive element has zero DC impedance, and any excess charge that might

!This statement is limited to circuits that host a single electromagnetic mode. Multi-mode
qubits are a separate topic offering very rich physics [57].
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Figure 2.2: RF-SQUID and related circuits. (a) General RF-SQUID circuit consisting
of a linear inductance, Josephson junction and capacitance in parallel. (b) Conventional
three-junction flux qubit. A small JJ is shunted by two larger JJs, with an energy
ratio o = E;/E’; < 1. (c¢) Fluxonium circuit, where a large number N of JJs forms an
effectively linear inductive shunt with E, ~ E,/N < Ej.

form on one side of the JJ is easily equalized via this link. This automatically
removes any static charge offsets, and modifies the charge noise spectrum to become
linear in frequency, as opposed to typical 1/f-type charge noise [59]. This modified
noise spectrum leads to a strongly reduced impact on qubit coherence. Note that
this is fundamentally different from the approach adopted in the transmon [40],
where DC offset charges are still very much present but the qubit mode has been
made insensitive to them by flattening its charge dispersion bands at the expense
of decreased circuit anharmonicity.

In practical implementations, the linear inductance L is often approximated by a
discrete number of JJs in series. While this breaks the loop into discrete sections of
superconducting islands and adds independent phase variables to the Hamiltonian,
the effective low-energy behavior is still similar to that of a linear inductive shunt.
As discussed in Sec. 2.2.3, two JJs in parallel form a DC-SQUID but do not
fundamentally modify the Hamiltonian of the circuit. The smallest number of
junctions required in a loop to introduce new non-trivial effects is therefore three,
as in the circuit depicted in Fig. 2.2 (b). Typically, a small junction with low E; is
connected in parallel with two larger JJs. The ratio « = E;/E’, < 1 (not to be
confused with the anharmonicity) is a crucial parameter of the system. This circuit
realizes the conventional flur qubit [60-62], an important early superconducting
qubit implementation. The closed loop can be biased to induce supercurrents in
either direction, clockwise or counter-clockwise. Just as two charge states are made
degenerate in the CPB by biasing its island to a half charge offset, in the flux qubit
two opposite current (or flux) states are made degenerate by biasing the loop to
half a flux quantum, with a splitting on the order of A ~ F;.

The development of the flux qubit was motivated at least partly by the realiza-
tion that charge-based qubits inevitably suffered from large fluctuations of their

electrostatic environments over time, while the flux qubit encodes information in
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supercurrents flowing around its loop and is therefore only exposed to the magnetic
environment. It turns out that magnetic flux noise also represents a significant
obstacle (see Chapter 3), and the advent of the transmon shifted the focus once
more towards charge qubits. Nevertheless, derivatives of the original flux qubit
have shown great promise in recent years and are actively being pursued, such as
the capacitively shunted flux qubit (CSFQ) [63] and the fluxonium [64, 65].

2.3.1. Superinductance regime (E; < E)

An important evolution of the flux qubit is the addition of an increasing number N
of large-area Josephson junctions in series to form a long inductive array, depicted in
Fig. 2.2 (¢). Values of N ~ 100 or larger are not uncommon. Although each junction
is associated with an individual phase variable ®,, a one-dimensional approximation
can reduce this to an effective RF-SQUID Hamiltonian as in Eq. (2.10) with an
equivalent linear inductive energy £y, = E;/N < E; much smaller than the energy
of the small JJ. The array is referred to as a superinductance due to its very
large kinetic inductance, with a characteristic impedance that typically surpasses
the resistance quantum Rg = h/(2¢)?. This type of circuit is known as the
fluzxonium [64], which was created in an attempt to solve both the charge noise
problem of the CPB and the flux noise problem of the conventional flux qubit.
Although the loop is broken up into discrete superconducting sections between
each JJ, the large £’ makes the junctions fairly transparent to Cooper pairs and
allow for an efficient equalization of charge offsets, which takes care of reducing
charge noise.

While a detailed description of the rich fluxonium physics is beyond the scope of
this work and can be found elsewhere [65-70], some intuition for its behavior can
be gained by observing that in the regime £, < F; the quadratic phase potential
term in Eq. (2.10) is very weak compared to the cosine term of the small JJ. The
effective potential U(@) therefore looks like a shallow corrugated parabola with
many local minima. Depending on the details of the circuit and on the choice of
external flux bias, the two lowest eigenstates will either be located in the same
potential well (plasmon-like excitation, as in the transmon), or in two adjacent
wells (fluron-like excitation, as in the flux qubit). Which and how many of the
potential wells are populated will depend, among other things, on the ratio E;/E¢
that defines how light or heavy the circuit mode is, and therefore how easily it can
explore the potential landscape, analogously to the transmon discussed in Sec. 2.2.2.

The different energy scales associated with fluxon and plasmon transitions can lead
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to an extremely high anharmonicity, several times larger than the qubit frequency
transition itself, making the fluxonium a prime candidate as a replacement for
the weakly anharmonic transmon. It has also been shown to reach relaxation and
coherence times beyond 1 millisecond [71], pushing the state of the art for JJ-based
superconducting qubits.

Recently, the engineering of a long suspended JJ chain with a reduced parasitic
capacitance contribution has enabled the realization of a circuit where both EFj <
E;and Fp < E¢, opening up a regime beyond the fluxonium called the quasicharge
qubit (or Blochnium) [72]. Separately, a different substrate engineering technique
has been used to fabricate qubits in the superinductance regime using a purely
geometric inductor [73, 74], instead of requiring a kinetic inductance chain as

described above.

2.3.2. Single well regime (£ > E))

A very different scenario presents itself if we make E; comparable to or larger
than FE;, meaning the shunting inductance becomes small. If E; > FE;, the
phase potential is characterized by a strong harmonic confinement ~ E;$?/2, with
only a small perturbation due to the Josephson cosine term. This leads to an
approximately linear oscillator with negligible anharmonicity, which is not relevant
for qubit encoding. Still, this limit might be of interest for applications such as the
study of strongly driven systems and Floquet dynamics [75, 76], as the parabolic
confinement of the phase prevents the circuit from escaping into unconfined states
like in the transmon case [77, 78].

Since we are primarily interested in using this circuit as a novel type of qubit,
requiring a finite anharmonicity, we focus here on the case £ 2 E;, when neither
of the potential energy terms can be regarded as a small perturbation to the other.
We begin by studying the physics of this low-inductance RF-SQUID at the half

flux bias point e = 7. We expand the phase potential around zero and obtain

E
P2+ Lot (2.11)

U(QO):—FEJ—F o

EL_EJAQ EJA4 ~6 EJ
= < _ ~ — 1) —=

AT +0 (%)~ (B-1) 5
where O($°) collects all terms of order 6 and higher in ¢, and we drop the constant
term +F;. We define the ratio of inductances 5 = E/E; for convenience. This
expression has the same Duffing oscillator form as the transmon in Eq. (2.4) but

with the quadratic term rescaled by a prefactor § — 1 and the quartic term with
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Figure 2.3: Phase potential of the low-inductance RF-SQUID. Phase potential U(y)
at pext/2m = 0.5 for three different inductive energy ratios § = Er/E;: (a) weakly
anharmonic regime 5 = 2, (b) quartic regime 8 = 1, and (c) double-well regime 5 = 0.5.

positive instead of negative sign®. The curvature of this potential is strictly positive

for g > 1, leading to a single potential well and to plasmonic excitations as in the

transmon. We conventionally define a qubit as the subsystem comprising the two

lowest eigenstates of this system.

In more detail, we distinguish between the following cases:

(6 > 2) A large quadratic term weakens the non-linearity of the potential

compared to the transmon, resulting in smaller .

(8 = 2) This case is qualitatively equivalent to the transmon potential, but

with positive non-linearity.

(2> > 1) As the relative contribution of the quadratic term is weakened,

the non-linearity of the circuit increases, which results in larger a.

(8 = 1) The quadratic term disappears and the problem is reduced to that
of a particle in a quartic potential. This is the so-called quarton regime [58],

which will be treated separately in Sec. 2.3.3.

(8 < 1) The quadratic term is now negative, resulting in a double-well phase
potential. This is analogous to the persistent-current flux qubit [60, 61]
discussed earlier, where the lowest eigenstates are fluxon states localized in
either of the two potential wells, associated with currents flowing in opposite

directions around the circuit loop.

We visualize the three qualitatively different flavours of phase potential U(p) in

Fig. 2.3. While the double-well potential is a very interesting regime in its own

20ne can already predict that the opposite sign of the oscillator non-linearity flips the sign of

anharmonicity, which will be confirmed later.
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right, we are going to limit ourselves to the description of the plasmonic single-well

physics in the rest of this section.

Perturbation theory

Approximate analytical expressions for the lowest transition frequency wgy; and
anharmonicity a can be derived for 3 > 1 via perturbation theory starting from the
potential in Eq. (2.11), following the same approach as for the transmon outlined
in Refs. 40, 43. In this case, the quadratic term is positive and we can solve the

harmonic Hamiltonian
) E
Huo = 4EN" + (8 —1) 7‘%02 (2.12)

in the conventional way by defining bosonic ladder operators @, a' satisfying {d, &q =

1 via the relations

»= fzg (a'+a), N= ﬂ;pr (a"-a). (2.13)

where ¢,p¢ > 0 is a normalization factor that is related to the zero-point fluctuations
of the phase®. By setting ¢,,r = [8Ec/(8 — 1)E ]/* and expressing Eq. (2.12) in

terms of ladder operators we obtain

1
Huo = hwy <(AITCAL + 2) , (2‘14)

where we defined the plasma frequency wy = \/ 8(8 — 1)E;Ec. The eigenstates are
the Fock states |n) for n =0, 1,2, ... with eigenenergies E(®) = hwy (n + 1/2).

We now treat the quartic term of U (@) as a perturbation

EC 4
=——"“ _(a'+a 2.15
H, 12(5_”(@ +) (2.15)
to Hyo and calculate the first-order perturbative correction E(M to the eigenenergies
of the system as [40]

EM = (n|H,|n) = 6n* + 6n +3). (2.16)

EC (
12(8 — 1)

3Equivalently, we can also define the zero-point fluctuations of charge as Nopt = 1/@,p¢ via the

canonical commutation relation [afo, N } =1.

15



Chapter 2. Theoretical aspects of superconducting quantum circuits

The new eigenenergies £, ~ E + E() allow us to obtain perturbative expressions
for the lowest transition frequency wp; and anharmonicity « of the non-linear

oscillator, defined as follows:

Ec
g—1
(2.17)

This is a simple result that nevertheless captures many important concepts. In

E
wor = E1—Ey ~ \/8 (8- 1)EC’EJ+T_017 a = (Ey—Ey)—(E1—Eo) =~ +

Fig. 2.4 (a) and (b) we plot these expressions for wy; and ae. When 8 = 2 we recover
the transmon-like case with wy; = v/8EcE; + a and |a| = E¢, but with positive
instead of negative anharmonicity. The anharmonicity decreases as f increases,
reaching the harmonic oscillator limit when § — oo. Most interestingly, we can
achieve values of « significantly larger than F¢ for 1 < 8 < 2, going beyond the
limitations of the transmon.

While Eq. (2.17) suggests that both wg; and a diverge for 5 — 1, it is important
to keep in mind that the perturbation theory outlined above breaks down when the
quadratic term becomes comparable to or smaller than the quartic term. Another
way to realize this is to observe that the magnitude of phase fluctuations ¢,y
diverges when § — 1, meaning that the Taylor expansion around small phase
values in Eq. (2.11) is not justified. Values of /5 approaching 1 therefore require
either the inclusion of many higher order terms [43] or a numerical treatment in
order to obtain reliable values for wy; and «, as discussed further below.

An important figure of merit in a system used for qubit encoding is the relative
spectral separation between the qubit transition of interest and the next higher
transition of the system, quantified by the relative anharmonicity «, = |a/wp].
This ratio tells us how fast the qubit can be driven relative to its own frequency
without exciting unwanted transitions. A large ratio is beneficial for performing

fast operations. From Eq. (2.17) we directly obtain

—1
o, ~ ( SQ(B —1)3+ 1) , (2.18)

Ec
which we plot in Fig. 2.4 (c) for a fixed ratio E;/Ec = 60. We also include the
value a, ~ 5% of an equivalent transmon for comparison. Perturbation theory
significantly overshoots the more accurate numerical solution (see details further
below) when § — 1, but it correctly predicts that . increases monotonically and

surpasses the transmon.
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Figure 2.4: IST qubit frequency and anharmonicity at half flux bias. Theoretical
predictions for (a) qubit frequency, (b) anharmonicity, and (c) relative anharmonicity of
an inductively shunted transmon (IST) circuit biased at @exy = 0.5. Perturbation theory
and numerical diagonalization results are shown in dashed blue and solid orange lines,
respectively. We fix EFo = 250 MHz and F; = 60 x E¢, and sweep the inductance ratio
B. The numerical result approaches the predicted quarton values (squares) when § — 1.
The reference values for a transmon with the same E; and E¢, also obtained numerically,
are added as black lines for comparison.

Due to the similarity of the perturbation formulas in Eq. (2.17) to the transmon
case, as well as a relevant range of values for £/; and E¢ similar to existing transmons,
we refer to the RF-SQUID circuit with g > 1 presented here as the inductively
shunted transmon (IST), which is the name given to a recent experimental realization
of this type of circuit [79]*. Broadly speaking, the properties of the IST circuit
are also reminiscent of the C-shunted flux qubit (CSFQ) [63, 81], which is a flux
qubit with a small Ex and a typical junction ratio a < 0.5 that implements a
single-well potential and a plasmonic excitation spectrum with pronounced positive
anharmonicity. This is very similar to our circuit with 1 < 5 < 2. On the other
hand, we should note that this similarity hides a fundamental difference between

these circuits — namely that the CSFQ), like the transmon, is an island-based circuit

4This is not to be confused with another recent realization of RF-SQUID circuit that is also called
IST, but which employs a large geometric superinductance to achieve the regime 3 < 1 [80].
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and will therefore be governed by different charge dynamics compared to a true
RF-SQUID loop .
For the sake of completeness, we repeat the above perturbative derivation for the

IST circuit now biased at @y = 0 and summarize the result here. The potential is

N EJ ~2 EJ A4
U ~ 1) —=p° — — 2.19
(@)= (B+1) 79" = ¢, (2.19)
leading to the perturbative expressions
Ec . Ec

wor & /(B +1)8E;Eq — (2.20)

y o~ — .
B+1 B+1
The two main differences to Eq. (2.17) are the new rescaling factor § + 1 and
the flipped sign of anharmonicity, which is now negative and always smaller than
E¢ for arbitrary values of 3. One interpretation is that at zero applied flux the
two inductive terms are added instead of subtracted, giving an effective linear

inductance

Lesyr = 20/21 = Do/2m = (1 + 1) _1, (2.21)
B+1E; EL+E; L L,
i.e. the Josephson inductance is diluted by the linear inductance. This leads to an
enhanced quadratic term irrespective of the value of 5 and therefore to a reduced
anharmonicity compared to a transmon with the same E; and Es. This makes
the pexy = 0 working point relatively uninteresting from a practical perspective.
Lastly, by taking the ratio of the two plasma frequencies (zeroth order terms of
wo1) in Eq. (2.17) and Eq. (2.20) we conclude that the frequency at zero applied
flux should be larger than the value at half flux, since \/(B +1)/(p—1) > 1.

Numerical treatment

Having built some intuition for the physics of the IST circuit we now turn to
numerical solutions and compare these to the perturbation theory above. We use
the Python library QuTiP [82] to numerically diagonalize the time-independent
RF-SQUID Hamiltonian in Eq. (2.10) and calculate the eigenspectrum {E,} as
a function of E¢, Ep, E; and (e, from which we obtain the qubit frequency wp;
and anharmonicity « in terms of the eigenenergies {E,} as defined in Eq. (2.17).

For @y = 0.5, we add the numerical result to Fig. 2.4 and observe that there is
reasonable agreement with the perturbation theory for weak non-linearity (large
B), as expected. While the PT expressions for wg; and a both diverge when g

approaches 1, giving an unphysical result, the numerics provide finite values and
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Figure 2.5: IST qubit frequency and anharmonicity versus flux. Numerical prediction
for qubit frequency (left panel) and anharmonicity (right panel) versus applied reduced
flux @ext. We fix E; = 15 GHz and show three different combinations of § and E;/Ec.
The anharmonicity undergoes a zero crossing in proximity of the half flux bias point.

confirm that the relative anharmonicity o indeed increases substantially beyond the
transmon. Moreover, the values for 5 — 1 tend asymptotically to the predictions
for the quarton regime obtained from independent formulas (see Sec. 2.3.3 below),
further supporting the analysis presented here.

Given that @y is a parameter of the Hamiltonian, we can easily obtain the flux
dependence of the qubit spectrum as shown in Fig. 2.5. Qualitatively, the IST
spectrum shows two extrema as a function of applied flux, which we call flur sweet
spots due to the disappearing flux sensitivity of the frequency, dwo;/J@exy = 0. The
frequency minimum is achieved at half flux bias, and the positive anharmonicity
quickly decreases and crosses zero when moving away from this point, analogously
to the CSFQ [63, 83]. We fix E; and choose three values of § to represent a high,
middle, and low anharmonicity qubit, and then tune E¢ such that the frequency
at half flux lies within the range 4-5 GHz. As demonstrated by the three examples
plotted in Fig. 2.5, the behavior is qualitatively similar over a wide range of E;/FE¢
and /3. Note that we can freely reduce E;/FE¢ to achieve the desired frequency since
the circuit is immune to low-frequency charge noise, unlike the transmon. In fact,
the high anharmonicity case  — 1 tends to require higher Fx to remain in the 4-5
GHz region. One direct practical consequence is that the shunting capacitance C

could be made smaller than in a typical transmon, reducing the device footprint.
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2.3.3. A special case: the quarton (E; = E))

When inductive and Josephson energies match exactly (8 = 1), the quadratic term
in U () disappears, leaving us with the purely quartic potential U (®) ~ E;¢*. In

this particular case the eigenenergies take the form [58, 84]

2 1/3
E, =M (3}«; JECZ) : (2.22)

with the dimensionless prefactors A, to be computed numerically. The first three
values are Ao 12 ~ 1.06,3.80,7.46. Note how the frequency scaling differs funda-

/2 The stronger

mentally from the weakly anharmonic case with w ~ (E;E¢)
(weaker) dependence on E¢ (E;) should make the qubit properties more repeatable
in practice, since E; typically has larger associated fabrication errors than E¢o [85].
Interestingly, the relative anharmonicity «, assumes the constant value
(A2 = A1) = (A = Ao)

= ~ 33.5 2.93
“ M- o % (2.23)

independently of E; and E¢, meaning that the (positive) quarton anharmonicity
is always approximately one third of its frequency. This can be regarded as
the maximal non-linearity achievable in a single-well potential, since the linear
(harmonic) contribution has been completely removed®. As mentioned earlier, going
to f < 1 will cause the formation of a double well and the appearance of fluxon
states, leading to flux qubit physics. Of course, the presence of multiple potential
wells for § < 1 is what enables many interesting properties in the first place,
such as decay-protected states and extremely large anharmonicities o, > 1 in the
fluxonium and other circuits, as discussed in Sec. 2.3.1, but this goes beyond the
scope of the present work.

Quarton qubits have been realized experimentally in CSFQ-like circuits using
few-junction shunting arrays with N < 10 [58], with anharmonicities around 1 GHz
and very promising coherence properties. More recently, a circuit called unimon
[86], consisting of a single Josephson junction embedded in a shorted co-planar
waveguide (CPW) resonator, has been shown to approach the ideal quarton case,
with 8 > 1.07 and «, up to 21 %. Of interest is the fact that the energy scales
E¢ and Ep, in the unimon are provided mainly by the distributed capacitance

and inductance of the CPW modes, in contrast to many other junction-based

SHypothetically, the non-linearity could be further enhanced by engineering a potential where
the quartic term itself is cancelled, leading to an extremely steep confinement ~ ¢°. Ideas on
how to implement such a potential are very welcome.
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superconducting qubit implementations — including those presented in this work —

that rely on effectively lumped circuits.

2.4. Coupled qubits

For a quantum computer to be of any practical use, a universal set of quantum
gates has to be provided with it [12]. Universal here means that any arbitrary
unitary operation on all qubits can be represented as a combination of gates from
this set. Fortunately, it is enough to provide full single-qubit control (e.g. using
rotations along the qubit X and Z axes) along with two-qubit entanglement between
nearest-neighbor qubits for this to be fulfilled [1].

The literature on two-qubit entangling gates in superconducting circuits is
vast and lies beyond the scope of this short overview. In particular, transmon-
transmon gates have been studied extensively for well over a decade due to the
simplicity and popularity of the transmon qubit, leading to an immense variety
of implementations [49, 50, 56, 87-92]. More recently, increased interest in the
fluxonium qubit as an alternative to the transmon has led to rapid progress in
the theory and implementation of two-qubit fluxonium gates [93-97]. Here we are
going to restrict ourselves to a small niche within this large field: coupling two

different flavours of superconducting qubits.

2.4.1. Multi-species entanglement

Most of the research is focused on entangling qubits of the same type with each
other, which is the simplest and perhaps most intuitive approach. On the other
hand, it is also interesting to ask what happens when we try to couple different types
of qubits, forming a heterogeneous or multi-species system®. Combining building
blocks with fundamentally different properties could lead to interesting features,
such as new interaction schemes or the reduction of crosstalk and decoherence in
the overall system. There are a few such examples in the literature. The one which
is most relevant to this work, and the only one demonstrated experimentally so far,
is the CSFQ-transmon system [83, 100, 101], which is interesting from the point
of view of static ZZ cancellation and is going to be discussed further in Sec. 2.4.3
below. Recent theoretical proposals also look at coupling a transmon either to a

fluxonium [102] or to a Cooper pair parity-protected qubit [103]. This is to strike a

6We intentionally avoid using the term hybrid, which is often used in the context of supercon-
ducting/semiconducting device physics [98, 99].
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balance between the ease of manipulation and readout of transmons on one hand,
and the higher degree of protection from the environment enjoyed by other qubit
species on the other hand.

Slightly blurring the definition of what constitutes an individual qubit, we should
also briefly mention the very interesting topic of multi-mode qubits [57]. While
these are treated operationally as a single logical qubit, they show how two different
physical modes with complementary properties can be combined in one circuit to
obtain new and useful features. For example, a simple two-junction circuit can host
two strongly coupled transmon-like modes with different field symmetries, leading
to selective coupling of one mode to neighboring qubits and readout circuitry while
isolating the other [104, 105]. More complex two-mode circuits utilize the properties
of fluxon and plasmon modes in a clever way to encode a qubit state that is fully
(i.e. exponentially) protected from relaxation and decoherence, at the expense of
potentially more challenging device fabrication, qubit control and readout. The

most prominent example of this approach is the zero-m qubit [57, 106].

2.4.2. Direct qubit coupling and the static ZZ interaction

A common method of physically coupling two superconducting qubits A and B
together consists of introducing a mutual capacitance C,. between the supercon-
ducting islands defining each qubit, which couples their charge degrees of freedom
N4, Np. This gives rise to a coupling Hamiltonian Hn = ch ANg [33], where
the fixed coupling strength g¢. is purely a function of the capacitive network of
the system. Given the single-qubit Hamiltonians H 4 and Hpg, and expressing
the charge operators in H;,; in terms of creation and annihilation operators as in

Eq. (2.13), the total system Hamiltonian reads
Moo = Ha + Hp + Hiw = Ha + Hp + hI@ —a) B —b).  (2.24)

We denote the annihilation operators of qubits A and B as a and b respectively,

and we introduced the exchange coupling strength
J = szf,Aszf,B X Ge, (225)

which incorporates the charge zero-point fluctuations of the individual qubits. H;,:
contains terms of type J &TZA), which transfer a photon from one qubit to the other at
a rate J. Non-energy-conserving terms of type &Jrl;f and ab (creation or annihilation

of two photons) are usually neglected for simplicity in the so-called rotating-wave
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approximation (RWA), leaving us with the simplified and often-used interaction
term hJ (&TIA) + BT&). This is the simple underlying XY-type interaction that enables
the execution of common two-qubit unitary operations such as the iSWAP, where
the two qubit transitions are brought on resonance to activate the exchange at
rate J [42, 107], or the slightly more sophisticated controlled phase (CPHASE)
gate, where exchange interactions with non-computational states introduce a phase
on one qubit conditional on the state of the other [49]. The exchange term J is
directly observable since it leads of the hybridization of the two coupled qubits
and therefore gives rise to an avoided level crossing with a splitting of order 2.J,
measurable e.g. via qubit spectroscopy.

If the qubit-qubit detuning A = w4 — wp is much larger than the coupling
strength, J/|A| < 1, the resonant exchange is strongly suppressed and the qubits
only weakly feel each other’s presence. In this scenario, the transverse interaction in
Eq. (2.24) can be reduced to an effective longitudinal term (ZZ-type) via a Schrieffer-
Wolff transformation [33]. This is called the dispersive regime and is analogous to
the usual interaction regime between a qubit and a far-detuned linear oscillator
commonly used for qubit readout in circuit QED [39], where a transversal coupling
g leads to a dispersive shift y &~ g?a/A? of the qubit frequency w, dependent
on the state of the resonator with frequency w, = w, + A, and vice versa’. In
a similar fashion, consider a two-qubit system with single-qubit eigenstates |i)a
and |7)p, where i, 7 € N are the number of excitations in qubits A and B. In the
absence of interactions, J = 0, the bare product states |ij) = |i)a ® |j)p are also
eigenstates of Hyg, with eigenenergies F;; = E; + E;. Turning on the interaction in
the dispersive regime does not significantly hybridize these states but only weakly
perturbs them, leading to dressed eigenstates |ZT]> with slightly shifted energies
Eij. The state-dependent dispersive shift ( can be expressed in terms of these
eigenenergies,

he = (Ey, — Erg) — (Ey — Ego). (2.26)

We can also rewrite it in terms of transition frequencies relative to the ground state
as ¢ = w1 — (wo1 +wio), where hw;; = Eij — Eyo, which makes it obvious that ¢ = 0
if the qubits are not coupled. The nature of this shift is related to the fact that our
superconducting qubits are not ideal two-level systems, but are often weakly non-
linear oscillators with large manifolds of higher excited states that are not necessarily

spectrally well-separated. All of these exert noticeable dispersive shifts on each

7An alternative, and promising, approach is to fundamentally replace the transverse coupling by
a longitudinal one, leading to new interaction and readout schemes [108, 109].
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other, most prominently within the two-excitation manifold {|11), |02),]20)}, where
the two non-computational states |02) and |20) can shift |11) appreciably and thus
affect qubit operation. This type of interaction is commonly referred to as a
longitudinal or ZZ interaction, as it takes the simple form (h(/2)6, 46, p in the
two-qubit subspace, with &,, the Pauli Z operators for each qubit. This is in
contrast to the resonant case, where the bare exchange interaction takes the form
of an XY term. In the case of qubits with small anharmonicities (Duffing non-
linearities) a4 and ap, such as in the transmon case, a perturbative expansion

leads to the approximate expression [101]

2<]2 (OéA + CYB)

XA Tan) B —ap)

(2.27)

Although small for |J/A| < 1, the ZZ shift ¢ is always present and therefore
represents a source of error in multi-qubit systems: if a qubit’s frequency is
dependent on the state of its neighbors, it will constantly shift around during
the application of an arbitrary series of gates forming an algorithm, leading to
the accumulation of unwanted conditional phases. These errors are not random,
such as stochastic relaxation and dephasing processes, but arise due to the purely
unitary evolution of the entire multi-qubit system and are therefore coherent errors
that cause unwanted entanglement. These errors can represent a limiting factor
for the fidelity of two-qubit gates when the effect of incoherent processes (qubit
dephasing and decay) is small enough, which is a case that is often realized in
contemporary experiments when the gate implementation does not require flux
tuning [91, 100, 110]. Furthermore, the malicious effect of the ZZ interaction
extends to next-nearest neighbor qubits, so-called spectators, which are not directly
involved in the two-qubit gate but experience error accumulation due to the always-
on nature of the ZZ-term [111, 112]. This will only make matters worse as circuits

are scaled up to larger numbers of qubits.

2.4.3. ZZ suppression techniques

The detrimental effect of the static ZZ interaction and its ubiquity in coupled
superconducting qubits has led to the development of several solutions to mitigate
it or suppress it. In the following we offer a brief overview of the most common
techniques.

Looking at Eq. (2.27), one can decrease the ZZ term simply by making the

detuning A very large. This is commonly employed in conventional flux-tunable
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gates [49, 90, 113], where the frequency tunability of the qubits allows them to
stay far detuned when idling and are pulsed to (or close to) a resonance condition
to carry out the gate. While simple and effective, this method is quite limited as
it can never cancel ( completely, since A cannot be made arbitrarily large, and it
might run into frequency crowding issues as the number of coupled qubits increases.
Tuning a qubit across a wide frequency range will inevitably cause brief collisions
with unwanted transitions, accumulating coherent errors.

Another option is to make J an in-situ tunable parameter instead of a fixed
quantity, such that it can be turned on only when needed for performing a gate,
and can be otherwise turned off (at least approximately) to reduce the static ZZ
interaction. This cannot be achieved with fixed capacitive coupling as described
above, but instead by adding a coupling element that is itself tunable. Several
realizations of this idea have been demonstrated, such as using a tunable inductance
[114, 115] or an additional tunable qubit mode (often called a tunable bus) [116—
118]. Going one step further, by intentionally coupling two qubits both directly
via a capacitance and indirectly via a tunable mode, more sophisticated multi-path
coupling can be engineered [96, 119-123]. The underlying idea is that couplings
along different paths can interfere constructively or destructively, allowing for
large on/off ratios. While generally implemented using at least one tunable mode,
a version with only direct coupling and a fixed linear bus mode has also been
demonstrated [91]. This has the advantage that no flux tunability is required,
reducing the number of control parameters and loss channels.

While there is no doubt that the tunable coupling approach has proven to be
successful experimentally [10], the associated hardware costs might be undesirable.
The couplers take up valuable real estate on the device substrate, and they require
additional control lines and electronics. One can instead choose a fundamentally
different approach, resorting to purely software-based solutions that rely on optimal
system control. An example is the technique of dynamical decoupling (DD),
borrowed from the field of nuclear magnetic resonance, whereby the insertion of echo
pulses during system evolution can cancel out unwanted coherent interactions [124—
127]. A drawback is that determining the correct DD sequences might add significant
computational costs as systems increase in size. More recently, the suppression of
static ZZ error has also been demonstrated through the application of continuous,
off-resonant microwave drives to individual qubits, causing AC-Stark shifts of the
energy levels |{]) which negates the static dispersive shifts [83, 110, 128, 129]. This

is an attractive approach, since the AC-stark shift tones can be applied via the
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same control lines used for standard qubit drives, and the successful realization
in both transmon and fluxonium systems demonstrates its generality. While the
hardware and software overhead is arguably smaller than for other methods, there
is still the requirement of additional electronic components at room temperature

and more parameters to tune in software.

Intrinsic ZZ suppression

Broadly speaking, the ZZ suppression methods discussed so far try to externally
solve an issue that is assumed to be intrinsic to all practical superconducting circuits,
because it is inevitably tied to the use of non-ideal multi-level systems with often
non-trivial dispersive interactions. Let us now move away from this assumption
and ask whether we can instead modify or replace the underlying circuits to remove
the issue of static ZZ interaction at a more fundamental level. As mentioned earlier,
the spectral proximity of levels such as [02), |20) and |11) is the main source of the
unwanted ZZ. Therefore, pushing these levels further apart will naturally reduce this
effect, which is equivalent to increasing the anharmonicity of the circuit and make
it appear more similar to an ideal two-level system. This has in fact been a major
driver in the quest to find a replacement for the transmon, which by construction
has a small relative anharmonicity limited to a few % of its frequency [40]. The
most prominent candidate is undoubtedly the fluxonium [64], which has gained
considerable popularity in recent years. Two-qubit gate implementations with
statically coupled fluxoniums have been realized which indeed suffer less from
static ZZ than their transmon counterparts [93-95]. Furthermore, fluxoniums are
generally compatible with extrinsic ZZ suppression methods that were initially
developed for the transmon, as shown in some of the literature referenced above.

An alternative route that does not require the move to a qubit such as the
fluxonium, which can be challenging to fabricate due to the use of long junction
arrays, can be intuitively derived by once again looking at the expression for ¢
in Eq. (2.27). The sum of anharmonicities in the numerator is always non-zero
when using identical types of qubits. Going back to our discussion of multi-species
qubit systems in Sec. 2.4.1, let us instead choose to couple a qubit with positive
and one with negative anharmonicity — this allows us to reduce the ZZ shift, or
indeed cancel it completely for a4y = —ap. This idea has previously been treated
theoretically [101, 130]. The intuition is that the |02) and |20) states now exert
opposite pressure on the computational |ﬁ> state instead of pushing it into the

same direction, leading to exactly ( = 0 when the system is in balance. While the
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perturbative expression in Eq. (2.27) only provides a qualitative guideline, as it
does not take all dispersive shifts from higher states into account, this simple idea
holds in practice and has in fact been demonstrated experimentally by coupling a
transmon to a CSFQ [100]. The CSFQ typically has a positive anharmonicity of a
few 100 MHz when biased at its half flux sweet spot [63] and is therefore an ideal
companion to the transmon. In the experiment of Ref. 100, a scan of the CSFQ
flux bias identifies the optimal point of ZZ cancellation, and the benchmarking of a
cross-resonance entangling gate shows how this point leads to a higher gate fidelity.
While a linear bus mode is used there as the coupler between the two qubits, the
77 cancellation by opposite anharmonicities is equally possible in directly coupled
qubits [101]. This provides us with a minimal working ZZ-suppressed system
without the need for any additional hardware or software elements. Crucially, the
77, suppression here is completely passive.

While the CSFQ is a relatively easy qubit design to implement, with control and
readout schemes very similar to the transmon, its nature as a multi-junction device
makes it more sensitive to fabrication imperfections than a single-junction transmon.
Luckily, we can further simplify this system by replacing the CSFQ with another
plasmonic qubit with positive anharmonicity and essentially the same physics —
the IST discussed in Sec. 2.3.2. This has been demonstrated experimentally in
a preliminary study [79] where an IST, realized using a meandering wire as the
shunting inductance, is statically coupled to a transmon and shows extremely low
levels of ZZ shift. Like the transmon, the IST contains only one Josephson junction,
and this is sufficient to create a non-trivial interaction. This is a surprisingly simple
and at the same time powerful approach that merits further investigation, and we
will therefore devote considerable effort to explore this direction over the course of

this work, namely in Chapter 5 and Chapter 6.

2.5. Summary

We began by offering a brief overview of the basics of superconducting quantum
circuits, which owe much of their interesting physics to the Josephson junction
and its associated non-linear inductance. The CPB and the transmon are simple
realizations of superconducting qubits that can be understood in terms of their
charging energy Eo and Josephson energy E;. The transmon in particular has

become the dominant type of superconducting qubit in large-scale quantum circuits
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over the last several years, thanks to its simple design and increasingly high
coherence properties.

We then looked more closely at the RF-SQUID, which is a general circuit
from which many types of technologically relevant superconducting qubits can be
derived by simply choosing different relative scales of energies E;, Er, and E¢.
Although there has been considerable interest in superinductance-based circuits
where typically 5 = EL/E; < 1, we instead choose to explore the opposite regime
of # > 1, which is treated both perturbatively and numerically to extract the basic
physics of this type of circuit. We refer to it as the inductively shunted transmon
(IST) due to its qualitative similarity to the conventional transmon qubit. Both the
transmon and the IST show a simple plasmonic excitation spectrum with relatively
weak nonlinearity, and both realize useful qubit regimes with similar values of
E; and E¢. The IST has the additional feature of a strongly flux-dependent
anharmonicity, which is positive (and generally larger) at the half-flux bias point
of the RF-SQUID loop, while it crosses zero and becomes negative as the flux bias
is swept. Further, the interesting limiting case $ = 1 allows this circuit to reach
the quarton regime with a maximal nonlinearity equivalent to roughly 33 % of the
qubit frequency, much larger than the transmon.

The remainder of this chapter focused on the description of basic two-qubit
dynamics in superconducting circuits, in particular the ubiquitous but unwanted
static longitudinal (ZZ-type) interaction that plagues many circuit realizations. We
discussed the most common techniques to suppress the ZZ interaction between
pairs of qubits, ranging from additional hardware components such as tunable
couplers, to control schemes that cancel ZZ via active pulses or continuous drives.
A fundamentally different approach consists of coupling two different species of
qubits together. When their anharmonicities are opposite in sign, the ZZ term
can be passively cancelled even in a pair of statically coupled qubits without any
additional hardware or software requirements. This simple but elegant idea will be

explored further over the course of this work.
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3.

Flux control in superconducting

quantum circuits

3.1. Introduction

So far we have described a few simple superconducting circuits commonly used in
quantum computing applications. With the notable exception of the fixed-frequency
transmon, the majority of technologically relevant superconducting qubit species
contain a closed loop and implement some variation of either a DC-SQUID or
RF-SQUID, therefore relying on magnetic flux control for their operation. This
ranges from a simple DC (static) flux bias for choosing the operating point of the
qubit — usually a flux sweet spot that maximizes the qubit coherence time — to
finely calibrated time-domain flux pulses for implementing high-fidelity two-qubit
entangling gates. Even in the case of fixed-frequency transmons, an additional
flux-tunable circuit element is sometimes added as a tunable coupler to provide
fast gates while minimizing unwanted coupling and crosstalk. The ubiquity of flux
tuning in superconducting quantum circuits therefore motivates a closer inspection
of this particular technological aspect.

Flux tunability was an integral part of the theoretical discussion in Chapter 2,
with the external flux variable @, often entering the circuit Hamiltonians, but the
practicalities of this control parameter were not further explained. While this is not
necessary in order to understand the basic physics of circuits such as the tunable
transmon, fluxonium or inductively shunted transmon (IST), it will affect both
the practical design and the performance of such circuits. The additional external
degree of freedom enables a wide variety of interesting circuits and operation
schemes, but it comes with a new noise channel that needs to be kept under control.

Here, we aim to offer a short overview of different magnetic flux bias approaches
in superconducting quantum circuits, each with their advantages and drawbacks.
We then look more closely at the effect of flux noise on the performance of flux-
tunable circuits, and distinguish between different sources of noise. In particular,

the existence of microscopic magnetic defects causing local flux noise in the SQUID

29



Chapter 3. Flux control in superconducting quantum circuits

environment has been studied extensively in the field. We discuss how the sensitivity
to this local flux noise changes as a function of parameters such as the geometry of
the SQUID loop. This will provide a set of tools to understand and quantify flux

noise sources in experiments, and hopefully mitigate them.

3.2. Approaches to flux control

Let us assume that we have a superconducting qubit with a SQUID loop that we
want to flux bias. The simplest way to achieve this is to generate a magnetic field
by running a current I through a wire and placing it close to the SQUID in the
correct orientation, causing a net flux ®.,; to be enclosed within the SQUID loop.
This inductive coupling can be quantified by the mutual inductance M = gy /1
between the two elements. Broadly speaking, we can separate practical flux bias
designs into two categories: whether the bias circuit is located on the same substrate

hosting the SQUID or not.

3.2.1. On-chip flux bias lines

A common flux delivery method consists of using a small inductive loop patterned
lithographically in proximity of the SQUID [49], usually in the same fabrication
steps that define the rest of the circuit. This on-chip fluz bias line (FBL) is sketched
in Fig. 3.1 (a). The resolution and repeatability afforded by lithography means
that the FBL and SQUID can be positioned very closely to each other and can
thus be made small, usually in the 10’s of pm. This is advantageous from the point
of view of selectivity and reduction of crosstalk in multi-qubit circuits, as each
SQUID can be biased by its own FBL without causing significant stray fields that
will bias other SQUIDs. One end of the FBL is typically shorted to a 2D ground
plane on the substrate, meaning that the injected current I is dispersed into this
plane and then finds its way back out via wirebonds at the edge of the substrate or
similar connections that eventually lead to the cryostat reference ground.
On-chip FBLs are used routinely in state-of-the-art experiments with planar
multi-qubit circuits [23, 26, 131], thanks to their simple design and compact size.
The small self-inductance of the FBL translates into a fast response time, which can
be used to apply short (10’s of ns) time-varying flux pulses to the tunable circuits, a
technique employed in many common entangling gate schemes [49, 56, 90]. On the
other hand, planar FBLs are not without drawbacks. For example, the uncontrolled

paths of the return current on the substrate ground plane can cause unwanted stray
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Figure 3.1: Simple magnetic flux control of SQUIDs. (a) Conventional on-chip flux bias
line (FBL) formed by a small inductive loop patterned in proximity of the DC-SQUID
loop to be tuned. A current I generates a flux ®ey. (b) Large external solenoid used to
apply flux remotely. (c) Modified FBL design where the current loop is located outside
of the SQUID device plane.

magnetic fields and lead to non-local crosstalk between qubits [132]. Flux crosstalk
is usually expressed in terms of the unwanted amount of flux bias on a neighboring
qubit relative to the bias applied intentionally to the target qubit. The typical
flux crosstalk in these architectures is in the range of 1-10 % [132-136], although
smaller values on the order of 0.1 % have been reported recently in a 17-transmon
device [26]. Furthermore, the presence of possibly resistive components (wirebonds,
solder joints) can lead to substrate heating, affecting the device performance and
adding heat load to the cryogenic environment [137]. These galvanic connections
might also degrade or fail upon repeated thermal cycling. Each FBL requires a
dedicated input line, increasing the density of wiring both on the substrate and in
the cryostat. Line crowding on the substrate can be alleviated with air-bridges [138]
or by moving to 3D integration solutions such as through-silicon vias [139], but
these increase the fabrication and design complexity, potentially degrading qubit

performance.

3.2.2. Off-chip flux delivery

A different approach consists of removing the flux bias circuit from the substrate
hosting the quantum circuit to be tuned. This has the advantage that no galvanic
connection to the substrate is needed, simplifying the qubit circuit itself and
removing the problem of resistive substrate heating. The simplest solution is to use
a large solenoid, located above or around the substrate, as depicted in Fig. 3.1 (b).
The solenoid is often attached to the outside of the sample enclosure containing
the substrate, and superconducting wire is typically used in order to avoid resistive

heating in the coil. While this allows for the remote application of flux, it makes
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the bias much less selective and requires larger SQUID loop areas. Additionally,
the large inductance of the solenoid does not support the delivery of fast flux
signals. External solenoids are therefore only used in small-scale experiments
when merely static (DC) flux tuning of one or two SQUIDs is needed without the
requirement of selectivity [29, 53]. This method is also not compatible with the use
of superconducting sample enclosures (e.g. aluminium), because these will shield
any external field due to the Meissner effect. This particular issue can be solved
by using a so-called magnetic hose, consisting of alternating concentric layers of
superconductor and high-permeability material [140]. This method has been used
successfully to externally flux-tune transmons located inside an aluminium 3D
cavity [141]. Unfortunately, the bulky nature of the magnetic hose still does not
make it practical for selective flux tuning of individual SQUIDs.

To regain flux bias selectivity, one has to again shrink the bias circuit and bring
it closer to the SQUID, as sketched in Fig. 3.1 (c¢). This technical challenge has
been solved by lithographically patterning a planar FBL on a separate substrate,
and then bringing it into proximity with the flux-tunable circuit [142, 143]. In
Ref. 142, the transmon and FBL are located on individual sapphire chips and placed
next to each other inside a 3D cavity architecture. The FBL also incorporates
low-pass filtering to reduce Purcell decay of the qubit excitation via the FBL
line. A more compact and scalable solution has been developed in Ref. 143, which
uses a flip-chip technique [144] to accurately position the FBLs above the qubits
with a separation on the order of 25 pm. Furthermore, the design is chosen to
simultaneously provide flux tuning and standard microwave control through the
same element, implementing a compact XYZ line for full qubit control'. This
is often not possible using planar on-chip FBLs, since the capacitive coupling of
qubit to FBL is enhanced by the large relative permittivity €, ~ 10 of typical
substrates, while the magnetic permeability p, ~ 1 is the same as in vacuum. This
can lead to significant Purcell decay of the qubit via the FBL when targeting design
parameters that provide a useful amount of flux tunability [142, 143, 145]. The
solution is to heavily low-pass filter the FBL input to block the qubit excitation
from escaping into the environment, but this also makes it difficult to drive the
qubit with microwave signals. Moving the FBL away from the substrate and using
only vacuum as the dielectric medium balances out the strength of capacitive and

inductive coupling, allowing for simultaneous XYZ control.

LOther implementations of XYZ lines have been recently reported, but without insights into
their specific design [23, 96].
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The off-chip FBL solution of Ref. 143 is promising, yet it is not immediately
clear whether flux crosstalk will be improved compared to standard planar designs?.
This is because the individual FBLs are still shorted to a common ground plane on
the auxiliary chip, which can be expected to lead to similar crosstalk behavior as
in conventional designs [132]. For the purpose of scalability and achieving reliable
high-fidelity qubit operations, it would be advantageous to intentionally engineer
low levels of flux crosstalk. In addition, due to the flip-chip technology involving
the bonding of the FBL chip to the qubit chip, a new FBL substrate has to be
fabricated for each new device to be measured. Making the FBLs reusable would
simplify the process and make device change-overs faster. We will attempt to
address these challenges through the development of a novel, fully 3D-integrated

flux tuning architecture in Chapter 4.

3.3. Flux noise

Coupling a SQUID to an external flux control parameter ®.,; enables interesting
functionality, but this comes at a cost. Any noise on this control parameter will
also couple into the SQUID and affect its operation. In this section we provide an
overview of different sources of noise and how they impact the performance and
operation of tunable qubits.

Any source of magnetic field, whether intentionally provided or not, can in
principle couple to the SQUID loop. If this source is perfectly static, it can be
compensated simply by applying a corresponding DC bias on the FBL of the SQUID.
But if the source is noisy and fluctuates in time, it will cause the applied flux to
become a time-dependent quantity ®ex(f). These random fluctuations modify the
effective Josephson energy of the loop, such as in Eq. (2.9) for a DC SQUID, which
in turn causes fluctuations in the qubit frequency. A randomly time-varying qubit
frequency is what leads to the loss of information about the phase of the qubit
wave-function, a process referred to as dephasing [32]. This is usually quantified by
a relevant dephasing timescale T}, and dephasing rate I'y = 1/T,, that depend on
the details of the underlying physical dephasing processes.

3.3.1. Common sources of noise

In Fig. 3.2 we depict a few common sources of flux noise relevant to superconducting

circuits. The intentionally designed flux bias circuit, such as a large inductive coil

2No crosstalk metrics are reported in that study.
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Beny(t) H \ I+ 061(t)

Figure 3.2: Sources of magnetic flux noise in SQUIDs. Cartoon showing common
sources of unwanted magnetic flux noise in superconducting circuits. The current [/
provided by the flux-bias line contains a noise component §I(¢) that is coupled into
the SQUID via the mutual inductance M. External sources of magnetic fields, e.g.
electronic instruments or magnetic materials, add an environmental background Bepy (t).
Independent local magnetic fluctuators with moment m and surface density o provide a
local 1/f noise component.

or an on-chip FBL, is usually driven by an external current source, which will
have an instrument-specific noise output 6/(¢) that is added on top of the desired
signal I. The noise on the supplied current can be quantified by its power spectral
density (PSD) S;(w), describing the frequency spectrum of the noise. This will be
converted to magnetic flux noise felt by the SQUID via the mutual inductance M

Sc1> (OJ) = (89(}) S] (w) = MQS[ (w) (31)

This requires the use of high-quality, low-noise instrumentation, as well as careful
filtering and attenuation of the cryogenic input lines carrying the current. The
filtering also helps to reduce thermal noise that enters the cryostat via the cables
at room temperature.

In large-scale systems, the combined DC currents required for all tunable compo-
nents can lead to significant heat load on the cryogenic environment [137]. Therefore,
large mutual inductances are desired to minimize the amount of required current.
On the other hand, Eq. (3.1) cautions us against coupling too much current noise
from the FBL into the SQUID, leading to a delicate trade-off between tunability
and noise. This is a typical problem faced when trying to couple a quantum system
to the external world to allow us to control it, while also protecting it from decay
and dephasing channels added by the environment.

Magnetic fields external to the experiment are always present, generated by other
instruments in the lab environment, computers, monitors, ferromagnetic materials

and components (iron, nickel, etc.), and even earth’s own magnetic field. This will
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lead to a varying background magnetic field Be,y(t). Since most commercial cryostat
radiation shields are made of non-magnetic materials such as aluminium or copper
with relative magnetic permeability u, &~ 1 similar to vacuum, magnetic fields will
easily penetrate all the way to the cryogenic experiment. The most common method
for reducing this effect is the use of high-permeability metal shields (typically made
of mu-metal, a ferromagnetic nickel-iron alloy) placed around the device inside
the cryostat. This will attenuate external fields and reduce their influence on
SQUID operation. One can also decrease the intrinsic circuit sensitivity to such
external fields by using a gradiometric SQUID design [146-148], composed of two
independent loops of equal size. Such a gradiometer is insensitive to homogeneous
fields, and is only tuned by fields that have a significant gradient between the two
SQUID halves, such as an appropriately located FBL. This approach will also be
used in our tunable transmon design in Chapter 4.

Even when external fields are shielded, instrumentation noise on the FBL has
been filtered out, and no magnetic materials and components are used in proximity
of the device under investigation, one still has to worry about the presence of
microscopic magnetic impurities on the device substrate itself. It has been found
repeatedly in various experiments with SQUIDs of vastly different sizes that the
dominant flux noise spectrum is often of 1/f type [149-152] and that it scales with
SQUID geometry and size in a way that is not consistent with the assumption
of a distant external field source. Instead, it is compatible with an ensemble of
independent microscopic fluctuators with material-dependent magnetic moments
m and surface density o located in the surfaces and interfaces surrounding the
SQUID itself [152, 153], as depicted qualitatively in Fig. 3.2. This model will be
discussed in more detail in Sec. 3.3.3. The 1/f noise spectrum is characterized by a
power spectral density (PSD) of the form Sg1/f (w) = As/|w|, with the flux noise
amplitude /Ay typically in the range /Ap ~ 1 — 10 n®, in these experiments?.
Adding this noise component to the one from Eq. (3.1), we obtain a combined noise
PSD

Se (w) = M?S; (W) + Ag/|w]|. (3.2)

The fact that this finding is reproducible using different SQUID materials and
across orders of magnitudes in SQUID loop areas suggests a common origin for
this microscopic noise, which is often simply referred to as universal fluz noise.
Several candidates for these small magnetic impurities have been suggested, such

as adsorbed gas molecules on the SQUID surface [154-156], or paramagnetic defect

3The unit p®y = 1079®; is commonly used to quantify this type of noise.
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centers embedded in surface oxides [157]. This is an active field of research and a
conclusive answer has not yet been reached. The importance of understanding and
eventually mitigating universal flux noise cannot be understated, as it would remove
the main drawback of many flux-tunable qubit designs and gate implementations,
whose performance is often limited by decoherence due to flux sensitivity of circuit
parameters. A noiseless flux environment would also render the use of flux sweet
spots superfluous, vastly increasing the practical parameter space and allowing for
arbitrary precision in setting frequencies and detunings without requiring stringent

fabrication tolerances.

3.3.2. Experimental estimation of 1/f flux noise amplitude

Here we briefly describe how to experimentally quantify the level of 1/f flux
noise present in the environment of a tunable qubit. Assuming that other noise
components (e.g. white noise) are negligible, qubit dephasing is dominated by flux
noise with a PSD Sg (w) = Ag/w. In this case, it is possible to easily estimate the
amplitude Ag by performing coherence measurements of the qubit as a function
of applied flux [150, 152, 158]. When subjected to 1/f noise, one can derive
that the qubit state decoheres in time according to a Gaussian decay function
X eXp[—(th)Q], with the Gaussian pure dephasing rate I'¢, as opposed to a simple
exponential decay function (such as when limited by stochastic white noise). The
choice of coherence measurement sequence (bare Ramsey sequence, single echo pulse,
multiple echo pulses) acts as an effective filter function that will expose the qubit
to different regions of the noise spectrum [158] and therefore lead to different values
of dephasing rate. For a single echo pulse, i.e. a standard Hahn-echo sequence, the

following expression for the relevant dephasing time I'S 5, is derived [150]:

IS p=1/AeIn2 x

from which the flux noise amplitude /Ag can be extracted. A different coherence

6w01

| (3.3)

measurement sequence can equivalently be used, leading to the same scaling but
with a different numerical prefactor in Eq. (3.3) — for example, a Ramsey sequence
leads to a larger dephasing rate ng R~ HX I‘g 5, which highlights the degree of
noise protection afforded by the echo pulse.

According to the model presented here, dephasing due to flux noise appears only
when the qubit is operated at a point of finite frequency slope |Owg; /0P|, where a

fluctuation in flux will lead to a first-order correction of the qubit frequency. In
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contrast, this dephasing rate disappears at a flux sweet spot where |Owg; /0P| = 0.
This dependence has led to the development of flux-tunable qubits which have
a relatively flat frequency-flux dispersion across the whole tunability range and
are therefore less exposed to noise, such as highly asymmetric DC SQUIDs [55] or
superinductance qubits in a particular parameter regime [80]. This approach can be
thought of as Hamiltonian engineering, where system properties are tailored to make
the circuit more robust to external parameters. For completeness we mention here
that higher-order dephasing contributions, proportional to the curvature 9%wq; /0>
and further terms, can be derived similarly but are predicted to be negligible in
practice compared to other dephasing mechanisms [40].

In a general scenario, multiple dephasing sources will play a role in qubit dynamics.
In the presence of both stochastic and 1/f noise, with associated dephasing rates I';,
and Fg respectively, the total decoherence function of the qubit (in the off-diagonal

matrix elements of the density matrix) can be expressed as [32]
x(t) = e_%lte_wte_wgt)z, (3.4)

which should be used when fitting experimental decoherence curves to extract the
various decay rates correctly. Here I'; = 1/7} denotes the conventional energy
relaxation rate of the qubit. In the absence of 1/f noise, the expression reduces to
a pure exponential decay exp (—t/T3) with the familiar definition of the coherence
time Ty = (I';/2+4T'4)~!. Further, if dephasing is negligible compared to the rate of
energy relaxation, we obtain the upper limit T = 2/T'; = 277 for relaxation-limited

coherence of a qubit.

3.3.3. Influence of SQUID geometry on flux noise

In Sec. 3.3.1 we mentioned studies of local flux noise as a function of SQUID size
and geometry, and here we want to describe this particular aspect in more detail.
This section is mainly based on Ref. [152], which expands on a model for local
flux noise developed earlier [151, 153, 159]. The main finding is that the aspect
ratio of the SQUID loop, i.e. the ratio of loop perimeter over the width of the
superconducting wire, is the main parameter that affects how much flux noise
will be picked up by the SQUID, quantified by the magnitude of the flux noise
amplitude Ag. This is fundamentally different from the naive picture of a global

external flux noise, which should simply scale proportionally with the total SQUID
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area. It is therefore more important to optimize the relative dimensions of the
SQUID rather than its absolute size.

We start with the assumption that all surfaces surrounding the SQUID contain
a homogeneous density ¢ of independently and randomly flipping spins, each with
magnetic moment m. Each of these spins generate a local field that will couple a
small amount of flux into the SQUID loop. Assuming the fluctuator ensemble to
be isotropic, the total average captured flux will be (®) = 0 but its variance (®?)

will be finite. The latter can be calculated as (see supplement of Ref. 152):

(®?) = ;m% [ a (?)2,

where we integrate over all surfaces of interest. B is the magnetic field generated at
each point due to a test current / through the SQUID loop. It is predicted that the
largest contribution to flux noise comes from fluctuators residing in the immediate
proximity of the SQUID current, i.e. on the surface of the superconducting metal
itself [153]. For a toroidal loop of perimeter P made from a wire with circular
cross-section of diameter W, Ampere’s law gives B = ol /(7W), a constant field
along the whole surface of the wire, so we simply need to integrate the surface area
of the torus A = 7W P, leading to

1 o \ 2 i P
2y _ 1 9 _ Mo o
(®%) = s <7r > /dA 3T X (3.5)

This expression neatly separates the two fundamental approaches to the targeted

25 contains all the information

mitigation of flux noise. On one hand, the term m
about the properties of the materials and processes used to build the SQUID.
This is the aspect that is tackled in studies of surface magnetic defects and their
removal [156, 157]. On the other hand, the term P/W is purely dependent on the
SQUID geometry, and can therefore be optimized by careful design choices.

A correction to the formula in Eq. (3.5) can be derived [152] when assuming
a more realistic wire cross-section, i.e. a thin rectangular strip of width W and
thickness b < W instead of a circular wire. This results in a weak logarithmic
correction that is typically less than a factor of 2 over more than one order of
magnitude variation in W for typical thin films with b ~ 100 nm. This means that
for a qualitative treatment of the physics we can neglect this logarithmic correction
and focus for now on the simple linear dependence on the ratio P/W.

The missing step is now to connect the flux variance (®?) from this microscopic

model to a measurable quantity in experiments, such as flux-induced Gaussian
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dephasing of the qubit at a rate Fg g- The total flux variance (or flux noise power)
is obtained by integrating the noise PSD Sg(w) over all frequencies. In practice,
the particular choice of experimental sequence to measure qubit coherence will be
most sensitive to certain regions of the noise spectrum, introducing an effective
filter function g(w). The flux variance is then obtained as (®?) = [ Sg(w)g(w)dw.
Assuming a 1/f noise PSD as described earlier, and the filter function for a Hahn-
echo sequence [32], we obtain (®?) = 244 In2. This finally allows us to rewrite the

Gaussian dephasing rate from Eq. (3.3) as

2
Owor
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This is the main result of this section — the flux-limited dephasing rate of a qubit is

2 2
P
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67 W

(3.6)

a combination of three main ingredients: material/fabrication properties, SQUID
geometry, and Hamiltonian engineering. The simple geometric scaling I’g B~
\/P/W has been reproduced experimentally [152], underscoring the importance of
SQUID design optimization.

Extension to general SQUID geometries

In order to apply this model to more general SQUID geometries such as the
gradiometric coaxial qubits studied in this work, we need to take into account
the fact that in a realistic device the SQUID loop is made out of very narrow
sections (the junction leads and, in the case of the inductively shunted transmon
presented in Chapter 5, the meandering inductor) and wider sections. We cannot
integrate along the whole perimeter assuming a fixed width W, but instead need to
break it up into sections P; with Y, P, = P, each having a different width W;. By
integrating over the different sections individually along the entire closed perimeter,

the flux noise power is estimated as
(@) = Zom2e Y L. (3.7)

The figure of merit to be used for comparison of SQUID designs is therefore the

purely geometric quantity
AP,

)

which we refer to as a generalized aspect ratio. This gives us an intuitive dimen-

sionless parameter to compare different qubit geometries. Note that from Eq. (3.6)
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we can deduce I‘g ~ \/@ ~ /p, so we are interested in the square root of p if
we want to quantify the effect of geometry changes on the dephasing rate.

For the optimal geometry chosen in Ref. [152] (W = 2 pm, P = 32 pm) the
simple value p = P/W = 16 is obtained. Values much smaller than this are not
going to be practically useful. If the inner perimeter of the loop goes towards zero,
p asymptotically approaches 4, but the SQUID has now lost the ability to be tuned
effectively. Note that the authors of Ref. 152 do not include the thin JJ leads
in their definition of aspect ratio, which likely leads to an underestimate of the
noise sensitivity discussed here. We instead choose to include the entire SQUID
perimeter in the definition of Eq. (3.8). This adds a value of ~ 30 — 40 to the total
value of p for each JJ added to the SQUID, based on our JJ design presented later
(see Fig. 4.2). Our intuitive reasoning is as follows: given predicted surface spin
densities on the order of o ~ 10" m™? = 0.1 nm~2 [152, 153, 160] compatible with
experiments, a section of narrow strip of metal on the order of W ~ 100 nm or
more, typical for aluminium JJ leads, is still large enough to host on average a
considerable number of defects which will affect the flowing supercurrents. On the
other hand, we note that the previously made assumptions of a large homogeneous
spin density likely breaks down in this mesoscopic regime, requiring a more careful

treatment.

3.3.4. Radiative loss through the FBL

In this section, we have mostly been concerned with flux noise that is added to our
SQUID circuit from different sources, and how this affects the qubit dephasing time
T,. But, as mentioned earlier in Sec. 3.2, the mere presence of a FBL creates a new
channel for the qubit excitation to be dissipated into its environment (radiative
Purcell decay) and can therefore limit the qubit lifetime 77 as well. This radiative
loss can happen both through inductive and capacitive coupling between qubit and
FBL. The decay rate due to the inductive component is found to be proportional to
M? [40], and is non-zero only in the case of finite SQUID asymmetry d. Fortunately,
for realistic parameters the radiative lifetime is at least on the order of 10 ms even
for very large asymmetries [55], and is not going to be a limiting factor in the near
future. On the other hand, the decay rate due to a finite coupling capacitance
C, is proportional to its square C? and can severely limit the qubit 7} in typical
circuits [145]. This often requires the use of low-pass filtering on the FBL input to
protect the qubit from decay [142]. We will touch upon this topic again in Sec. 4.3
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when numerically simulating the radiative decay through a 3D-integrated FBL in

our device architecture.

3.4. Summary

In this chapter we have seen how implementing flux tunability in superconducting
qubits comes with its own set of practical challenges. The method of flux delivery,
either on-chip or off-chip, determines how effectively a SQUID can be tuned and
how selective the applied flux bias is. Compared to fixed-frequency architectures,
flux tuning requires additional physical space on the substrate itself, additional
input lines and filtering in the cryostat, and additional control electronics at room
temperature. It also introduces new potential channels for energy relaxation and
decoherence. On the other hand, it is difficult to ignore the rich physics enabled
by flux-tunable qubits, some of which were presented in Chapter 2. It is therefore
worthwhile to tackle these practical challenges and reduce the circuit complexity
while retaining or improving performance. This is the main motivation behind the
development of a novel flux tuning architecture that will be presented in Chapter 4.

The second half of the chapter was devoted to the general description of flux noise,
an important limiting factor for qubit coherence in tunable superconducting circuits.
Adding an external control parameter inevitably brings unwanted noise with it,
which can take several forms. Externally added noise, such as current noise on the
FBL itself or from stray magnetic fields in the laboratory environment, needs to be
filtered and shielded properly. Universal 1/f flux noise, due to microscopic magnetic
impurities residing on the substrate itself, has been shown to be ubiquitous in
SQUIDs of various geometries and material compositions. The precise source of
this noise is the subject of ongoing studies. Its suppression would have an enormous
impact on the performance and flexibility of tunable superconducting qubits. In
the meantime, SQUID design optimization, as well as engineering of the qubit
Hamiltonian to reduce noise sensitivity, can help mitigate the effect of this universal

flux noise.
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4.

Realizing a tileable off-chip flux

control architecture

4.1. Introduction

The present chapter introduces an architecture for 3D-integrated flux control of
superconducting qubits. This forms an extension to the previously implemented
coaxial circuit quantum electrodynamics (QED) architecture [46, 161], which was
primarily developed for fixed-frequency transmon qubits. The main idea consists
of utilizing a gradiometric SQUID which can be flux-tuned selectively by applying
a spatially inhomogeneous magnetic field using an out-of-plane inductive loop. We
refer to this as a differential flux bias line (AFBL). This approach keeps the flux
control wiring away from the substrate while ensuring individual addressability of
each qubit. Crucially, it also preserves the tileability of the coaxial architecture,
making it an attractive solution for larger scale circuits.

We design and build a superconducting sample enclosure incorporating four
individual dFBL elements, and test its performance cryogenically by measuring a
device hosting four coaxial gradiometric transmons. Beyond providing individual
flux control, the dFBL can also be used to perform charge control of the transmons
by applying microwave drives, providing an all-in-one control element for full qubit
manipulation. We carry out measurements both with individual readout lines for
each qubit as well as with a 3D-integrated readout multiplexer. Furthermore, we
use the qubit itself as a spectrum analyzer to characterize the transfer function of
both control and readout lines, leading to a better understanding of couplings and

radiative decay contributions.

4.2. The coaxial qubit architecture

We begin by offering a brief overview of the coazmon architecture for circuit QED,
which has been developed in our research group over several years [46, 105, 161, 162].

The underlying idea is to use concentric transmons [148] that have no electric dipole
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moment, and to couple them capacitively to an out-of-plane control line formed by a
terminated coaxial cable, as depicted in Fig. 4.1 (a). Readout of qubits is performed
via standard dispersive coupling to a linear resonator [39], here implemented as a
coaxial LC spiral resonator patterned on the opposing side of the substrate hosting
the transmon. Circuits are fabricated entirely out of aluminium thin films on either
sapphire or high-resistivity undoped silicon as the substrate material, providing a
clean dielectric medium through which the transmon and resonator electrodes can
couple capacitively. The readout resonator is probed through a separate coaxial
line. The arrangement of all these components along the Z axis (perpendicular
to the substrate surface) makes this single-qubit unit cell easily tileable along
the XY plane, offering a simple blueprint for building large-scale two-dimensional
square lattices of coupled qubits while maintaining addressability of the individual
qubits and avoiding crowding of control lines on the substrate. Crosstalk between
neighboring qubits and control lines is suppressed by design thanks to the absence
of a dipole moment in the concentric transmons which weakens coupling to distant
electric fields.

The coaxmon architecture has so far been implemented experimentally at a scale
of up to 16 qubits [163]. The substrate hosting the quantum circuit is packaged in
a micro-machined aluminium enclosure with inductive shunts for the removal of
spurious cavity modes [164]. This ensures a clean microwave environment with low
levels of unwanted qubit-qubit crosstalk at arbitrary scales. The coaxial control and
readout lines are embedded in the enclosure. Since no galvanic contact is required
between the qubit chip and the lines, no wire-bonding or similar steps are required

and the chip can be easily removed from the enclosure and re-utilized later.

4.2.1. Adding flux control

The initial implementation of the coaxmon architecture was based on single-junction,
fixed-frequency transmons that do not require any flux-tuning to be operated. As
discussed in Chapter 2 and Chapter 3, magnetic flux tunability is a powerful
resource in superconducting circuits that opens up a wide variety of possible qubit
designs and interactions schemes. It is therefore desirable to add this feature to
the coaxmon. Important exploratory work in this direction has been carried out in
our research group by J. Rahamim [165], which is summarized in the following.
To retain the tileability of the architecture, the flux control must be implemented
outside of the device plane. Ideally, magnetic flux should also be applied without

requiring an electric current flowing on the qubit device itself, avoiding the addition
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Figure 4.1: Overview of the coaxmon architecture with extension for flux control. (a)
Schematic drawing of a single unit cell of the coaxial circuit QED architecture. Control
and readout ports consist of exposed inner conductor of an open-ended coaxial cable
inserted into a micromachined aluminium enclosure hosting the device substrate. Qubit
and readout resonator are patterned on opposing sides of the substrate, and are coupled
capacitively through it. (b) Introduction of flux tunability in the coaxmon, developed
in Ref. 165. A gradiometric SQUID transmon is controlled via a differential flux bias
line (dFBL) fabricated out of a section of inner conductor of coaxial cable shorted to its
outer conductor. (c) The dFBL design variation studied in this work. A short section of
inner conductor is exposed and bent into a U shape to create an inductive loop. The
bias current flows exclusively in the inner conductor, and both ends are connected to an
isolated external DC source.

of galvanic contacts. As already discussed in Sec. 3.2, beyond using a large external
magnetic coil (which denies individual addressability of qubits), solutions exist for
applying magnetic fields remotely using small inductive loops placed at a fixed
distance above the substrate [142, 143]. These off-chip flux bias lines (FBLs) are
patterned lithographically on a separate substrate, which is then brought into
proximity of the qubit(s) to be tuned. Given that the coaxmon architecture already
uses coaxial lines for control and readout, here we choose to fabricate FBLs simply
by bending a section of exposed inner conductor and soldering it to its own outer
conductor. This is shown schematically in Fig. 4.1 (b). The current is applied to
the inner conductor and then flows through the loop and returns via the outer
conductor, reaching ground via the outer housing of the SMA connector at the end
of the coaxial cable. This loop replaces the previous coaxial control port inside
the device enclosure. To maximize the mutual inductance between qubit and FBL,
we take advantage of the particular symmetry of the generated magnetic field by

using a gradiometric SQUID [146-148], which is tuned by a magnetic field gradient
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rather than a homogeneous (global) field. We call this loop design a differential
fluz bias line (AFBL), owing to the fact that only a differential but not a global
field is applied on the device surface (see also field simulations in Sec. 4.3).

A first dFBL implementation [165] has been shown to successfully flux-bias
gradiometric coaxial transmons with mutual inductances up to M ~ 20 pH and
with low levels of DC flux crosstalk between neighboring qubits and dFBLs, on the
order of 1 —3 x 1073, Furthermore, the dFBLs can also be used for fast flux tuning,
with a line response time on the order of 1 ns, sufficiently fast for the operation of
fast flux-based gates.

In this work, we want to further develop this flux control scheme. One drawback
of the original implementation is the fact that bending the loops into shape and
soldering them is a difficult manual task that does not lead to reproducible shapes of
the dFBLs. A more reliable method for shaping the loops and aligning them inside
the sample enclosure is required. Furthermore, preliminary coherence measurements
on a tunable transmon in this architecture give a Ramsey coherence time 75 ~ 2 ps
at the flux-insensitive point (flux sweet spot) of the transmon and a rather large
flux noise amplitude /Ag ~ 270 p®, when biased away from the sweet spot.
This suggests that mitigation of flux noise will be necessary in order to achieve
acceptable coherence times, especially if implementing gate schemes where the
qubits are required to be temporarily kept at finite flux bias.

We propose to address the former issue by modifying the dFBL design as shown
in Fig. 4.1 (c¢). By removing the outer conductor and dielectric from a short section
of coaxial cable and bending the exposed inner conductor into a U shape, a simple
loop can be formed. This can then be connectorized at both ends using standard
SMA parts or similar components. This creates a well-defined path for the current
to flow, with no potential resistive elements (such as a solder joint) in the immediate
proximity of the qubit. We will show that dFBLs can be fabricated reproducibly
with this method, leading to a small variation of the mutual inductances to qubits.

The issue of mitigating flux noise is less straightforward, as it can originate
from various sources (see Sec. 3.3) — microscopic magnetic impurities on the chip,
insufficient shielding from the magnetic environment of the experiment, or from
current noise on the FBL itself. From the point of view of the dFBL design, we
choose to increase the vertical separation hgrpr between qubit and loop to reduce
M to about 1 — 2 pH. This has two main consequences: it reduces the coupling
strength of current noise from the dFBL into the qubit SQUID, while increasing
the amount of current required to thread one flux quantum through the SQUID.
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We believe this to be a reasonable trade-off, as the current travels mostly along
a superconducting DC wire inside the cryostat, which should lead to a negligible
increase in heat load with larger currents. Furthermore, in our dFBL design the
two ends of the loop can be connected to a twisted pair of superconducting DC
wires in the cryostat, providing built-in low-pass filtering of the current signal,

potentially aiding in reducing thermal and instrumentation-induced flux noise.

4.2.2. Gradiometric transmon design

Before presenting the design and manufacturing process of the improved dFBL
architecture, we briefly discuss a few design aspects of the gradiometric coaxial
transmons fabricated and measured in this work, shown schematically in Fig. 4.2.
This represents a slight modification of the original gradiometric coaxmon [165]. We
choose the radii riy, = 150 pm, 74441 = 300 pm, 7out2 = 450 pm defining the coaxial
electrodes. While the previous design had very thin leads connecting the Josephson
junctions to the electrodes (w; = 2 pym), we widen the leads to w; = 20 pm and add a
taper towards the junction. The reason for this is to minimize the generalized aspect
ratio p of the SQUID, defined in Eq. (3.8). As discussed in Sec. 3.3.3, the aspect
ratio of a SQUID is found both theoretically and experimentally to correlate with
its sensitivity to microscopic magnetic fluctuators. With this simple modification,
we can reduce p roughly from 320 to 100, making the qubit less sensitive to local flux
noise. Separately, there is experimental evidence that wide-tapered junction leads
might be an effective way of decreasing the quasiparticle tunneling rate through
the JJ, reducing associated decay and dephasing events [166].

Furthermore, we incorporate the widened leads into the photolithography pattern
(orange color in Fig. 4.2) to reduce the surface area of substrate that is directly
exposed to argon ion milling during the subsequent Josephson junction fabrication
step. This is motivated by findings that show how ion milling increases the
surface roughness of silicon, which in turn can negatively impact quality factors
of superconducting resonators and qubits [45, 167]. Thanks to this design change,
the pattern defined by electron-beam lithography (EBL, blue color in Fig. 4.2) is
now mostly deposited on top of existing metal, except for the Josephson junctions
themselves and a short section of the leads. More details on the fabrication process
can be found in Appendix A, and example images of circuits fabricated with this
method are shown in Fig. 4.3. We also design a variation of the transmon in which
the gradiometer orientation is horizontal rather than vertical (i.e. perpendicular

to the orientation of the JJ double-angle evaporation), shown in Fig. C.1 in
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Figure 4.2: Gradiometric transmon design. (a) Schematic drawing of the coaxial
gradiometric transmon fabricated and measured in this work, derived from previous
implementations [148, 165]. The inner and outer concentric electrodes are connected via
two Josephson junctions, forming a SQUID gradiometer with two loops of equal size
threaded by external flux ®; and ®,, respectively. (b) Josephson junction patterns (blue)
are defined by electron-beam lithography (EBL) and deposited on top of the transmon
electrodes defined by photolithography (orange). The large overlap area ensures good
electrical contact. Rounded edges and tapering are implemented where possible to
minimize electric field concentration. (c) Detailed drawing of the Josephson junction
EBL pattern (dark blue), showing the critical junction dimensions h; and wy, as well
as the Dolan bridge width wpp. Shadow evaporation creates an extension of the lower
electrode (light blue), forming the junction overlap area (orange box).

the appendix. This is to allow us to fabricate transmons with different relative
gradiometer orientations on the same substrate in the same junction fabrication
step.

The effective transmon shunting capacitance C' to ground can be estimated
using a 3D finite-element electromagnetic solver such as ANSYS Maxwell. To
obtain a reliable prediction, we embed the transmon and silicon substrate inside
an aluminium box resembling the actual experimental enclosure (see next section).
This is because the large coaxial electrodes have a significant capacitance to the
grounded enclosure. We remove the Josephson junctions and only simulate the
large-scale features of the transmon, i.e. those defined by photolithography. We
define the three circuit nodes i, o, and g (inner and outer electrodes, and ground),
and calculate the total capacitance matrix. The effective capacitance C' of a single

reduced node to ground can be obtained from the full matrix as

 CiyCly + CigCio + CogCi
N Cig + Cog ’

C (4.1)
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Figure 4.3: Fabricated coaxial resonators and gradiometric transmons. Optical images
of (a) LC spiral resonator, (b) gradiometric coaxial transmon, and (c) detail of Josephson
junction. Resonators and qubits are fabricated out of aluminium (bright grey) on opposing
sides of a high-resistivity silicon substrate (dark grey). A single step of photolithography
defines the entire spiral resonators, while the combination of photolithography with EBL
and ion milling defines the transmons.

where Cj, denotes the capacitance between nodes ¢ and ¢, and so forth. For
our chosen transmon design we obtain an effective capacitance C' ~ 92 fF, or
equivalently a charging energy F¢ ~ 210 MHz. Note that the wide junction leads
add a small but noticeable contribution of around 5 fF compared to the bare coaxial
electrodes, which will cause concentration of electric field between the lead tips.
This could be minimized in the future by using a wider and shallower taper design.
The modified leads of the horizontal gradiometer design mentioned earlier increases
the total capacitance only slightly by around 1-2 fF compared to the reference
design, which we do not correct for.

The value of C' determined here is only an approximation, as the Josephson
junctions themselves provide a small additional capacitance, and we neglected the
presence of the readout resonator which has a significant capacitive coupling to the
transmon through the substrate. Nevertheless, this simple estimate is found to be

within less than 5 % of experimentally measured values (see Table 4.1).

48



Chapter 4. Realizing a tileable off-chip flux control architecture

4.3. Design and construction of flux-tuning sample

enclosure

4.3.1. Design and simulation

In the following, we describe the design and manufacturing process of a sample
enclosure with dF'BLs that can be used to measure a 2x2 qubit device cryogenically.
The starting point is the four-qubit micro-machined aluminium enclosure developed
and built in Ref. 165. We choose the same 1.5 mm pitch between neighboring
qubits, and use the same 5x5 mm? square recess to host the substrate. The only
modification required is the lid of the sample enclosure which hosts the dFBLs.
A partial schematic drawing with relevant dimensions is shown in Fig. 4.4 (a).
The qubits are located at a vertical separation hg, = 0.2 mm from the surface
of the lid, centered below a cylindrical aperture of diameter d, = 1.2 mm which
constitutes the dFBL port. The value of d, remains unchanged from previous
coaxmon sample enclosure designs. The dFBL themselves are aligned inside these
ports by drilling two adjacent holes of diameter matching the coaxial cable chosen
here (type UT-020-CSP). The vertical separation hgrpy between transmon and the
center of the dFBL inner conductor has to be chosen carefully, as it determines the
mutual inductance M between the gradiometric SQUID loop and the dFBL. As in
the initial dFBL realization [165], neighboring qubits and dFBLs are rotated by 90°
to intentionally mismatch the dFBL field orientation and gradiometer alignment,
leading to reduced flux crosstalk.

To gain a better understanding of how the differential flux biasing works, we
model the magnetostatics of this system by using ANSYS Maxwell, a finite-element
(FE) solver. Fig. 4.4 (b) plots the magnitude of magnetic field |B| on the substrate
surface induced by a constant current of 1 mA flowing through the inner conductor.
The transmon is modelled by shorting the two electrodes together, creating a
continuous gradiometric ring. The aluminium lid is not shown here but is included
in the simulation. The whole enclosure is modelled as a superconductor by setting
its relative magnetic permeability close to zero, u, = 0, leading to full rejection of
magnetic field. We see that the field has a figure-eight shape and is concentrated
in the vicinity of the transmon. Note that the cylindrical superconducting wall
around the dFBL constrains the field laterally and channels it towards the substrate,
leading to selective bias of a single qubit. This is similar to the principle of a
magnetic hose [141]. The two halves of the gradiometer enclose a total flux @,

and ®,, respectively. By plotting the Z component B, of the magnetic field in
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Figure 4.4: Design and simulation of the dFBL. (a) 3D model of the coaxmon dFBL
architecture created in Ansys Maxwell for magnetostatic simulations. The qubits are
placed a distance hgep = 0.2 mm away from the enclosure "lid" hosting the dFBLs, which
reside in circular ports with diameter d, = 1.2 mm. The dFBL separation hqrpy, is varied
to find the optimal value of mutual inductance M. (b) Magnetostatic FE simulation in
Maxwell showing the absolute value of magnetic field on the substrate surface, induced
by a 1 mA current flowing in the dFBL. The total differential flux threaded through the
gradiometric SQUID is obtained as ®5 = &1 — ®2. (¢) Same simulation as (b) but we
plot the z component of the field B, on a linear scale, showing the opposite signs in the
two regions of the gradiometer.

Fig. 4.4 (c), we can identify that the field has the same magnitude but opposite sign
inside the two halves, leading to the absence of net global flux &5, = &1 + &, =0
but a finite differential lux &5 = ®; — ®5. The latter is the relevant quantity that
determines the flux bias of the gradiometer. This geometry is therefore capable of
efficiently biasing a SQUID without introducing any net flux on the device surface.

Repeating the magnetostatic simulation while sweeping hgrp; allows us to
determine how the amount of threaded differential flux ® A varies with separation,
see Fig. 4.5 (a)—(b). The value of ®, is obtained by numerically integrating the
simulated magnetic field in the two halves of the gradiometer loop. The mutual
inductance is then simply calculated as M = ® /1, where we fix [ =1 mA in the
simulation. We can observe an exponential dependence of M with distance, which
is analogous to the scaling of capacitive coupling to coaxial ports in the original
coaxmon architecture [168]. This highlights the importance of accurately setting
hqrpr when assembling the enclosure.

Due to the fact that the transmon electrodes are superconducting but the film
thickness of 100 nm of the real fabricated devices is not much larger than the London
penetration depth of aluminium [170, 171], we separately consider two limiting

cases of the SQUID metal permeability p, . For i, g = 1, the qubit electrodes are
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Figure 4.5: Simulation of dFBL mutual inductance and radiative decay. (a) Schematic
drawing of the studied system where the vertical qubit-dFBL separation hgppy, is varied.
(b) Mutual inductance M between qubit and dFBL as a function of hgrpr, obtained
directly from FE magnetostatic simulation in Ansys Maxwell of the 3D model shown in
Fig. 4.4. Different results are obtained when assuming screening (yi,4 = 0) or transparent
(tr,g = 1) transmon electrodes. The horizontal dashed line indicates the average value of
M in the measured transmon device, see Sec. 4.4. (¢) Circuit model of the qubit-dFBL
system generated using the QuCAT Python library [169], which allows for the numerical
estimation of various quantum circuit parameters, including the finite qubit lifetime due
to dissipation in the line impedances Z7 = Z> = 50 2. The capacitances are obtained
from an electrostatic simulation in Maxwell, and we set Lyrpgr, = 1 nH and Ly = 10 nH.
The resulting transmon has wp; ~ 5 GHz and a ~ 215 MHz. (d) Radiative qubit lifetime
TEFBL versus hgppr, obtained from the QuCAT circuit in (c), assuming no additional
internal or external loss mechanisms.

transparent to magnetic field and they do not affect the field lines, whereas for
tr,o = 0 the field is completely expelled from the electrodes and diverted either
into the gradiometer or outside of it. This leads to a focussing effect that increases
the total enclosed flux and therefore M in the case p,.o = 0, see Fig. 4.5 (b). We
note that these are only theoretical limiting cases, and that the real behavior of

our circuits is likely to lie in between.
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Another important aspect of FBL design, discussed in Sec. 3.3.4, is radiative
(Purcell) decay of the qubit excitation through the FBL port. The inevitable
presence of a capacitive as well as inductive coupling to the dFBL leads to a
possible decay channel that will limit the qubit lifetime to an upper bound T BL.
We can estimate the importance of this decay mechanism from a circuit model
implemented using the Python library QuCAT [169], drawn in Fig. 4.5 (¢). We
approximately model the dFBL loop by a lumped inductance Lyrpr, = 1 nH, with
either end symmetrically coupled capacitively to the transmon electrodes. The
dFBL is connected to two impedances Z; = Z5 = 5050 representing the coaxial lines,
which is where the qubit excitation can be dissipated. The capacitive network is
calculated as before from an electrostatic simulation in Maxwell, adding a new node
p for the inner conductor of the dFBL. The symmetrized capacitances are simply
defined as Cjy; = Cipa = Cip/2 and Copy = Copa = C,p, /2, where Cy, and C,, are
the values obtained from Maxwell. Given all circuit parameters, QuCAT solves for
the eigenmodes of the circuit, in this case a single non-linear mode with frequency
w ~ 5 GHz representing the transmon. The solution includes the dissipation rate
K from which we obtain T#HBL = k=1 plotted in Fig. 4.5 (d). As in the case of M,
we observe an exponential dependence of lifetime on the dFBL separation. The
lifetime is found to scale roughly as T{#"P* ~ 1/C% | in agreement with analytical
treatment of a simple circuit model [145]. Fortunately, it is possible to find a value
harpr, for which T¢BL exceeds 1 ms, which is among the highest values currently
seen in state-of-the-art superconducting qubits [71], while at the same time offering
a practical' mutual inductance M around 1-2 pH.

This interplay of inductive and capacitive coupling has been discussed already
in the context of a different implementation of off-chip FBL [143], and can be
intuitively understood as the balance between the dielectric constant ¢y and mag-
netic permeability o of vacuum, which lead simultaneously to desirable levels of
inductive and capacitive coupling. In comparison, on-chip FBL designs suffer from
the higher dielectric constants of typical substrate materials (sapphire €, =~ 10,
silicon €, &~ 11, both with u, = 1), leading to stronger capacitive coupling with no
advantage in terms of inductive coupling.

It is important to point out that our circuit model is only a crude approximation
of the real system, and that the estimated radiative lifetime TP should therefore
be interpreted as a semi-quantitative result. Still, it is useful to understand the

scaling with hyrppr. Once superconducting circuits consistently reach and surpass

!Practical here means to apply a full flux quantum ®¢ = h/2e ~ 2.06 x 10~ Wb with a typical
current range of ~mA, resulting in mutual inductances in the range of pH.
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lifetimes of 1 ms (limited by other mechanisms), it will be necessary to decrease
the coupling to external lines, which in our case can be easily achieved by only
slightly moving the dFBLs further away and without having to modify the qubit
circuit and layout. This also means decreasing M and taking larger bias currents
into account, which will be acceptable only if resistive heating in the dFBL lines

can be kept at a minimum.

4.3.2. Manufacturing of dFBLs

We now turn to the manufacturing and assembly of the dFBL sample enclosure.
As the starting material for the loops we choose semi-rigid coaxial cable of type
UT-020-CSP, which has both inner and outer conductors made out of silver-plated
copper (avoiding any magnetic materials), with PTFE as dielectric and an outer
diameter of 0.020 inches (~0.51 mm). As can be seen in Fig. 4.4 (a), drawn at
scale, the diameter is small enough such that two cables can be placed parallel
to each other without increasing the footprint of a single coaxmon unit cell with
1.5 mm pitch. We also expect this dFBL design to be fully compatible with a larger
2 mm pitch and the use of inductive shunts in the enclosure [46, 164], which will
be required to suppress cavity modes in larger-scale circuits.

The main steps of the procedure are depicted in Fig. 4.6. A short section of
coaxial cable of predefined length is scribed by using a caliper and a clean razor
blade under an optical stereo microscope. The outer conductor and dielectric are
then removed by carefully cutting them open with razor blade and tweezers. Since
the inner conductor is made of copper, direct contact with the steel razor blade
should be avoided as it will be damaged very quickly, compromising the silver
plating and the conductive properties of the wire. This is by far the most difficult
step, which requires a steady hand and a good dose of patience. To produce a
large number of dFBLs reliably, this step should definitely be carried out in an
automated fashion with purpose-built mechanical tools. Once the inner conductor
is exposed, it is bent into a U-shape around a copper wire of the correct dimensions
by gently pulling both ends of the loop simultaneously using tweezers or pliers. It
is relatively easy to reproduce the same shape and curvature of the loop every time,
which should lead to a consistent magnetic field bias. Four dFBLs are inserted
into a square plate of oxygen-free copper and are soldered to it to fix them into
position. Here it is crucial that the loops are all set at the correct height. We
aim for a height that will result in a separation of about hyrpr ~ 900 pm in

the final enclosure, based on the simulation results shown in Fig. 4.4. The dFBL
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Figure 4.6: dFBL manufacturing and sample enclosure assembly. (a) A section of
predefined length of coaxial cable (type UT—-020-CSP) is gently scribed with a razor blade.
(b) The outer conductor is removed, revealing the PTFE dielectric and inner conductor.
(c)—(d) After carefully removing the PTFE, the bare inner conductor is formed into a
reproducible loop shape by bending it around a copper wire. (e) Four dFBL loops are
inserted into a copper holding plate and soldered to it. (f) The soldered dFBL assembly
is inserted into the lid of the Al sample enclosure. Dowel pins facilitate alignment
and prevent the loops from being bent or damaged. (g) dFBLs are connectorized with
standard SMA parts and bulkhead mounts. (h) Device-side view of the dFBLs located in
their individual ports. (i) The sample enclosure lid with dFBLs (left) is combined with
a standard coaxial qubit enclosure as described previously [165], containing the qubit
device in a 5x5 (mm)? pocket and four independent coaxial readout lines.

o4



Chapter 4. Realizing a tileable off-chip flux control architecture

assembly is then carefully inserted into the aluminium enclosure lid. Female SMA
connectors are soldered to the ends of the coaxial cables, which are connected to a
bulkhead SMA mount attached to the sample enclosure for ease of use. The final
result is an enclosure lid with four dFBLs and eight SMA connectors which can
be combined with the bottom half of a previously designed and tested four-qubit
coaxmon enclosure. This features a square pocket for holding the substrate, a

groove for indium sealing, and individual coaxial readout ports for each resonator.
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Figure 4.7: dFBL frequency response at room temperature. (a) Wide-range VNA
scan of transmission and reflection parameters |Sa1| and |S11| through the four different
dFBLs, measured directly at the SMA connectors visible in Fig. 4.6 (g). (b) Fast Fourier
transform (FFT) of |S11] in (a), showing the period of the oscillations in the frequency
response. (c) Higher-resolution scan of |S1;| in a narrower frequency range and (d) its
FF'T, showing a fast oscillating component.

An advantage of this dFBL implementation is that both of its ports are accessible,
instead of one being shorted to ground, meaning that we can fully characterize its
microwave properties by connecting both ends of the dFBL to a virtual network
analyzer (VNA). We do this at room-temperature with a fully assembled sample
enclosure but without any device substrate present. The magnitude of the trans-
mission coefficient |Sy;| and reflection coefficient |Sy;| up to 20 GHz are shown in

Fig. 4.7 (a). Even with the impedance mismatch created by the section of missing
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dielectric and outer conductor, the dFBLs have insertion loss smaller than —5 dB
up to 20 GHz, demonstrating that they can support microwave signals in the range
required to drive qubit excitations. This motivates us to study direct qubit Rabi
driving via the dFBL in a cryogenic experiment, see next section.

The impedance mismatch is best seen in the oscillation of the reflected signal
|S11]. By taking the fast Fourier transform (FFT) of each trace in Fig. 4.7 (b),
we can observe a distinct periodicity of these oscillations. We attribute this to
destructive interference between the input signal and the signal reflected at the
loop location. The period Af of these frequency oscillations can be converted to
a physical length scale | = k¢/Af, where c is the speed of light in vacuum and
k =~ 0.7 is the typical velocity factor for a coaxial line. For Af ~ 2 GHz we obtain
a length scale on the order of [ ~ 10 cm, compatible with the length of coaxial
cable used for the dFBLs. The oscillations in the response of dFBL1 and dFBL4
are faster (smaller Af) than those of dFBL2 and dFBL3, consistent with the fact
that the former have longer coaxial lines than the latter, as visible in Fig. 4.6 (g).
Zooming into the frequency range 4-6 GHz typical for transmon qubits reveals a
much faster oscillating component” in |Si;|, see data and corresponding FFT in
Fig. 4.7 (¢)—(d). This can be converted to a length scale of 1-2 m, which leads us
to attribute this to mismatches from connectors in the microwave cables used for

the VNA measurement.

4.4. Cryogenic characterization

The ultimate test of the dFBL sample enclosure described so far in this chapter
consists of carrying out a cryogenic measurement of a superconducting quantum
device to verify its performance. We choose a device with four individual (i.e.
not coupled) gradiometric coaxial transmon qubits with corresponding readout
resonators, as described and shown in Sec. 4.2.2. We label qubits as Q1-Q4 and
resonators as R1-R4 matching the labelling convention of dFBL1-4 shown in
Fig. 4.6. The Josephson energy FE; of the transmons is defined by the lateral
dimensions of the Josephson junction during fabrication, and can be estimated
from a room-temperature resistance measurement. The device investigated here

is designed to result in qubit frequencies around 6 GHz. Readout resonators

2These oscillations are not visible in Fig. 4.7 (a) due to lower frequency resolution and the use
of a larger IF frequency which filters out high-frequency features.
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are designed to be clustered around 10 GHz, with 150 MHz between them. See
Appendix A for more details on fabrication.

The chosen device is packaged inside the dFBL sample enclosure and mounted
on the lowest-temperature stage of a cryogen-free dilution refrigerator at around
20 mK. A description of the experimental setup, including wiring of the control lines
and the measurement chain, can be found in Appendix B. Here we only point out a
few details about the dFBL wiring and operation. All dFBLs receive their DC bias
via a pair of twisted wires from a superconducting wire loom inside the cryostat,
connected to two cryogenic RF bias tees located at base temperature that allow us
to add a high-frequency signal to the dFBL. The DC bias current is provided by
low-noise DC voltage sources at room temperature. The use of a low-pass RLC
filter (cutoff 160 Hz) at the 4K stage of the cryostat adds a ~ 10 k{2 resistance
to each DC line, effectively converting a voltage source with range +20 V into a
current source with range +1 mA. To test different configurations of microwave
(MW) input to the dFBL, we attach both ports of dFBL1 to MW input coaxial
lines with small amount of attenuation (~ 20 dB), adding 1 GHz low-pass filters
to protect the qubit from radiation at its frequency®. The other three dFBLs are
instead connected at one end to a MW line with 60 dB attenuation, while the
other end is terminated with a cryogenic 50 €2 load on the RF end of the bias tee.
Both configurations are shown in Fig. B.1 in Appendix B. Given that the dFBLs
themselves are capable of carrying microwave signals with low insertion loss (see
Fig. 4.7), we expect that it should be possible to drive qubit excitations using

either of these wiring methods.

4.4.1. Continuous-wave spectroscopy

We begin by performing standard continuous-wave (CW) spectroscopy of resonators
and qubits. We use a VNA to send a microwave signal to a coaxial readout port in
the sample enclosure, which will inject photons into the resonator when driving at
the appropriate resonant frequency. The signal reflected from the readout port is
amplified in multiple stages and is then received by the VNA. By observing changes
in the measured complex signal S5, we can detect the presence of a resonator.
Moreover, due to the dispersive qubit-resonator coupling, changing the flux bias on
the qubit dFBL will cause both the qubit and the resonator to shift in frequency.

Such a flux-dependent resonator measurement is shown in Fig. 4.8 (a) for R3

3We use reflective low-pass filters with insertion loss of around —40 dB to —60 dB at typical
qubit frequencies.
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Figure 4.8: Flux-dependent spectroscopy of resonator and transmon. Continuous
wave spectroscopy of (a) resonator R3 and (b) qubit Q3 as a function of applied external
flux on dFBL3. The flux is controlled by an external voltage source (top axis), which can
be converted to a flux scale (bottom scale) by observing the periodicity of the spectrum.
Dashed lines are a fit of the full numerical qubit-resonator Hamiltonian tothe data, with
labelled qubit transitions. Lines and labels shown in grey are not observed directly in
the experiment but are added for completion.

when changing the voltage applied to dFBL3. We plot the phase derivative of S,
showing a single clear spectral feature which is periodic in applied voltage (i.e.
flux).

Since we know that the spectrum of a tunable transmon has a period of one
flux quantum ®y = h/2e, see Sec. 2.2.3, we can convert the voltage scale to a
flux scale and add it to the plot (bottom axis). A maximum in resonator (and
qubit) frequency corresponds to an integer number of flux quanta threading the
SQUID loop. The caveat is that we can only determine the value of applied flux
bias up to multiples of ®,. The zero of the flux axis is therefore an arbitrary choice.
The conversion between applied bias current I (or voltage V, given the known
resistance R in the DC lines mentioned earlier) and threaded flux ® directly gives
us the important quantity M, which was discussed during the design of the dFBL
architecture in Sec. 4.3.1, via the relation ® = M x I = M x V/R. In the case of
R3 and Q3 we obtain M ~ 1.9 pH, which lies within the desired range.

Once the resonator frequency versus flux has been calibrated, we can perform

qubit spectroscopy by applying a constant drive to the resonator at its correct
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Figure 4.9: Power-dependent qubit spectroscopy. Continuous-wave spectroscopy of
Q4 at ext = 0 as a function of the qubit drive power at room temperature. The dashed
lines and labels show the predicted frequencies of the three lowest qubit transitions from
the numerical fit to the full lux-dependent qubit spectrum.

frequency while driving a separate tone on the qubit. We do this using an additional
RF generator port on our 4-port VNA and applying the signal to the qubit dFBL
via the corresponding cryostat microwave line, which also acts as a test of the
high-frequency capabilities of the dFBL. At low drive powers, a single spectral
feature can usually be distinguished, which we associate with driving the lowest
transition |0) — |1) of the transmon. The frequency wp; of the identified peak as a
function of applied flux for Q3 is shown in Fig. 4.8 (b). This particular qubit has a
maximum frequency at its flux sweet spot of 6.674 GHz and can be tuned below
3 GHz before the signal becomes too weak to be read out reliably.

The multi-level nature of the transmon can be probed by performing spectroscopy
at a fixed value of applied flux while changing the applied drive power. Such a
measurement is shown for Q4 in Fig. 4.9. As the drive power is increased, the main
transition frequency (here close to 6 GHz) experiences power broadening, while
additional sharper transitions appear at lower frequencies. The narrower spectral
width is associated with the driving of multiple photons to excite the transition.
The most prominent one is attributed to the two-photon driving of the second
transmon excited level |0) — |2) at frequency wpe/2, from which we can extract
the transmon anharmonicity as o = wpa — 2w (here —217 MHz).

We perform resonator and qubit spectroscopy for all transmons on the device,
and we report the main measured quantities in the top section of Table 4.1. Unless
noted otherwise, these correspond to the values measured at zero applied flux

Yext = 0 for each qubit. The resonator linewidths x are extracted from a Lorentzian
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Table 4.1: Basic characterization of gradiometric transmon device. Overview of
measured and extracted quantities of the four-qubit device characterized using the dFBL
sample enclosure. Basic spectroscopic quantities and coherence statistics are obtained
at each qubit’s flux sweet spot (@ext = 0). Circuit parameters Ej, Ec, d and g, are
obtained from a numerical fit of the full Hamiltonian to the flux-dependent qubit and
resonator spectra. Numbers in brackets denote measurement uncertainty for measured
quantities, fit uncertainty for numerically extracted parameters, and statistical variation
for the repeated coherence measurements.

Quantity  Unit Q1 Q2 Q3 Q4

Qubit frequency woi /27 ( ) 6.742 5.915 6.674 6.009
Anharmonicity a/27  ( ) -216(1) —216(1) -216(1) —217(1)
Resonator frequency w, /27 (GHz) 9.686 9.814 9.948 10.080
Resonator linewidth «/2m  ( ) 0.41(2) 0.92(5) 0.36(1)  0.25(1)
Dispersive shift 2y /27 (MHz) -2.6(1) —1.48(1) —2.29(1) -1.45(1)
Mutual inductance M (pH) 2.10 2.05 1.9 1.93

Charging energy F¢/h (GHz) 0.203(1) 0.201(1) 0.203(1) 0.201(1)

Tot. Josephson En. E;/h (GHz) 29.8(1) 23.5(1) 29.3(1)  24.1(1)
Ratio E;/E¢ 147 117 144 120

SQUID asymmetry d 0.15(1)  0.29(1)  0.15(1)  0.28(1)

Resonator coupling ¢,/2r  (MHz) 140(1)  140(1) 142(1) 142(1)

Relaxation time 77 (18) 49(6) 36(5) 37(4) 42(9)
Ramsey coherence time 75 (ps) 15(4) 30(4) 13(3) 49(13)
Echo coherence time Toe  (ps) 54(6) 39(5) 30(4) 52(11)
Frequency variation oy  (kHz) 12 4.5 12 5
# of repetitions 217 7 219 152
Total run time  (h) 16.5 5.8 16.6 11.5
Flux noise amplitude Ag  (n®y) 6.2(1) 6.7(2) 6.0(1) 6.6(1)

fit of the resonator phase gradient data at low drive power. The dispersive shift y
is a measure of the dispersive coupling strength between qubit and resonator, and
is obtained from the shift of resonator frequency when the qubit is in the ground
state versus the excited state’.

The most important result from the point of view of dFBL design is that all
four measured transmons can be successfully flux-biased and that the mutual
inductances M all lie very close to 2 pH, in accordance with our design target range.
Moreover, the very small standard deviation o,; ~ 0.1 pH proves the reproducibility

of our chosen dFBL design and manufacturing process. If we assume o), to stem

4y is estimated here from highly averaged resonator spectroscopy due to a small residual excited
state population of the qubit at thermal equilibrium, but a more accurate measure is obtained
by driving a X, pulse on the qubit in the time domain.
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exclusively from inaccuracy in setting hyrpr, during assembly of the dFBL enclosure,
we can convert this to a variation in loop heights of o, ~ 20 pm thanks to the
simulated scaling in Fig. 4.5. This is to be interpreted as an upper bound, as other
factors such as dFBL loop shape variation and tilt of the device substrate inside
the sample enclosure pocket can also lead to variations in measured M.

From the resonator and qubit flux-dependent frequency datasets, it is possible
to extract all circuit parameters of interest by numerically calculating and fitting
the Hamiltonian of the coupled qubit-resonator system [39] to the experimental
spectra. We obtain fitted values for E;, E¢, the SQUID junction asymmetry d
and the qubit-resonator static coupling strength g,., which we add to Table 4.1.
The numerical flux-dependent spectra for R3 and Q3 are overlaid to the data in
Fig. 4.8, showing excellent agreement. We also add the expected frequencies of
higher-order transitions wgy/2 and wys/3 for Q4 in Fig. 4.9, correctly predicting
the experimental values (which themselves are not an input to our fitting routine)
and therefore demonstrating the consistency of the model.

We observe that all qubits lie in the strong transmon limit, £; > Es. Here,
E; = Ej + Ejs is understood as the total inductive energy of the transmon
SQUID. All qubits have a significant SQUID asymmetry , even though both
SQUID junctions are designed to be identical during fabrication. While variability
in fabrication could explain this, we note that Q2 and Q4 have a horizontally
oriented gradiometer (see Fig. C.1) while Q1 and Q3 have a vertical gradiometer
(see Fig. 4.3), which seems to correlate with the systematic differences in d between
these two pairs. There is also a systematic shift in qubit frequency between the two
orientations. From the numerical fits we can see that this is not due to a different
capacitive contribution of the gradiometer arms, since E¢ (and therefore «) is
virtually identical across all qubits, but rather due to large variations in Josephson
energies F; that cannot be explained from the EBL junction designs. This issue
should be investigated further by testing different Josephson junction patterns and

gradiometer designs.

4.4.2. Coherence and flux noise

After having obtained a general picture of the transmon device and its circuit
parameters from frequency domain data, we move to characterization in the time
domain. We utilize the electronic control setup for up- and down-conversion of
microwave signals described in Appendix B, which allows us to create arbitrary

sequences of shaped pulses and send them to the qubits and resonators. For
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readout, we generally use a simple square pulse shape of width 5-10 ps at the
resting resonator frequency, while for qubits we typically use Gaussian-shaped pulse
envelopes with width ¢ between 50 ns and 100 ns, with truncation of the pulse
at 30. Given that the qubit spectroscopy presented in the previous section could
successfully be carried out by driving the qubit through its dFBL, we also choose
to apply time-domain qubit pulses via the same route. We calibrate a full qubit
state flip, which implements a X rotation in the qubit Bloch sphere, by measuring
Rabi oscillations as a function of the qubit pulse amplitude and picking the value
of amplitude that maximizes the qubit population inversion. A half rotation, or
X2 pulse, is implemented by setting half the X pulse amplitude.

With calibrated qubit pulses we can now determine basic quantities such as the
qubit relaxation time (or decay time) T}, as well as the coherence time T,. The
latter is quantified both via a Ramsey sequence, resulting in the bare coherence
time 75, and via a Hahn-Echo sequence, resulting in the echoed coherence time
TF which is insensitive to low-frequency dephasing sources. Example data for
all of these three sequences, measured on qubit Q2, are shown in Fig. 4.10 along
with their respective pulse schemes. In each case, the total sequence duration
is swept by changing the delay time 7 as defined in the pulse scheme diagrams.
Standard exponential decay curves are fitted to extract relaxation and coherence
times. The exponential envelope is found to be a good fit for transmons at the
sweet spot, where they are insensitive to flux noise and should therefore not exhibit
any Gaussian decay component (see Sec. 3.3.2). In the case of the Ramsey sequence,
an intentional detuning of the qubit drive frequency leads to the appearance of
sinusoidal Ramsey fringes, which can be used to very accurately determine the
qubit frequency wo;.

In the following, data is always collected with the qubits at their flux sweet spots.
Individual measurement sequences for 7y, 75 and T5 g are repeated in an interleaved
fashion many times for each qubit in order to obtain a statistical distribution for
these quantities. In Table 4.1 we report the mean values with standard deviations,
as well as the number of individual repetitions for each sequence type and the
total duration of the measurement protocol. Measurement runs were performed
individually for each qubit, with all other qubits at rest. From the Ramsey fringes
we can also determine how much the transmon frequency fluctuates over the course
of this measurement run, quantified by the frequency standard deviation oy.

The relaxation and coherence times measured in this device compare favourably

to the previous dFBL implementation [165], with similar or better 77 and with
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Figure 4.10: Measurement of relaxation and coherence times. Standard measurement
sequences for determination of (a) relaxation time 77, (b) Ramsey coherence time 7%, and
(¢) Hahn-echo coherence time T2E . The insets show the respective pulse sequences used to
obtain the data. The sequence duration 7 is swept in each experiment to observe the decay
of the readout signal. Shown is data obtained for Q2 at the flux sweet spot (blue points)
which fits well to exponential decay envelopes (black lines). In the Ramsey experiment,
an intentional detuning is applied to the qubit drive which causes the appearance of
sinusoidal oscillations. These allow for accurate determination of the qubit frequency. In
the Hahn-Echo sequence, an additional X, echo pulse is inserted at a time 7/2 after the
start of the sequence.

coherence times T and T improved by one order of magnitude. The increase in
coherence time could stem from the reduced mutual inductance M to the dFBL,
protecting the qubits from externally injected flux noise, although we should point
out that the qubit device presented here is fabricated using a vastly different
process and with a modified transmon design, making a fair comparison of dFBL
performance rather difficult. Nevertheless, the general improvement in coherence
times and especially the achievement of values T ~ T} is a promising sign for this
architecture, providing a platform for qubits with good coherence properties for a

wide range of circuit QED experiments.

Determination of flux noise amplitude

So far we have mainly characterized qubit performance at the flux sweet spot. Since
a variety of gates and interaction schemes involve tuning the qubits away from this
point for short periods of time, it is important to quantify how much decoherence
they will experience. As discussed in Sec. 3.3, operation at a finite qubit frequency
slope Owg; /0P will expose the transmons to noise in the applied external flux
(usually 1/f~type noise), leading to fluctuations in qubit frequency and therefore
to enhanced dephasing of the qubit. A 1/f noise power spectrum Sg (w) = Ag/w

leads to a Gaussian envelope of the qubit coherence signal, which combined with
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Figure 4.11: Determination of 1/f flux noise amplitude on Q3. (a) Measurement of
T} as a function of flux around the upper sweet spot. (b) Measurement of Gaussian pure
dephasing time T¢ > extracted from a Hahn echo sequence (see main text for details).
(c) When plotted as a dephasing rate against the slope of the qubit frequency curve with
respect to flux, the Gaussian dephasing follows a simple linear model (black dashed line)
due to 1/f noise spectrum according to Eq. (3.3), from which the flux noise amplitude
Ag can be extracted.

the exponential decay from relaxation (at rate I'y = 77 ") and flux-independent
pure dephasing due to stochastic noise (rate I'y = T, 1) results in the combined
decay function in Eq. (3.4). By performing Hahn-echo sequences as a function
of flux, and dividing out the contributions due to I'y and I', from the measured
decay curves, we can extract the echoed Gaussian dephasing rate Fg > Which we
here attribute exclusively to flux noise. Furthermore, we can calculate the slope
Owp1 /0P from the full numerical spectrum fit obtained previously, as shown in
Fig. 4.8. This allows us to then finally extract the amplitude \/Ag of the 1/f flux
noise spectrum via Eq. (3.3).

We perform Hahn-echo sequences as a function of flux for each qubit in the region
between . = +0.25. At each flux value, resonator frequency, qubit frequency,
and X, pulse amplitude have to be recalibrated. We also carry out T sequences
at each flux point instead of just relying on the value measured at the flux sweet
spot, in order to take into account possible variations of relaxation time as a
function of qubit frequency. In fact, we see in Fig. 4.11 (a) that 77 can fluctuate
significantly” across the flux range. The stochastic pure dephasing rate I'y is
instead fixed to a single value obtained from the sweet spot T} and T:F values in
Table 4.1 as Ty = (TF)~' — (2Ty) !

function. We are therefore treating white-noise dephasing as a constant background

assuming a strictly exponential decoherence

term independent of flux. As explained above, this then allows us to extract the

5But not randomly — this will be discussed in more detail when performing detailed T} spec-
troscopy in Sec. 4.4.5.
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pure Gaussian dephasing time quG =1/ Fﬁ ¢ at each flux value, which we plot
in Fig. 4.11 (b). The dephasing time steadily and rapidly decreases away from
the flux sweet spot, as the qubit frequency slope and therefore its sensitivity to
flux noise increases. Equivalently, plotting the same data points as F(ﬁ ¢ Versus
Owp1/0® in Fig. 4.11 (c) then manifests the linear behavior predicted by Eq. (3.3).
We infer that our experimental data is therefore compatible with the assumption
of 1/f flux noise being the dominant mechanism for dephasing at finite flux bias.
The flux noise amplitudes /A extracted from a linear fit are reported at the
bottom of Table 4.1 and lie in the range 6 — 7 n®y for all four qubits. These
are somewhat higher than the values of universal flux noise /Ay ~ 1 — 2 p®d,
found in the literature [150, 152], suggesting that improvements in either magnetic
shielding, noise filtering, SQUID design, or materials and fabrication might be
required. On the other hand, this compares well to the much higher value on the
order of ~ 300 n1®y measured in the first dFBL implementation [165], which can be
at least partially explained by the much larger value M = 15 pH in that experiment
if current noise on the dFBL is assumed to be a significant contribution. A more
systematic study of instrumentation noise, DC line filtering and dependence of
v/Ag on dFBL distance should be carried out to hopefully further decrease noise

amplitudes and improve qubit coherence away from the sweet spot.

4.4.3. Flux crosstalk

When operating multiple tunable qubits simultaneously, it is important to be able
to flux-bias each qubit individually without disturbing those around it, which could
lead to unwanted dephasing and to coherent control errors accumulated on idling
qubits. We therefore want to quantify the DC fluz crosstalk in our experiment.
We define this as a (positive) ratio of external fluxes ®;; and ®;; threaded through
qubit + when applying an identical bias current I either to its own dFBL 7 or to a
neighboring dFBL 7, ‘

as shown schematically in Fig. 4.12 (a). y;; is therefore a ratio of mutual inductances

Z]

M’L’L‘[ MZZ

(4.2)

M;; between different elements in our system — we are essentially asking the question
of how strongly the wrong dFBL can couple to a given qubit. Since we have four
qubits and four dFBLs, the individual crosstalk values x;; can be represented as a
4 x 4 square matrix (x);;, with real positive values and diagonal elements x;; = 1

by definition. It has already been shown that the coaxial dFBL architecture can

65



Chapter 4. Realizing a tileable off-chip flux control architecture

5.7000

5.6995

5.6990

Q4 Sl . .

—-3.2 —-3.1 -2 0 2
dFBL1 voltage [V] dFBL4 voltage [V]

(c) (d)

Avg: X = 1.69(0.78) x 10~3

10° o
107! =
4
= =
= 1072 @
2 <
c O
1073 w
=
=3

1074

dFBL ID dFBL ID

Figure 4.12: Measurement and simulation of DC flux crosstalk. (a) DC flux crosstalk
is determined by measuring shifts in qubit frequencies as a function of flux applied via
each dFBL. (b) Q1 frequency versus voltage of dFBL1 (left) and dFBL4 (right) measured
via Ramsey sequence around the bias point peyxt = 0.25 to enhance flux sensitivity. Error
bars are smaller than the data points. The ratio of the two slopes obtained from linear fits
(black solid lines) is used to extract the flux crosstalk element y14 ~ 8 x 10™%. (c) Color
map of measured crosstalk matrix (x);; between each pair of qubit and dFBL across
the whole device. The quoted average value Y does not include the diagonal elements,
which are equal to 1 by definition. The matrix element y14 obtained from the data in
(b) is highlighted with a dashed box. (d) Simulated flux crosstalk matrix, obtained from
magnetostatic simulation in Maxwell. The same color scale is used for both (c) and (d).

achieve individual crosstalk values on the order of x;; ~ 1 —3 x 107% [165]. This
is attributed to the optimal matching of the dFBL and SQUID geometries, in
addition to the intentionally mismatched orientation of neighboring SQUIDs. Here
we want to perform a more systematic characterization of the full crosstalk matrix
(X)ij in our device and sample enclosure, including a direct comparison between
experiment and magnetostatic simulations.

The strong dependence of qubit frequency on flux when biased away from the

sweet spot can be employed as a very sensitive magnetometer. One can either
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use shifts in resonator frequency as a proxy for the qubit, or measure the qubit
frequency directly via Ramsey fringes [132]. Here we choose the latter method due
to its higher accuracy in determining extremely small shifts. We bias an individual
qubit ¢ at a quarter flux bias . = 0.25 while keeping all others at their sweet
spots, and perform a calibration measurement of its frequency versus its own dFBL
bias as shown in the left panel of Fig. 4.12 (b). In a small enough region, the flux
dependence of the qubit is approximately linear - the data shown here for Q1 fits
well to a linear model, with a coefficient of determination r? ~ 0.99998. We denote
by k;; the slope of the calibration line of qubit ¢ biased through dFBL . We now
repeat the measurement but by keeping dFBL ¢ fixed at the bias point @ey = 0.25
and instead sweeping the bias of a different dFBL j symmetrically around the
sweet spot of qubit j, resulting in a different slope k;; of the frequency of qubit ¢, as
shown in the right panel of Fig. 4.12 (b). Notice the larger range of applied voltage
and the much smaller measured frequency shift. Since the frequency response is
linear in flux in both cases, and the flux itself is linear in applied external voltage,
the ratio |k;;/k;;| is simply the ratio of mutual inductances between qubit ¢ and
different dFBLs, and it is therefore equal to the definition of y;; in Eq. (4.2). This
is how we can experimentally extract the desired values of crosstalk. For example,
from the two slopes in Fig. 4.12 (b) we obtain the value x4 = 0.80(1) x 1073,

One should be careful when biasing neighboring qubits, since small residual
dispersive shifts between qubits (ZZ crosstalk, as discussed in Sec. 2.4.2) might
distort the frequency dependence that we use to extract the linear slope k;;. This
is because when biasing dFBL 7, not only will qubit ¢ experience a change in
applied flux (classical crosstalk), but also a dispersive shift due to the change in
qubit j’s frequency (quantum crosstalk). Since the transmons in our device have
been designed with no intentional capacitive coupling g. between them, we can
expect this residual coupling to be extremely small thanks to the geometry of the
coaxmon [46]. Furthermore, biasing qubit j symmetrically around its sweet spot
would lead to the same sign of frequency shift of qubit ¢ for both signs of bias,
which would be detectable as a quadratic distortion of the linear dependence in
Fig. 4.12 (b). Given that we obtain a good linear fit with r? ~ 0.9998 when biasing
Q1 from dFBL4, we can assume this effect to be small enough to not invalidate
the present analysis.

Repeating the same procedure for each combination of qubit and dFBL, we
obtain the full experimental flux crosstalk matrix ();; shown in Fig. 4.12 (c).

The average crosstalk across the whole device is found to be ¥ = 1.5(9) x 1073
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(excluding the diagonal matrix elements) and all values are smaller than 3 x 1073,
consistent with the preliminary findings from Ref. 165. To better understand
these results, we compare them to a predicted crosstalk matrix obtained from the
same magnetostatic simulations as performed in Sec. 4.3.1 to obtain the mutual
inductance M, see also Fig. 4.4. We simply move and rotate the qubit to one
of the neighboring lattice sites and compute the new threaded differential flux.
The result is plotted in Fig. 4.12 (d). Due to symmetry considerations, there are
only three distinct values of crosstalk, corresponding to the three different types of
neighbors that each qubit has: adjacent in X, adjacent in Y, and diagonal. The
agreement, between simulation and experiment is striking - not only do we obtain a
very similar average crosstalk, but the structure of the matrix is also similar. In the
experimental data, all of the four diagonal crosstalk elements (i.e. between pairs
1 +» 3 and 2 <> 4) are larger than all the remaining elements. This is correctly
predicted by the simulation, and can be explained by the fact that the gradiometer
orientation of diagonal (next-nearest) neighbours does not match the direction of
magnetic field gradient, therefore resulting in a finite differential flux.

In the simulations above, we fixed hgrg;, = 1 mm and used transparent qubit
metal electrodes with p, , = 1. We test the dependence of the DC crosstalk on these
parameters by repeating the simulations while sweeping h4rpr for both p,, = 0,1
and calculating the average crosstalk value ¥ in each case. The result is plotted
in Fig. C.2 in the appendix and shows, encouragingly and perhaps surprisingly,
that flux crosstalk is only weakly sensitive to these parameters. This is in stark
contrast with the exponential dependence of the absolute mutual inductance M with
separation seen in Fig. 4.5, meaning that in this architecture we can freely optimize
for the desired M and T¢"BL while retaining consistent crosstalk performance.

We note that the localized nature of the dFBL currents in space means that qubits
located further away from a given dFBL will necessarily experience weaker magnetic
fields, ensuring a well-behaved crosstalk environment in larger-scale devices. This
can be seen from the smooth decay of the magnetic field magnitude simulated in
Fig. 4.4. The excellent agreement between experiment and simulation in our study
suggests that the magnetostatics are well understood and that the performance of
future larger-scale systems could be reliably simulated and predicted. In contrast,
on-chip FBL designs usually inject the bias current into a device-wide ground plane,
leading to complicated return paths for the current across the entire device and
therefore to a non-local crosstalk landscape which can be difficult to predict and

mitigate [132]. The only published demonstration of individual off-chip flux control
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in a multi-qubit device, reported in Ref. [143], similarly utilizes grounded FBLs on
a two-dimensional substrate and does not include flux crosstalk characterization,
so it is unclear how the issue of return currents extends to off-chip FBL designs.
Our present work is thus the first systematic study of flux crosstalk in a fully
3D-integrated flux control scheme for superconducting qubits.

An outstanding question in this dFBL architecture is how the crosstalk per-
formance extends to fast AC flux pulses, although previous studies in 2D cir-
cuits suggest that AC flux crosstalk is comparable to or weaker than typical DC
crosstalk [26, 132, 136] and should therefore not pose a fundamental obstacle.

4.4.4. Rabi drive calibration

Techniques exist to calibrate the frequency response of cryogenic microwave lines
that carry signals to the qubit [172, 173]. This allows for the correction of line
distortions that arise from an imperfect transfer function of the different components
along the control lines, such as cables, filters, circulators, connectors and solder
joints.

In the preceding sections, we have already demonstrated that our dFBLs have
sufficient bandwidth to carry qubit-frequency voltage signals and thus drive Rabi
oscillations on the qubits, providing charge control in addition to flux control.
Here, we want to investigate the frequency response of the dFBLs at cryogenic
temperatures more systematically and compare it to the reference VNA data in
Fig. 4.7. Knowing the absolute value of a voltage oscillation at the dFBL requires
careful calibration of the attenuation of input lines at cryogenic temperatures,
which we did not carry out here. Instead, as a combined proxy for the dFBL
transmission and its coupling strength to the qubit we simply use the AWG output
amplitude A, (in V) of a Gaussian-envelope pulse of fixed length (usually o = 50 ns)
required to drive a X rotation on the qubit, effectively using the qubit itself as a
detector. By performing Rabi drive calibration as a function of qubit frequency wg;
we then obtain a calibration curve A (wg1) such as the one shown in Fig. 4.13 (a)
for Q2, which gives us a relative measure of how strongly the qubit is coupled to
its dFBL. A larger value of A, can be associated with higher losses in the dFBL
wiring or with weaker dFBL-qubit coupling, since a stronger signal is required to
induce the same effect (a X, rotation), and vice-versa. We also add the previously
obtained room-temperature VNA trace of |S1;| for a qualitative comparison of the
frequency response. We can see that the rough trend of the two curves is similar,

but the oscillations of the room-temperature data are roughly twice as fast as in
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Figure 4.13: Calibration of Rabi drive through dFBL. AWG drive amplitude required
to perform a X pulse on Q2 as a function of its frequency (blue points). A larger value
corresponds to weaker coupling to the qubit. The reference VNA data from Fig. 4.7 is
added for comparison (orange). (b) FFT of the two traces in (a), revealing the period of
frequency oscillations.

the cryogenic measurement. We can see this more clearly by plotting the FFT of
both traces in Fig. 4.13 (b). The cause of these different oscillations is not precisely
known, but as discussed in Sec. 4.3.2 they could be due to impedance mismatches
and reflections in coaxial cable sections of length on the order of a meter. A
numerical simulation of such a system, including the impedance mismatches of the
dFBL, could possibly allow us to better understand the difference between these
datasets.

We repeat this measurement and analysis for the other three qubits, which can be
found in Fig. C.3 in the appendix. There is generally no clear agreement between
the cryogenic and room-temperature data. The FF'T peaks are located at different
inverse frequencies from qubit to qubit, which might again be related to varying
coaxial cable lengths of our dFBL wiring.

In a similar fashion, we can also drive Rabi oscillations via the coaxial readout
ports, which have a small residual coupling to the qubits through their readout
resonators and the substrate. This method has already been used to drive qubit
transitions in previous experiments within our coaxmon architecture [165]. Qubit
and readout drives are simply added together at room temperature using a power
combiner. The only caveat is that the readout lines contain microwave components
such as filters and circulators that are tailored to the 8-12 GHz band, meaning that
signals at qubit frequencies are located out of band and will experience increased
distortion and losses. The resulting Rabi calibrations for Q2, Q3 and Q4 are found
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Figure 4.14: Calibration of Rabi drive through readout port. AWG drive amplitude
required to perform a X, pulse on qubits Q2, Q3 and Q4 when driven through the coaxial
readout (RO) lines of their respective resonators.

in Fig. 4.14, again showing a clear oscillatory behavior with varying periodicities.
No data was collected for Q1 in this measurement.

We note that in general, different pulse widths and RF generator powers have to
be chosen depending on the drive port used. This is due to the limited amplitude
range of the AWG and the wide variations in coupling strengths of the different
coaxial lines. As a result, the absolute values of A,(wp;) cannot be compared
directly between different qubits, or between dFBL and readout port for the same

qubit.

4.4.5. T spectroscopy

With a detailed calibration of the X, pulse at each qubit frequency, it is now
straightforward to obtain the energy relaxation 7T} as a function of wy;, similar as
was done in Fig. 4.11 (a). Such measurements of frequency-dependent T} can provide
useful information on the loss and decay mechanisms that affect the qubits in a
given experiment [54, 63]. We collect data individually for each qubit while leaving
the others at rest. Each dataset consists of between 1000 and 2000 individual
T sequences measured over durations between 16-24 hours. We collect these
sequences in randomized qubit frequency order to avoid distorting the obtained
T; spectrum systematically in the case of any slow temporal drifts of the qubit
parameters or the electronic setup. The result is plotted in Fig. 4.15. We see values
fluctuating significantly in the range 20-100 ps for most qubits, with a few values

beyond 100 ps at frequencies below 4 GHz, but the fluctuations are not random —
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Figure 4.15: Frequency dependence of 7;. Measurements of energy relaxation time 7T}
versus qubit frequency performed individually on each qubit. The black line overlaid to
the Q2 data is a running average obtained by applying a square box filter with width
n = 10 to the raw data points.

there is a visible structure to the data. This can be better visualized by overlaying
a running average trend to the data, as shown in the case of Q2. Since temporal
correlations can be ruled out due to random sampling along the frequency axis,
we consider this to be a stable spectrum of qubit energy relaxation, telling us at
which frequencies the qubit is more or less protected from energy decay channels.

Given the oscillations visible in the 77 datasets, it is natural to compare these to
the previously obtained Rabi amplitude calibration curves from Sec. 4.4.4, which
show a similar pattern that we attributed to the transfer function of the microwave
lines used to drive the Rabi pulse. We therefore plot in Fig. 4.16 the FFT of the
following datasets for each qubit: Rabi calibration through dFBL (Fig. 4.13 and
Fig. C.3), Rabi calibration through readout port (Fig. 4.14, except Q1), and T3 data
(Fig. 4.15). Strikingly, we observe a clear correlation between the readout port Rabi
calibration and the T} data, since their FFTs show a single prominent peak at the
same frequency period, while the dFBL calibration has a clearly distinct component.

Furthermore, one can see that a local maximum in 7} corresponds to a maximum
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Figure 4.16: Comparison of 77 and Rabi calibration data. FFT of 77 versus frequency
(black), Rabi calibration curves Ar(wo1) through readout port (blue) and through dFBL
(orange) for each qubit. No readout port calibration was obtained for Q1.

in readout port Rabi pulse amplitude by suggestively overlaying the full datasets
on top of each other, see Fig. C.4 in the appendix. There is excellent agreement
between these two datasets for all three qubits for which data is available. Since
the dFBLs and the coaxial readout lines in our experiment are passive reciprocal
elements, i.e. we expect transmission of signals to be the same in both directions,
we conclude that qubit relaxation in our experiment is strongly affected by radiative
decay into the coaxial readout port. This is what we commonly refer to as Purcell
decay [54, 174]. When transmission is higher, a weaker external signal can excite
the qubit — conversely, an excitation in the qubit can more easily decay when
the coupling to the environment is enhanced. This offers a relatively clear path
forward for increasing qubit lifetimes in our architecture: Purcell decay has to be
limited either by reducing the external resonator coupling « or the dispersive shift
X, at the expense of readout efficiency, or the qubit mode needs to be additionally
protected through the inclusion of a Purcell filter [175, 176]. First steps have
already been taken in this direction by making the qubit readout circuitry more
controlled and reproducible via the use of a micro-machined multiplexing cavity, as

will be presented in Sec. 4.5.
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On the other hand, the absence of correlations between 77 and the dFBL Rabi
curve for any of the qubits suggests that Purcell decay through the dFBL is not
a significant contribution to 77 at the current level, as predicted by the radiative
TBL in Fig. 4.5. This is corroborated by the fact that,
especially in the case of Q2 and Q4, the dFBL transmission tends to be stronger

lifetime simulation

at lower frequencies (see Fig. 4.13 and Fig. C.3), where higher qubit 77 values
are usually measured. This makes enhanced decay through the dFBL an unlikely
mechanism.

The important conclusion to draw here is that our dFBL design successfully
realizes a 3D-integrated charge and flux coupling element for coaxial superconduct-
ing qubits that does not limit their lifetime, at least not at the 77 ~ 50 — 100 ps
level observed in our experiment. Going to a radiative limit of T#BL ~ 1 ms and
beyond might require trading off flux and charge tunability for increased lifetime
by increasing the separation of the dFBL or modifying its geometry, as was already
discussed in Sec. 4.3. On the other hand, this will lead to larger required signal
amplitudes travelling through the microwave lines in the cryostat, adding further
thermal load. This is ultimately still an unsolved challenge in our field, and there is
ongoing work on trying to break this trade-off between lifetime and manipulability

of superconducting qubits [177, 178].

4.5. Readout multiplexing

In the experiment presented so far, each readout resonator is probed through
independent coaxial lines. This becomes cumbersome very quickly when increas-
ing the qubit count. The additional input and output lines take up invaluable
physical real estate in the cryogenic setup and add unwanted thermal load [137].
It is therefore desirable to reduce the number of these lines to improve scalabil-
ity. Fortunately, device-level multiplexed dispersive readout of qubits is common
practice in superconducting quantum circuits. Early demonstrations of two-qubit
interactions in circuit QED already involved qubits coupled to a shared co-planar
waveguide (CPW) transmission line for dispersive readout [42, 179]. In more recent
implementations, each qubit usually has its own dedicated readout resonator, but
several of these resonators are coupled to a common feedline to allow simultaneous
measurement via frequency-multiplexing of the readout tone [180, 181]. This can
be combined with the usage of Purcell filters to protect qubits from radiative decay

through the readout line while enabling fast measurement.
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Figure 4.17: 3D-integrated multiplexed readout. (a) Picture of modified sample
enclosure incorporating a 3D-integrated readout multiplexer cavity, located underneath
the square copper plate. A single coaxial line allows for simultaneous readout of a
four-qubit device. The dFBL enclosure lid (bottom side) is the same as presented in
Fig. 4.6 and related text. (b) Continuous-wave resonator spectroscopy at cryogenic
temperatures, showing all four readout resonators.

A solution for incorporating readout multiplexing into the coaxmon architecture
while maintaining full 3D-integration and scalability has recently been developed
in our research group by Dr. Mustafa Bakr, with details to be published separately
in future work. In summary, we use a micro-machined three-dimensional cavity
with a fundamental mode centered around ~10 GHz to capacitively couple four
readout resonators on the device to the same external coaxial line for readout. A
picture of the modified sample enclosure is shown in Fig. 4.17 (a). The cavity is
located underneath the square copper plate, with a single coaxial line that can be
connected to the same readout signal chain as before. We re-utilize the same qubit
control side as before, i.e. the sample enclosure lid with dFBLs that was presented
in Sec. 4.3 and used in the previous cryogenic experiment of Sec. 4.4.

In the following, we want to apply some of the experimental techniques discussed
so far in this chapter to study and characterize the readout multiplexer assembly.
The same four-qubit device measured previously is mounted in this new enclosure
and is cooled down again in the same cryostat as before. Since all four readout
resonators are now coupled to the same readout line, we can easily measure
them in a single VNA trace as shown in Fig. 4.17 (b). This allows us to use
a single AWG waveform with a frequency-multiplexed square readout pulse to
populate all resonators simultaneously, greatly improving the hardware efficiency

of our experiment and also simplifying the wiring inside the cryostat, as cryogenic
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Table 4.2: Basic characterization of gradiometric transmon device with multiplexed
readout. Overview of measured quantities from the four-qubit device characterized
using a modified dFBL sample enclosure with multiplexed readout. Basic spectroscopic
quantities and coherence statistics are obtained at the flux sweet spot (wext = 0) of each
qubit. Numbers in brackets denote measurement uncertainty for measured quantities
and statistical variation for the repeated coherence measurements.

Quantity  Unit Q1 Q2 Q3 Q4

Qubit frequency w1 /27 (GHz) 6.730 5.908 6.689 6.008
Anharmonicity /27 (MHz) —215(1) —215(1) —216(1) -216(1)
Resonator frequency w, /27 (GHz) 9.693 9.821 9.953  10.086
Resonator linewidth x/27  (MHz) 0.26(1) 0.50(2) 0.50(2) 0.29(1)
Dispersive shift 2y /27 (MHz) -2.6(1) —-1.4(1) -2.3(1) -1.5(1)
Mutual inductance M (pH) 1.92 1.76 1.58 1.73
Relaxation time 77 (ps) 20(4) 30(9) 10(1) 29(5)
Ramsey coherence time 75 (ps) 18(3) 24(6) 13(1) 27(5)
Echo coherence time Toe  (ps) 29(5) 32(8) 17(1) 36(7)
Frequency variation oy  (kHz) 2 6.8 2.3 5
# of repetitions 156 160 95 292
Total run time  (h) 6.8 8.2 4.9 15

switches are not required anymore. This new modified wiring configuration is
shown in Fig. B.2 in Appendix B.

It is interesting to investigate how basic device properties might have been affected
by the thermal cycle and by the change in sample enclosure and readout mechanism.
The main quantities from continuous-wave spectroscopy are summarized in Table 4.2.
Comparing these with the previous dataset in Table 4.1, we can notice a few
important differences. Firstly, the external resonator linewidths k are different,
as expected from the drastic modification of the readout circuitry. Moreover, the
values are very similar between the pairs (R1, R4) and (R2, R3). Looking at the
symmetry of the phase derivative response peaks in Fig. 4.17 (b), we speculate
that this could be due to the multiplexer cavity frequency being centered around
~ 9.9 GHz, leading to stronger external decay of R2 and R3 compared to R1 and
R4 as they are closer to the center frequency of the common mode.

Qubit frequencies have shifted by up to 15 MHz, which is not an uncommon
observation when thermally cycling transmon qubits. More interestingly, resonator
frequencies have all systematically increased by 5-7 MHz — this could be explained
by a slightly lower capacitive loading of the resonators due to the new sample
enclosure. In a similar fashion, the now different values of mutual inductance M

between qubits and dFBLs might be caused by changes in vertical qubit-dFBL
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separation hgrpr. The decrease in average M from 2.00(8) pH to 1.75(12) pH
between experimental runs could be explained by an increase in average separation
by ~ 50 num given the simulated scaling in Fig. 4.5, compatible with the tolerances
of machined parts. The larger spread of values could instead be explained by a
larger unintentional tilt of the sample substrate inside the enclosure. Overall, these
changes do not affect the operation of the device, and instead suggest that similar
flux tuning performance can be achieved between runs after disassembling and even
drastically modifying the sample enclosure.

Repeated measurements of relaxation and coherence times are also carried out
to verify the time-domain characteristics of the device in the new enclosure. The
data is added to Table 4.2. Compared to the data collected in the first cooldown
and presented in Sec. 4.4.2, relaxation times 7} seem to have generally decreased.
Given the observation made in Sec. 4.4.5 that T is strongly affected by coupling
to the readout port, the change in relaxation time is likely due to the newly
installed readout multiplexer. This will be further investigated in Sec. 4.5.2.
Meanwhile, coherence times also seem to have either remained similar or decreased,
albeit without such a clear trend. The Ramsey coherence time 73 has decreased
significantly (i.e. beyond the widths of the statistical distributions) in only one
qubit, and the echoed coherence time T3 in the case of two qubits. This is largely
accounted for by the aforementioned decrease in T via the standard relation
1/T, = 1/2T) + 1/T,, without requiring the assumption of a significant change in
pure dephasing time Tj.

4.5.1. Qubit drive calibration with multiplexer

Although the readout multiplexer cavity acts as a bandpass filter, it might still be
possible to transmit qubit-frequency signals through the readout port and to the
qubits. In the same spirit of the Rabi drive calibration via readout ports performed
in Sec. 4.4.4, we therefore calibrate the X, pulse amplitude for different qubits
when driving them via the single multiplexed readout port to observe its frequency
response. The result is plotted in Fig. 4.18. Note that while we obtain each dataset
independently by sweeping one qubit frequency at a time and keeping all others at
their sweet spots, the multiplexer in principle couples to all qubits simultaneously
and is therefore not a viable solution for individual qubit control. As in previous
datasets, we observe oscillations that we attribute to reflections and impedance
mismatches in the line. The general trend is that transmission is weaker at lower

frequency, requiring larger voltages to drive the same qubit excitation, consistent
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Figure 4.18: Qubit Rabi drive calibration through multiplexer port. AWG drive
amplitude required to perform a X, pulse on qubits Q1, Q2 and Q3 by driving them
through the common multiplexed readout port. Note that the individual datasets are
multiplied with constant factors as in the plot legend. No data for Q4 was collected in
this measurement.

with the fact that the multiplexer cavity centered around 10 GHz acts as a wide
bandpass filter. The most striking observation is that the datasets closely resemble
each other up to a constant factor. This confirms that we are indeed measuring the
transfer function of the same line multiple times, with the multiplicative factors
representing the relative effective coupling strength from the readout port to the
different qubits. We contrast this with the calibration of individual readout ports
in Fig. 4.14, where the oscillation periods do not match.

Since we are using the same dFBL enclosure lid as in the previous experiment,
we can also check for the robustness of the dFBL Rabi calibrations shown in
Fig. 4.13 and Fig. C.3 by carrying out the same measurement here. The result
for Q2 is displayed in Fig. 4.19, directly comparing the two datasets without any
scaling or conversion. Perhaps unsurprisingly, the two calibration curves are very
similar, as the dFBL side of the sample enclosure was not modified. Still, it is
encouraging to observe that the calibration is repeatable to such an extent when
taking into account possible changes in chip alignment after loading it into the new
enclosure. Since the dFBLs are part of the sample enclosure and can therefore be
reused many times, having a pre-existing line calibration could speed up subsequent
measurement runs with similar qubit devices. This is in contrast to on-chip dFBLs,
which are wire-bonded to a sample carrier or PCB and will therefore have a slightly

different transfer function on every new device.
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Figure 4.19: Comparison of dFBL Rabi drive calibration between cooldowns. Rabi
calibration curves for qubit Q2 driven through its dFBL. Blue data points correspond
to first cooldown with a sample enclosure with individual readout lines (legacy), while
orange data points belong to second cooldown using the sample enclosure with multiplexer
(MX).

We repeat the dFBL calibration comparison for all qubits, with the data reported
in Fig. C.5 in the appendix. The calibration curves for Q3 and especially Q1
differ more significantly between cooldowns, but we note that this coincides with
the removal of infrared (Eccosorb) filters on the control lines of these two qubits
between cooldowns, which could confound the measurement. On the other hand,
data for Q2 and Q4 shows good reproducibility. This highlights that the entirety of

the control lines, including filters and other components, matters for the calibration.

4.5.2. T1 spectroscopy with multiplexer

To complete the picture, we perform a wide-frequency scan of energy relaxation T;
in the new enclosure. We observe in Fig. 4.20 that the T} spectra have changed
considerably on a qualitative level compared with previous data in Fig. 4.15. This
is consistent with our finding that in the original sample enclosure the qubit
lifetime was predominantly limited by radiative decay through the readout coaxial
ports. The modification of precisely this part of the qubit environment is therefore
expected to cause a change in the T} spectrum. Given that the 77 values measured
here generally lie in a similar range between 10-100 us as before, we conclude
that the same radiative limitation is present here. It is unlikely that an additional

source of energy relaxation was introduced between the two experiments, since the
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Figure 4.20: Frequency dependence of 7} in enclosure with multiplexer. Measurements
of energy relaxation time 77 versus qubit frequency performed individually on each qubit.
The black line overlaid to the data is a running average obtained by applying a square
box filter with width n = 20 to the raw data points.

transmon device, dFBL enclosure lid, cryostat and wiring setup have remained the
same.

Strikingly, we do not observe clear oscillations of T} versus frequency as we
did previously. This is somewhat unexpected, as the Rabi calibration through
the multiplexer shown in Fig. 4.18 is qualitatively similar to what was observed
for the readout lines in the original enclosure, shown in Fig. 4.14. The similarity
suggests comparable levels of impedance mismatch between the qubit and the
coaxial readout lines in both cases, and should therefore lead to visible oscillations
in radiatively limited 77 in both cases. The main difference is the presence of the
multiplexer cavity lying between the qubit and its environment, which might act
as an impedance transformer from the point of view of the qubit, but we recognize
the need for further work to understand this more thoroughly.

Qubits Q2 and Q3 show prominent dips in their spectrum, which we can match
with large avoided crossings in their respective flux-dependent spectroscopy (not

shown). It is currently unclear whether these modes are part of the multiplexer
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cavity assembly, or whether these are local defects that interact with the qubit. The
latter could potentially be removed by thermally cycling the device and retaking
the same spectra, which was not done in the present study.

From a wider perspective, the type of measurements presented here and in
the preceding section allows us to utilize the qubit not as a computing resource,
but rather as a very sensitive detector of its environment. This can help us
understand and optimize our experimental design and improve future iterations of

the architecture.

4.6. Summary

In this chapter we presented the design, construction and experimental character-
ization of a cryogenic sample enclosure for off-chip flux control of 3D-integrated
superconducting circuits. The core element of this architecture, the dFBL, allows
for highly selective and well-controlled remote flux biasing of gradiometric SQUID
loops without requiring galvanic contact to the substrate hosting the SQUIDs
themselves. It is seamlessly integrated into our existing coaxial circuit QED archi-
tecture without increasing the footprint of a single coaxmon unit cell, i.e. it retains
the tileable nature of the design and the simplicity of the device fabrication and
packaging process.

Crucially, the dFBL can simultaneously provide both flux and charge control of
transmon qubits and is therefore a single, fully integrated XYZ tuning element,
removing the need for separate flux and charge bias lines. This achieves a similar
goal as the approach presented in Ref [143], although our solution does not require
the lithographic patterning of an additional substrate to create the flux bias lines,
nor does it involve bonding to the qubit substrate. The dFBLs are incorporated
inside the sample enclosure and are therefore fully reusable.

The spatially well-defined paths for the bias currents lead to a simple magnetic
field distribution in three dimensions, which in turn allows for the reliable prediction
of flux tuning performance via finite-element magnetostatic simulations. We use this
method to estimate the mutual inductance M between dFBL and corresponding
gradiometric SQUID, as well as the full DC flux crosstalk matrix (x);; in our dFBL
enclosure, finding excellent agreement with experimentally measured values. Our
design achieves at the same time a sufficiently large M ~ 2 pH for efficient flux
biasing and also a large numerically predicted energy relaxation limit THBL >

500 ps which is not currently a limiting 77 factor in our experiment. Flux crosstalk
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is found to be 1.5(9) x 107 on average across the measured four-transmon device,
demonstrating the capability for highly selective flux bias. We attribute this to the
optimal matching of the magnetic field generated by the dFBLs with the geometry
and orientation of the gradiometric SQUID loops. According to simulations, M

and T@FBL

can be tuned over several orders of magnitude by adjusting the vertical
separation between transmon and dFBL, with only a modest effect on flux crosstalk
performance. The architecture can therefore be easily adapted to always provide
the optimal level of protection of qubits from their external environment.
Further, we use the tunability of our transmons over several GHz to characterize
the frequency response of both the dFBLs and the readout lines in our cryogenic
experiment. This is carried out both in a sample enclosure with individual coaxial
readout ports, as well as with a four-way 3D readout multiplexer. By comparing
the AWG voltage amplitude required to excite a qubit via different ports to the
behavior of qubit energy relaxation 77 as a function of frequency, we can identify
coupling to the readout lines as a likely limiting factor for 7} in our experiment due
to enhanced radiative (Purcell) decay. This provides a clear path towards improving
qubit lifetimes in our architecture. In contrast, decay through the dFBL is unlikely
to contribute significantly to 7T at current levels, as predicted by simulations.
While the dFBL architecture has been tested here specifically with transmon
qubits due to their ubiquity and simplicity, we are by no means limited to only this
type of circuit. It is relatively straightforward to modify the gradiometric SQUID
design to include arrays of Josephson junctions or even linear inductors, giving
access to many of the superconducting qubit species discussed in Chapter 2 such as
the fluxonium, flux qubit and the inductively shunted transmon (IST). This makes
our design qubit-agnostic, providing a general flux control approach for a variety of
circuit QED implementations. The following chapters will provide support to this

claim by investigating ISTs in this architecture.
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5.

The gradiometric inductively shunted

transmon

5.1. Introduction

We turn our attention to an important obstacle to scaling quantum circuits that was
discussed in Sec. 2.4, i.e. quantum crosstalk in coupled systems. More specifically,
we focus on static ZZ-type interactions between qubits, which can be an impor-
tant source of coherent error in state-of-the-art entangling gate implementations,
especially between qubits with fixed coupling [91, 111].

One elegant method for suppressing the static ZZ term is to use qubits with
opposite anharmonicity. Previous work on this native ZZ suppression has focused
mainly on the capacitively shunted flux qubit (CSFQ) [100, 101, 130], while a
recent preliminary study showed how an RF-SQUID circuit with a small geometric
inductance (Ep =~ 2E;) can achieve a similar outcome [79]. The latter is an
experimental implementation of the inductively shunted transmon (IST), which we
treated theoretically in Sec. 2.3. Here we choose to focus on this approach, motivated
mainly by the simplicity of the IST — a single-junction circuit with a linear shunting
inductor. Recent work on superinductance qubits employing large geometric
inductances and substrate engineering to realize a variety of qubit regimes [74, 80],
as well as a junction shunted by a transmission line [86], further motivates the study
of this simple but relatively unexplored approach to implementing RF-SQUID-type
qubits.

This chapter presents the design, fabrication, and cryogenic characterization of
gradiometric IST qubits embedded in our coaxial architecture with differential flux
bias control scheme, developed in Chapter 4. The aim is to understand the basic
practical properties of the IST, from circuit design and simulation to cryogenic
measurements in frequency and time domain. This work lays the foundations for
the study of IST-transmon dynamics and ZZ suppression, which will be the subject
of Chapter 6.
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5.2. IST design

5.2.1. Choosing the inductance range

The RF-SQUID is a simple flux-tunable circuit consisting of a superconducting
ring with inductance L interrupted by a Josephson junction (JJ), to which we
can assign an inductance scale L; = (®,/27)?/E;. Based on our treatment of
the RF-SQUID in Sec. 2.3, we aim to realize circuits with a ratio of Josephson
to geometric inductance f = L;/L = Er/E; in the range 1 < 8 < 2. We also
recreate the heavy-charge regime E;/FEc > 1 as in the transmon by adding a large
shunting capacitance to the circuit'. These parameters lead to a single-well phase
potential and a plasmonic energy level structure with sufficient anharmonicity for
the operation as a qubit.

Given typical values of Josephson inductance on the order of ~ 10 nH, we aim to
design linear inductors in the range 5 — 10 nH. This is a very modest target when
compared to other realizations of RF-SQUID qubits such as the fluxonium [64, 65]
(several 100 nH) and the quasicharge qubit [72] (1 pH and beyond). These large
values are provided either by long JJ arrays, by high kinetic inductance materials
[182, 183], or by geometric superinductors with substrate engineering [73]. For our
purposes, it is sufficient to instead implement simple geometric inductors formed
by an aluminium wire on high-resistivity silicon, similar to the spiral inductors that
form part of our coaxial readout resonators. This avoids adding any fabrication
complexity and/or new materials to our process, and also allows us to model the

inductance classically using finite-element (FE) numerical methods.

5.2.2. IST geometry and simulation

We build a gradiometric RF-SQUID by starting from the tunable coaxial transmon
presented in Chapter 4 and replacing one of the two JJs by a meandering wire
with N; turns, as shown schematically in Fig. 5.1. This is similar to the design
used in Ref. 79. We use concentric sections of wire to efficiently fill out the space
between the inner and outer qubit electrodes. The exclusion angle . defines how
much empty space is left between the inductor and the JJ leads. The geometric
inductance L is roughly proportional to the total length of the wire, although we
note that the tight packing of the meander inevitably reduces L when compared to

a straight wire of equivalent length [184]. The gradiometric topology is maintained,

IThis is not required on a fundamental level, but is chosen for practical reasons to keep the
capacitive network of the device and its coupling to the environment similar to our transmon.
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Figure 5.1: Gradiometric IST inductor design. The gradiometric IST consists of a
single-JJ coaxial transmon qubit shunted by a meandering inductor wire of width w and
pitch p with a total of Ny turns. In this drawing, N; = 8.

but the convoluted shape of the two gradiometer loops has an impact on the flux
tunability of this circuit, which we will touch upon in Sec. 5.2.3.
The superconductor will also add some kinetic inductance L. For a wire of

length [, width w and thickness ¢, we can estimate it via the relation [182]

L = 110A*(0) (é) : (5.1)

where i is the vacuum permeability and A(0) is the penetration depth of the
superconductor at zero temperature. The value of A(0) is roughly 45 nm for bulk
aluminium, but increases in thin films [170, 171]. Assuming A(0) ~ 60 nm for our
typical films with ¢ = 100 nm, we find that the kinetic inductance of a 10 mm
long and 5 pm wide wire is Lxg = 0.1 nH. This constitutes at most a few % of the
target values of geometric inductance mentioned above and is therefore going to be
neglected in the following discussion.

Our design philosophy is to minimally modify our existing gradiometric transmon

design to implement the IST. The following design steps are undertaken:

e The inductor wire width w is chosen to be 5 pm, the same as the inductor
wires used for our spiral resonators. This allows us to keep using the same
photolithography and etching process as before, to maximize the quality and
reproducibility of the inductor.

o The same values of shunting capacitance C' of around 90-95 fF as in the

tunable transmon are targeted. This is motivated by the notion that equal
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but opposite anharmonicities (and therefore charging energies?) are required
to suppress the static ZZ interaction between a transmon and a positive-
anharmonicity qubit [185]. While numerical treatment of the problem reveals
a slightly more complicated picture (see Sec. 6.3.2), this choice of C' is still

very reasonable and leads to a useful parameter regime.

o Four variations of the meandering inductor are implemented, covering the
range between 3.5 nH and 8 nH. Given the constraints of inductor wire
thickness and of qubit capacitance mentioned above, there is not enough
space between the qubit electrodes to fit much longer inductors, but this

range is sufficient for the present study.

o The silicon substrate, sample enclosure, dFBL, spiral resonator and readout
circuitry remain the same as in the experiments of Chapter 4. The intuition
here is that the largely unaltered size and geometry of the coaxial qubit
electrodes should lead to a similar capacitive network, and therefore to similar
coupling of the qubit excitation (which is still of plasmonic nature) to its

environment.

FE simulation

In order to predict the IST circuit parameters, two separate FE simulations are
performed. Firstly, we obtain the full capacitance network of the IST in ANSYS
Maxwell, and then calculate the equivalent capacitance C. For simplicity, we
exclude the readout resonator to make the problem easier to treat. To model
the capacitance sub-network, we remove the JJ and the two leads connecting the
meander to the qubit electrodes, as shown in Fig. 5.2 (a), leaving us with four
nodes: inner (7) and outer (0) qubit electrode, floating meander (m), and ground
(g9). The equivalent network, represented schematically in Fig. 5.2 (b), can now
be reduced to a single node with effective capacitance C' to ground. The meander
node is eliminated with a Y-delta transformation, and the remaining network is
simplified as was done for the transmon in Sec. 4.2.2; leaving us with the exact

expression

(Cog + Cy) (Ciy + Co)
Cig+Ce+Cog +C,

C=Ci+Cp+ (5.2)

2To lowest order, |a| ~ E¢ is valid for both the transmon and the IST at half flux bias, see
perturbation theory in Sec. 2.3.2.
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Figure 5.2: IST Capacitance network. a) Simplified IST circuit for capacitance calcu-
lation. The device enclosure provides the ground terminal. b) Equivalent capacitance
network, which can be reduced to a single node with capacitance C' to ground (see main
text).
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Note that this is a relatively crude approximation, since we are neglecting the
distributed nature of the capacitance along the length of the meandering inductor.

Secondly, an HFSS Eigenmode simulation of the IST with the JJ removed gives
us the fundamental frequency w of the linear LC circuit consisting only of the
qubit electrodes and the meandering inductor. The inductance L is then extracted
directly from w = 1/+/LC using the capacitance obtained from Eq. (5.2). In
Fig. 5.3 we show simulated values of L versus the inductor dimensions N; and 6.,
for a representative IST design. The value of N; sets the approximate range of L,
while the exclusion angle 6., can be used to continuously fine-tune L. Adding
more meander turns leads to ever smaller gains in L, due to the tighter packing of
the meander in the same space and the increased (detrimental) mutual inductance

between neighboring wires.

Final choice of parameters

Based on these simulations, we choose four designs to evenly cover the range of
L between 8 and 3.5 nH, labelled IST1 to IST4. The physical dimensions and
simulated values of L and C' for these four designs are reported in Table 5.1. By
slightly adjusting the radii of the coaxial electrodes we achieve a roughly constant

C' across all variations.
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Figure 5.3: Simulated IST inductance. Inductance L extracted from FE simulation of
capacitance C' and eigenfrequency w as a function of inductor parameters Ny and 6., for
a representative IST design with (7int, Tout1, Tout2, w, p) = (135,350,450, 5,15) pm and
symmetric gaps d; = da. As expected, a longer inductor (larger N, smaller 0.,.;) leads
to higher L.

In Sec. 5.3 we will provide an overview of devices to be fabricated and discuss the
choice of E; and frequency targets. Before that, we want to make predictions about
some important practical properties of the IST, including flux noise properties and

higher-order modes of the circuit.

Table 5.1: IST design parameters. Physical dimensions of the four implemented IST
designs, labelled as in Fig. 5.1 (a), along with simulated values of L and C. The following
quantities are the same in all designs and are omitted from the table: w = 5 pm,
di = 20 pm, rout2 = 450 pm.

Physical dimensions Sitmulated parameters
N eexcl Tin Toutl d2 P L C
" (deg) (nm) (pm) (pm) (pm) (nH) (fF)
IST1 12 21 135 350 20 14.6 7.9 914
IST2 10 21 145 350 40 14.5 6.3 94.0
IST3 8 21 145 325 40 15.0 4.9 93.5
1ST4 8 45 145 300 40 11.9 3.5 92.6

5.2.3. Flux tunability and flux noise

We want to understand how the presence of the meandering inductor will affect
the flux tunability via the dFBL, as well as the sensitivity of the RF-SQUID loop

to flux noise.
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It is easy to see from Fig. 5.1 (a) that the two interdigitated areas of the
gradiometer loops occupy regions of both negative and positive differential field
generated by the dFBL, meaning that the total integrated flux threading each loop
will be reduced when compared to a standard gradiometric transmon of similar
dimensions. This in turn will lead to a smaller net flux bias ®A of the SQUID. In
order to ensure that we can still suitably bias this qubit with our existing dFBL,
we repeat the same Maxwell magnetostatic simulations as in Sec. 4.3 to extract
the mutual inductance M between the IST and a dFBL centered above it at 1 mm
distance from the substrate, as well as the elements of the DC flux crosstalk matrix
(X); ; for a 2 x 2 qubit array. As before, we perform separate simulations assuming
either complete field exclusion (permeability p,.; = 0) or transparency (g = 1)
of the qubit metal. The result is reported in Table 5.2, where we also include the
previously obtained numbers for the gradiometric transmon. All IST designs have
significantly decreased values of M compared to the gradiometric transmon, owing
to the the partial cancellation of differential flux mentioned above. Most of the
flux crosstalk values are on the order of 1 — 3 x 1072, not significantly different
from the transmon case, showing that the selectivity of the dFBL architecture is
robust with respect to changes in qubit geometry. The notable outlier is x, for
trer = 0, which has anomalously large values for three out of four IST designs. This
is not currently understood, but could be originating from an artefact of the FE

simulation.

Table 5.2: IST flux tunability and crosstalk. Mutual inductance M between IST
and dFBL, as well as DC flux crosstalk matrix elements Xz, Xy, X4 obtained from
magnetostatic simulation of a 2 x 2 IST array assuming either superconducting (p, = 0)
or normal (u, = 1) permeability of the qubit metal. The distance between qubit and dFBL
is set to 1 mm. See Sec. 4.3 for simulation methods and definitions. The corresponding
transmon results are included for comparison.

pr =0 pr =1
M Xa Xy Xd M Xa Xy Xd
(pH)  (107%) (107%) (107%)  (pH)  (107%) (107%) (107?)
IST1 0.93 1.5 1.6 3.4 0.42 2.1 2.4 3.0
IST2 1.24 1.2 6.8 2.5 0.69 1.7 0.6 3.0
IST3 1.22 1.8 7.8 2.7 0.61 1.5 0.4 2.9
IST4 1.26 1.3 7.6 3.3 0.60 1.7 0.3 2.9
Tr. 1.92 1.2 1.2 2.7 1.13 1.1 1.1 2.8
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Table 5.3: IST SQUID aspect ratio and flux noise amplitude. Length of meandering
inductor for the four implemented IST designs, together with the corresponding SQUID
aspect ratio p calculated using Eq. (3.8). We also include the expected relative change
in microscopic flux noise amplitude /A4 o< \/p compared to the transmon design with
p ~ 100 from Chapter 4.

Inductor length  Aspect ratio p  Relative v/ Ag

(mm) (103) (\/A_‘I’(pZIOO))

IST1 16.4 3.3 5.8
IST2 13.4 2.7 5.2
IST3 10.1 2.1 4.5
IST4 8.2 1.7 4.1
Transmon / 0.1 1

Fortunately, even the lower bounds on M for the case p, = 1 are still sufficient
to apply a full flux period in the experiment®. We are helped by the fact that the
magnetic field of the dFBL is highly inhomogeneous and is strongest close to the
outer qubit ring (see Fig. 4.4), where there is sufficient empty space belonging to
only one of the two gradiometer loops.

Another important consequence of adding the inductor is that it creates a
macroscopically long (~ 10 — 15 mm) superconducting loop with a high aspect
ratio p. Going back to Sec. 3.3.3, there is experimental evidence that the sensitivity
of a SQUID loop to microscopic flux noise increases with its aspect ratio [152, 159],
which is what led us to design our gradiometric transmon with relatively wide JJ
leads. In Table 5.3 we report the inductor length of each IST design, as well as
the generalized aspect ratio p calculated using Eq. (3.8). To better understand the
practical effect of different aspect ratios on noise properties, we include the relative
increase in flux noise amplitude /Ag o v/p in the IST compared to the gradiometric
transmon with p ~ 100. We conclude that the IST should experience significantly
higher flux noise amplitudes by about a factor of 4 to 6, if microscopic local
fluctuators are in fact the dominant contribution to flux noise in the experiment®.

The inevitable large aspect ratio could represent a fundamental drawback of the
geometric inductive shunt design, at least as long as the sources of local flux noise
in SQUIDs cannot be strongly suppressed below current levels. Interestingly, the
authors of Refs. 74, 80 report large flux noise amplitudes /Ag ~ 100 — 800 p®d,

3A welcome side effect is that a smaller M decreases the qubit sensitivity to current noise on
the dFBL according to Eq. (3.1).

4As opposed to other noise sources, e.g. current noise on the dFBL or stray magnetic fields in
the experimental environment.
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measured in various realizations of geometric superinductance qubits, which they
attribute to the long perimeter of their inductor coils. Based on the published
images and design parameters of those devices, we indeed estimate their aspect
ratios to be extremely high, around p ~ 10* — 10°. We shall return to this topic

when analyzing experimental coherence data in Sec. 5.5.2.

5.2.4. Parasitic inductor modes

The RF-SQUID Hamiltonian in Eq. (2.10) assumes that the entire superconducting
loop can be described by a single macroscopic superconducting phase variable ¢.
In the case of shunting inductances made from JJ arrays, where many individual
superconducting islands exist, this is merely an approximation of a more compli-
cated, multi-dimensional Hamiltonian [63, 64]. In contrast, the use of a geometric
inductor guarantees an uninterrupted superconducting ring, for which Eq. (2.10) is
an accurate description.

In practice, this is only true as long as our circuit can be described by ideal
lumped elements — or equivalently, as long as we operate at frequencies well
below any self-resonances of the individual circuit components. In the case of a
meandering inductor, the presence of a distributed capacitance creates an effective
transmission line with a resonant frequency that depends on the inductor geometry
[73]. The same effect also appears in JJ arrays due to the finite capacitance of the
JJs themselves [64, 68]. We refer to these spurious resonances and their higher
harmonics as parasitic modes of the inductor, as they are usually undesired and
can negatively affect the lumped mode that we want to utilize as the qubit. We
denote their frequencies by w,,, where n = 0,1, ... labels the modes in ascending
frequency order.

The same eigenmode simulations performed in Sec. 5.2.2 to obtain the fun-
damental mode of the IST can also help us to understand the parasitic mode
structure. Fig. 5.4 (a) and (b) visualize the lumped LC mode (here at w = 7.9
GHz) and the first parasitic inductor mode (w, o = 11.8 GHz) of design IST2 by
plotting the electric field magnitude associated with each of these modes. The JJ
is approximated by a 10 nH lumped linear inductor. While the lumped mode is
distributed over the entire circuit, including the JJ and the outer ring electrode,
the field of the parasitic mode is strongly localized in the inductor region. Higher
harmonics of the inductor mode (not shown) have a similar field distribution. In
Fig. 5.4 (c) we then plot the frequencies of the five lowest parasitic modes for

each IST design, showing that these modes exist at frequencies down to around
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300 pm : :
1 Mode index 4

Figure 5.4: Parasitic modes of the inductor. (a)-(b) Magnitude of electric field associated
with the lumped mode (top) and first parasitic inductor mode (bottom) of IST2, obtained
from HFSS. Scale bar and logarithmic color map are identical for both plots, with large
(small) electric field values shown in red (blue). While the lumped mode extends over the
entirety of the coaxial electrodes, the parasitic mode is strongly localized in the inductor
region. (c) Simulated frequency of the five lowest parasitic inductor modes for each IST
design. The mode plotted in (b) is denoted by a star.

10 GHz in our chosen designs. It is therefore reasonable to expect that they will
couple to the lumped qubit mode and modify its spectrum, as in other RF-SQUID
implementations [64, 74]. This is treated phenomenologically by considering each
of the (infinitely many) parasitic modes as an independent linear oscillator coupled
to the qubit, analogously to the case of a qubit coupled capacitively to the modes

of a transmission line, resulting in the Hamiltonian [186]
Ho=Ho+ Y [Hpnthn + hgpnV (2 +2,)] (5.3)

with the RF-SQUID Hamiltonian #, from Eq. (2.10), é," the annihilation operator
for parasitic mode n, and g, ,, the coupling strength between qubit and mode n. The
latter scales as g, ~ gpov/n + 1 for small n [186]; this means that higher modes,
although further detuned from the qubit, might still lead to a noticeable Lamb shift
~ g2y (n+1) /A of the dressed qubit frequency, complicating the analysis. In the
case of a geometric inductor, the magnitude of g, can be estimated classically by
fitting the admittance Y (w) of the circuit at the Josephson junction port, obtained
from FE simulations, to a lumped circuit model that includes the self-resonance of
the inductor [73].
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Figure 5.5: Influence of parasitic modes on IST spectrum. (a) Numerically calculated
IST spectrum in the presence of coupling to N parasitic modes, with N between 0 and
4. IST parameters Ey, E¢ are chosen to match IST2, with 8 = 1.5, and the parasitic
mode frequencies are taken from FE simulations. Coupling to the lowest mode is set to
gp,0 = 500 MHz, and higher mode couplings are scaled by v/n + 1. (b) Anharmonicity of
IST for N =0 (black) and N = 4 (orange). The IST second transition wgz crosses the
lowest parasitic mode, leading to an avoided crossing.

It is important to point out that the infinite number of modes in Eq. (5.3) lead
to divergences when trying to derive system quantities naively [54], but a more
careful treatment of the problem results in a natural ultraviolet cutoff that removes
these divergences [186, 187]. For practical purposes, only a finite number of modes
are usually considered when fitting experimental data to this model.

We briefly investigate the effect of parasitic modes on the IST spectrum by
numerically simulating the system in Eq. (5.3) for a finite number N of modes
included in the sum. We choose E; and E¢ corresponding to design IST2, as well
as 3 = 1.5 and g, = 500 MHz, which are reasonable values based on experimental
results (see Sec. 5.4). We assume the scaling g, ~ gp0v/n + 1. The frequencies
wpn are as in the FE simulations of Fig. 5.4. We plot the qubit frequency wy;,
second transition frequency wpe, and anharmonicity « versus flux in Fig. 5.5 for
N up to 4, and observe how the spectrum is distorted by the addition of each
parasitic mode, especially at the upper sweet spot where the qubit-mode detunings
are smaller. The second transition frequency crosses the lowest parasitic mode,
leading to an avoided crossing in the anharmonicity. Note that in the simulation,
the avoided crossing makes the labelling of modes ambiguous — the second IST level
is identified as either E5, or E3 in the numerical spectrum, depending on where it

lies with respect to the parasitic modes.
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It is worrying that the frequency shift caused by each of the modes is roughly
constant and does not decrease with higher mode index. We attribute this to
the scaling v/n + 1 we assumed for the mode couplings, which is likely to be an
oversimplification of the real system. In reality, the effective coupling of each
parasitic mode to the qubit will depend on the spatial extent of the distributed
parasitic mode excitations and their overlap with the qubit mode. Still, due the
qualitative effect shown here we conclude that the inclusion of parasitic modes is
likely to be necessary for the correct quantitative fitting and extraction of circuit
parameters from experimental spectra, similar to other RF-SQUID type circuits [64,
74, 80]. The cutoff N is in principle arbitrary, but practical considerations such as
the computational time needed to simulate many modes will be required.

More advanced methods to simulate the system of interest are available and
could be implemented in a future study. For example, the black box quantization
(BBQ) method [188-190] allows one to obtain accurate parameters of the quantum
system such as frequencies and non-linear couplings from the classical impedance
response Z (w) of the system. More recently, the energy participation ratio (EPR)
framework [191] has been proposed as an intuitive and computationally efficient
approach that relies only on the result from a single FE eigenmode simulation.
Furthermore, EPR is derived ab initio and is valid for arbitrary non-linear systems,
while BBQ uses a perturbative approach and is therefore only suited for weakly

non-linear circuits.

5.2.5. Future design improvements

With an eye towards a future iteration of the IST, we have come across several design

aspects that would benefit from a miniaturization of the meandering inductor:

o The achievable value of L is limited by how much inductor length can be fitted
inside the coaxial electrodes. We don’t foresee requiring inductances much
larger than 10 nH for IST qubits in the single-well regime, which should not
require fundamental design changes. If the aim is to keep the IST compatible
with our existing architecture, the overall footprint of the qubit should remain
similar, and so the only practical way to increase L is to decrease w and fit

more meander turns into the same space.

o The large footprint of the inductor reduces the tunability of the gradiometric
SQUID via the dFBL. A thin enough inductor wire might achieve sufficient L
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without having to fill out most of the SQUID loop area, allowing for a larger
net differential flux to be threaded.

o Furthermore, the parasitic modes of the inductor could be moved to higher
frequency by decreasing the self-capacitance of the meander. This can again
be achieved by a smaller overall inductor footprint [73], which might also
coincidentally reduce the coupling strength g, ; to the qubit by reducing the

spatial extent of the parasitic modes.

We predict that an inductor with w ~ 1 — 2 pm should be achievable in
practice without drastic changes to our photolithography process. One drawback
of thinner inductors is that given a fixed error margin on lateral feature sizes
of, say, £100 nm, the relative error on the quantity w becomes larger. This will
affect the reproducibility of L and might partially remove the benefits of using a
geometric inductor versus a junction array. We do not see this as a fundamental
issue, but rather as an engineering challenge that can be overcome. State-of-the-art
photolithography in the semiconductor industry is already capable of feature sizes
orders of magnitude smaller than what we are aiming for here. Of course, features
down to 100 nm and below can also be easily obtained by switching to electron-beam
lithography, which is used in other recent implementations of geometric inductance
qubits [73, 79]. One question that remains to be answered is which type of process
will lead to better reproducibility and to the highest quality of the inductor and

surrounding interfaces.

5.3. Experiment overview

5.3.1. Fabrication

After having presented the IST design and its predicted properties, we now turn to
implementing it experimentally and carrying out a proof of principle of this new
circuit.

We fabricate 5x5 mm? samples through our established wafer-scale process on a
3-inch high-resistivity silicon wafer and subsequent dicing. Details of the fabrication
recipe can be found in Appendix A. The IST devices presented in the following
are, in fact, fabricated on the exact same wafer as the gradiometric transmon
device from Chapter 4. This underscores how simple it is to practically implement

geometric inductive shunts with § = E/E; 2 1 in an existing transmon-based
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(b)

Figure 5.6: Fabricated IST circuits. (a) Optical image of a partially fabricated IST
qubit, after a single step of photolithography and aluminium wet etching. The coaxial
electrodes and the meandering inductor are fabricated at the same time. (b) Detail of a
meandering inductor with w = 5 pm.

cQED architecture, which is a point that will become even more apparent when
presenting experimental results.

The meandering inductors are fabricated in the same step as the qubit electrodes
using photolithography and wet etching of aluminium. Fig. 5.6 shows example
optical images of features created after this fabrication step. The whole circuit, with
the exception of the Josephson junctions added later by EBL, consists of a single
aluminium layer deposited on a pristine Si substrate that has been BOE-treated.
This ensures that we have a clean substrate-metal interface. While we have not
carried out a systematic study of IST inductors made using different fabrication
techniques, we believe that the cleanliness and simplicity of this process might play
an important role in ensuring good performance and reproducibility of the IST
inductor. As an example, the removal of native substrate oxide prior to deposition
of the inductor metal might help in removing defect sites that could provide a

source of magnetic flux noise in SQUIDs [157].

5.3.2. Experiment design

The first experiment we design (device A) consists of four uncoupled qubits with
each of the IST design variations listed in Table 5.1 represented once, as shown
schematically in Fig. 5.7 (a). The aim of this experiment is to test individual
IST qubits for their performance and gain a better understanding of how their
properties change as a function of L. Ideally, we want to extract the parameters L

and C from experimental data and compare them to predicted values. Coherence
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Figure 5.7: Overview of measured IST devices. (a) Schematic drawing of device
A consisting of four single IST qubits, representing each of the four chosen inductor
designs. (b) Device B, consisting of a coupled transmon-IST circuit for the investigation
of two-qubit dynamics and ZZ suppression. We use simple coupling arms extending from
the outer electrodes to implement direct capacitive coupling between qubits.

properties will also be studied, to further assess the viability of these circuits as
qubits.

To investigate the behavior of two-qubit dynamics involving the IST, we also
design devices with coupled IST-transmon pairs. Fig. 5.7 (b) shows such a coupled
pair (device B), where we label the qubits as Trc and IST2c respectively. While we
choose to use a tunable gradiometric transmon in this particular case to allow for
more experimental flexibility, we note that this is not a requirement for achieving
static ZZ suppression between coupled qubits, for which a fixed-frequency transmon
would be sufficient (See Sec. 2.4.2).

As in the previous transmon device, the gradiometer loops of neighboring qubits
are rotated by 90 degrees to match the orientation of the dFBLs in the sample
enclosure. The readout spiral resonators fabricated on the opposite side of the
substrate (not shown) also remain the same, with target frequencies between 9.7
GHz and 10.2 GHz.

We perform cryogenic microwave measurements on device A and device B in
separate cooldowns, using the same experimental setup and techniques as in
Chapter 4. Details of the cryogenic and room-temperature measurement setup
can be found in Appendix B. In particular, we use the original version of our
sample enclosure with individual coaxial readout ports for measuring device A,
while we use the modified version which employs a 3D-integrated, four-way readout
multiplexer, presented in Sec. 4.5, to measure device B. DC currents are applied to

the dFBLs via isolated battery-operated voltage sources with output range +20 V.
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The total line resistance of 20.08(1) k€2, coming mainly from the resistors in the
RLC filters installed at the 4K stage of the cryostat, converts the voltages to an
approximate current range of +1 mA. An exception is made for IST1, which is
instead biased using a low-noise current source due to its smaller mutual inductance
to the dFBL (as predicted in Table 5.2), requiring larger currents in order to thread
a full flux quantum through the IST loop.

In the remainder of this chapter we will focus on frequency-domain and time-
domain characterization of individual qubits IST1-4 on device A, as well as qubit
IST2c on device B. We defer any measurements and analysis related to qubit Trc

and to the two-qubit dynamics of device B to Chapter 6.

5.3.3. Frequency selection

The spectrum of the RF-SQUID Hamiltonian is defined by the three energy scales
E¢, Er, and E;. The first two have already been fixed by the choice of IST geometry
in Sec. 5.2, making E; the only parameter left to determine. The most interesting
operation point for the IST is at half flux bias, @ext = 0.5, where the anharmonicity
is positive and the qubit is first-order insensitive to flux noise. We therefore aim for
an E; that results in wo; (@exs = 0.5) ~ 4—5 GHz, a typical range for our transmon
qubits. These values of E; are then targeted during the junction fabrication step.

We determine the target E; required for 4 GHz and 5 GHz numerically® and
report these in Table 5.4 for each IST design, along with the ratio 5. We also
include the resulting anharmonicity, which varies significantly as a function of
E;. ANl IST designs have similar Ec ~ 200 MHz, resulting in E;/Eqc ~ 30 — 200.
Interestingly, the largest values of E;/E¢ here also correspond to the largest relative
anharmonicities. This is due to 5 o 1/E; becoming smaller and tending towards
the highly anharmonic quarton limit (Sec. 2.3.3). We note that this is a striking
departure from the well-known transmon scaling.

The dependence of o on F; and Ej, is likely to make it more challenging to
achieve a small relative spread in a between identical devices compared to the
transmon, which we determined to be within 1% in our four-transmon device
(Table 4.1). On the other hand, this dependence also allows us to freely adjust «
without having to modify FE¢ and the capacitive network of the system. This should

ensure that capacitive couplings to external lines, readout resonators, and other

5The 1% order perturbation formulas in Eq. (2.17) are not reliable enough, since they fail to
predict any meaningful value of E; for small 5 due to the divergence visible in Fig. 2.4 (a).
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Table 5.4: IST frequency targets. Required values of E; to achieve target frequencies of
4 GHz and 5 GHz in the four implemented IST designs, predicted numerically using Ep,
and F¢ converted from L and C' in Table 5.1. The resulting ratio § and anharmonicity
« are included.

Target: 4 GHz Target: 5 GHz
EJ 5 (07 EJ /8 (0%
(GHz) (MHz) (GHz) (MHz)
IST1 125 1.66 226 6.5  3.20 83
IST2 179 145 298 11.7 222 138
IST3 26.2 1.28 418 198  1.68 229
IST4 409 1.14 615 344 136 383

qubits can be kept similar for a wide range of IST frequencies and anharmonicities
without requiring any design adjustments.

Another interesting feature of the IST is that the frequency at half flux bias
increases when E; decreases, which can be deduced from the negative sign in the
plasma frequency wy = (8 (E;, — E;) E¢)"/? (see perturbation theory in Sec. 2.3.2).
This is yet another fundamental difference to the transmon, where instead we have
wo = v/S8E;E¢. This means that a change in E leads to opposite shifts in frequency
— something that has to be considered carefully when targeting frequencies and
detunings of coupled [ST-transmon systems. This will be further discussed in
Chapter 6.

5.4. Spectroscopic measurements

5.4.1. Resonator spectroscopy

We begin by carrying out standard continuous-wave (CW) spectroscopy of readout
resonators. If the IST qubits are functional, we should be able to observe flux
dependence of the resonator frequency due to the dispersive qubit-resonator coupling.
Just like the transmon, the IST qubit is expected to be periodic in full flux quanta
®q due to the term E; cos ($ — @exs) in its Hamiltonian.

Fig. 5.8 shows a low-power spectroscopy of the readout resonator belonging to
IST1 as a function of applied dFBL current. As the qubit is tuned in frequency,
the resonator is Lamb-shifted in tandem by an amount ~ g?/A. As will later be
confirmed directly by qubit spectroscopy, the resonator frequency is always higher

than the qubit in the devices presented here, A = w, —wg; > 0, such that the Lamb
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Figure 5.8: IST resonator spectroscopy. Low power spectroscopy of IST1 readout
resonator versus applied dFBL bias current. Shown is the derivative of the phase response
of the VNA readout signal S3;. The resonator frequency is periodic in applied flux,
which allows us to convert the current axis to a flux axis. The dashed black line is a
simultaneous numerical fit to resonator and IST spectra (see main text for details). The
avoided crossing is attributed to the IST transition 0 — 2.

shift is always positive. A maximum in w, therefore corresponds to a maximum in
wp1 and to an integer number of flux quanta threaded by the loop, equivalent to
Yext = 0, while a minimum corresponds to ey = 0.5. The current axis can thus be
easily converted to flux, and we obtain a mutual inductance M = 0.97 pH as the
conversion factor in the case of IST1. The zero of the flux axis in Fig. 5.8 is chosen
arbitrarily, since it is impossible to know in absolute terms how many multiples of
®, are being applied to the SQUID loop. A fixed flux offset has to be removed,
which is roughly constant for each qubit within one cooldown (subject to small
fluctuations), but varies randomly from qubit to qubit and also between cooldowns
for the same qubit. We observe the same in our transmon devices. We attribute
this effect to a variable amount of flux trapped inside the SQUID loop each time a
circuit is cooled down through its critical temperature, coming from stray fields in
the environment of the experiment.

The resonator also shows a prominent avoided crossing — as we shall see below
in Sec. 5.4.2; this is an anti-crossing with the second IST transition 0 — 2. While
this does not affect the 0 — 1 transition directly, it limits our ability to read out
the qubit in this region and also affects its anharmonicity. It is therefore advisable
to avoid operating the qubit close to this region. In a future iteration, different
qubit and resonator frequencies could be targeted to remove this avoided crossing

entirely.
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Table 5.5: Measured IST quantities. Resonator frequency w,, resonator linewidth x,
qubit frequency wpi, and qubit anharmonicity a obtained from low-power spectroscopic
measurements at the half flux bias point ey = 0.5 of each IST qubit. The mutual
inductance M between qubit and dFBL is determined from the flux periodicity of the
resonator frequency. Numbers in brackets are the fit uncertainties on the last digit.

wp/2m K/2W wor /2w  «f2m M
(GHz) (MHz (GHz) (MHz) (pH)

)
IST1 9.730  0.76(6) 3.659 4238 0.97
IST2 9.874 0.78(9) 4571 4150 1.47
IST3 9.992 0.27(8) ~ 4.7 - 1.27
IST4 10.132  0.23(2) 2.621  +280 1.32
IST2c 9.969 0.53(1) 3.785 4281 1.10

Qubit

We repeat this spectroscopy for all resonators and report the measured resonator
frequencies w, and linewidths x at @e = 0.5, as well as the mutual inductances
M obtained from the current or voltage periodicity, in Table 5.5. The values of
M found here are compatible with those estimated earlier from magnetostatic
FE simulations, see Table 5.2. This shows that our relatively simple method of
predicting M is useful even in the case of the IST where the SQUID loop geometry
is rather convoluted. Although the experimental values closely match the case
of complete field expulsion from the SQUID loop metal (i, = 0), the effect of
different p, cannot be distinguished from the effect of deviations in dFBL-substrate

separation based solely on our experimental data, as discussed in Sec. 4.3.

5.4.2. Qubit spectroscopy

Next, we perform CW qubit spectroscopy by driving the resonator at the correct
flux-dependent frequency, determined from the previous resonator spectroscopy,
while scanning the frequency of an additional CW drive applied to the qubit via its
corresponding dFBL. To better distinguish the fundamental qubit transition from
additional features, we also sweep the power of the qubit drive. An example is
shown in Fig. 5.9 for qubit IST1 biased at the half flux point. Only one transition at
around 3.65 GHz is visible at low power, which we associate with the fundamental
qubit transition 0 — 1. A second feature appears at a higher frequency when the
power is increased; since we predict the IST to have positive anharmonicity at
this bias point, we identify this as the two-photon driving of the 0 — 2 transition,

yielding an anharmonicity of a/2m = 238 MHz corresponding to twice the separation
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between wy; and wp/2. More features, possibly three-photon transitions, appear

at even higher powers.
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Figure 5.9: IST qubit power spectroscopy. Spectroscopy of IST1 at et = 0.5 as a
function of the qubit drive power at room temperature. The white dashed lines show the
predicted frequencies of the three lowest qubit transitions from the numerical fit to the
full flux-dependent qubit spectrum.

We repeat this measurement for all other IST qubits, and report the obtained
qubit frequencies and anharmonicities in Table 5.5. Broadly speaking, we observe
frequencies and anharmonicities comparable to typical transmons. This is an
important result, because it confirms that we have implemented a novel type of
qubit that can be controlled with the same microwave electronics and with the same
measurement schemes as in other existing cQED implementations. Moreover, the
IST anharmonicity is positive at the half flux bias point, confirming our theoretical
predictions.

It was not possible to obtain accurate spectroscopy data for IST3, because the
avoided crossing between resonator and second IST transition is located very close
to the half flux bias point, making the spectrum difficult to interpret. A broad
transition around 4.7 GHz can be identified at low powers, which we cautiously
interpret as the qubit transition.

To gain a complete picture of the IST spectrum, we perform qubit spectroscopy
over the whole flux range. The resonator probing frequency at each flux step is
fixed to the value obtained from the flux-dependent resonator spectroscopy in
Sec. 5.4.1. A single wide-range scan at low power and high resolution for IST1
is shown in Fig. 5.10 (a). Only the main qubit transition is visible across the
entire range. The transition becomes weaker and disappears in the frequency range

4.5 — 5 GHz, which we attribute to lower signal-to-noise ratios in proximity of the
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Figure 5.10: Full spectrum of IST qubit. (a) Low-power, high-resolution qubit spec-
troscopy of IST1 versus applied external flux. Only one transition is visible at low powers.
Dashed line is a simultaneous numerical fit of resonator and qubit spectra, showing
excellent agreement with the data. (b) High-power spectroscopy in the region indicated
by the rectangle in (a). The middle feature matches the two-photon transition (0 — 2)/2
when using the same fit as in (a), while the top feature is interpreted as a sideband
transition (SB, red dashed line), see main text for details.

resonator avoided crossing mentioned before and shown in Fig. 5.8. To observe
higher-order transitions, we repeat the measurement in a small region around the
half flux bias point but at a higher qubit drive power, resulting in the spectrum
shown in Fig. 5.10 (b). Comparing this to the power-dependent spectroscopy of
Fig. 5.9, we can easily identify the same two-photon transition. Crucially, the two
frequencies wp; and wpz/2 converge when moving away from the symmetry point,
becoming almost indistinguishable — this is in perfect agreement with theory (see
e.g. Fig. 2.5), which predicts a zero crossing of the IST anharmonicity. A third
transition is also visible, but it is not immediately clear what this corresponds
to. It has the same flux curvature as wgy, but is shifted by about +270 MHz. We
interpret this as being a sideband transition involving the qubit transition itself
and at least one additional mode. This will be further discussed below.

Similar wide-range scans are also carried out for IST2 and IST2c. This measure-
ment is not performed on IST3, given the unfortunate location of the resonator
avoided crossing. IST4 suffers from a different issue: while the frequency at half
flux bias is safely above w,/2 and therefore no avoided crossing is observed in
resonator spectroscopy, the resonator response becomes very weak and its frequency
shifts by several 100 MHz (as opposed to ~ 10 — 40 MHz for the other resonators)
as the qubit is tuned to the zero flux bias point, suggesting that the qubit and
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resonator detuning becomes small and the two modes hybridize strongly. While
this is inconvenient, we note that there is nothing in our data which suggests that
IST3 and IST4 are clearly malfunctioning or misbehaving. Thanks to the insights
gained here, it should be possible to avoid these issues in a second generation of

IST devices by using more appropriate targets for IST and resonator frequencies.

Numerical fit of IST spectra

The experimentally determined flux-dependent spectra of qubits and resonators,
such as those shown in Fig. 5.8 and Fig. 5.10 for IST1, provide a good dataset
against which the Hamiltonian of Eq. (5.3) can be tested. As discussed in Sec. 5.2.4,
parasitic inductor modes are expected to significantly distort the qubit spectrum,
making their inclusion necessary for quantitative extraction of circuit parameters
such as Er, E; and Es. Given that the computational times on the desktop
computer used here become unreasonably long when adding even just 4 or 5 modes
in addition to the qubit, we limit ourselves to inclusion of the readout resonator,
with the free parameters being the bare resonator frequency w, and resonator-qubit
coupling strength ¢,, and the two lowest frequency parasitic modes. To limit
the number of free parameters and avoid over-fitting, we fix the parasitic mode
frequencies to the values predicted from FE simulations, and also enforce that
Op1 = \/§gp,0 [186], leaving g, as the only free parameter associated with the
parasitic modes.

We perform a simultaneous least-squares fit of the model Hamiltonian to the
experimental data of both the qubit frequency and resonator frequency across the
whole flux range, in addition to the second qubit transition where available. This
provides us with estimates for the circuit quantities £y, £, E¢, g, and g, , along
with their fit uncertainties, which we report in Table 5.6 for qubits IST1, IST2,
and IST2c. Using the obtained fit parameters, we add the numerical prediction
of qubit and resonator frequencies to the spectroscopy plots of IST1 in Fig. 5.8,
Fig. 5.9 and Fig. 5.10. We find excellent agreement with the data, indicating that
the chosen Hamiltonian is suitable for describing our circuit. The model is also
able to match the third transition frequency (0 — 3)/3 with a feature visible in
the power-dependent spectroscopy of Fig. 5.9, providing a self-consistency check of
our method.

In the following we discuss the obtained fit parameters. Starting with E¢, we see
that the values are similar for all three qubits, consistent with the fact that their

qubit electrodes are overall comparable in size. On the other hand, the equivalent
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Table 5.6: Extraction of IST circuit parameters. The full flux-dependent spectra of
qubits IST1, IST2 and IST2c and corresponding resonators are fitted numerically with
a Hamiltonian of type Eq. (5.3) to extract the RF-SQUID circuit parameters Ey, Ej,
and E¢, as well as the coupling strengths g, and g, o to the resonator and to the lowest
parasitic inductor mode, respectively. We also convert Ej to L for direct comparison
with simulations, and report the ratios § and E;/Ec. The numbers in brackets are the
fit uncertainties on the last digit.

Ec/h Ej/h EL/h gr gp,O L

Qubit (GH,)  (GH2) (GHn)  (GHz) (GHz) (m) O PolFe

IST1 0.245(4) 14.9(2) 22.2(3) 0.18(1) 090(1) 7.4(1) 15 61
IST2  0.242(2) 13.7(1) 26.7(2) 0.174(9) 0.95(1) 6.12(5) 1.9 57
IST2c  0.238(1) 19.4(1) 27.2(1) 0.20(1) 0.906(7) 6.01(3) 1.4 82

values of capacitance C' ~ 80 fF are somewhat lower than the 92 — 94 fF predicted
from FE simulations in Sec. 5.2.2. This is likely due to the simplified treatment of
the meandering inductor for the calculation of the total capacitance, as shown in
Fig. 5.2, which ignores its distributed nature. A more sophisticated model will be
required to make better predictions of the IST capacitance and achieve a similar
accuracy to the transmon case.

We calculate the equivalent linear inductance values L from FE; and include
them in Table 5.6. These are slightly lower than the simulated values of 7.9 nH
and 6.3 nH for designs IST1 and IST2, but it is encouraging that we are able
to estimate L to within less than 10 % based only on classical FE simulations.
Moreover, the inductances of qubits IST2 and IST2c are very close to each other, as
expected from the fact that their inductor dimensions are identical. This provides
a first indication that fabricating IST qubits with repeatable values of L should be
feasible, but a much larger dataset will be required to obtain significant statistics
on reproducibility. Note that the method of predicting L in Sec. 5.2.2 is based
on the simulated capacitance C', which as just mentioned above deviates from
the fitted value by around 15 %. Using the fitted C' instead would give a higher
prediction for L, leading to a larger discrepancy from the experimental result.

The ratios 5 and E;/FE¢ are obtained from the fitted quantities and added to
Table 5.6. We find that our IST qubits lie in the transmon regime E;/Eqc > 1, as
expected. The inductive ratios f lie within the range of interest for our experiment,
leading to anharmonicities that are comparable to our transmon qubits.

Lastly, we comment on the coupling strengths g, and g, 9. The resonator couplings
are found to be comparable to our transmon devices (see Table 4.1), indicating
that the ability to effectively read out the qubit state is retained in the IST. The
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coupling g, o to the lowest parasitic inductor mode is much larger — we attribute
this to the large field overlap of the IST lumped mode and the inductor parasitic

mode, a shown in Fig. 5.4.

Direct observation of parasitic inductor modes

So far, the existence and frequency of the parasitic inductor modes have been
assumed from the FE simulation results. While their inclusion in the model
allows us to achieve a good fit of the IST spectrum®, it could be argued that the
parameter g, simply acts as an ad-hoc correction factor and does not necessarily
have any physical meaning. We therefore want to investigate the parasitic modes
experimentally and discuss whether our model is justified.

Given that we expect several parasitic modes in the range 10 — 20 GHz from FE
simulations and that they should be strongly coupled to the IST mode according
to our numerical fit, we can attempt to observe them directly in spectroscopy. We
perform high-power, wide-range spectroscopy of qubit IST2¢ up to 20 GHz, shown
in Fig. 5.11 (a). This utilizes the full frequency range of the 4-port virtual network
analyzer (VNA) used for these experiments, although higher frequencies could be
achieved by using a separate RF source as the qubit drive if required. At first glance,
we find a rich spectrum with a large number of features. We start by identifying
the qubit 01 and 02 transitions, based on separate spectroscopy data as discussed
earlier in this section. Two prominent avoided crossings of the 02 transition with
flux-independent modes at around 11.4 GHz and 14.8 GHz can also be seen, in
relatively good agreement with the frequencies 11.8 and 15.2 GHz of the two lowest
inductor parasitic modes of IST2 predicted from FE simulations (Sec. 5.2.4). We
therefore assign the observed features to these parasitic modes. Taking these
corrected frequencies into account, the spectrum of IST2c is numerically fitted
again’ starting from the parameters in Table 5.6 and overlaid to the data as black
dashed lines, as shown in Fig. 5.11 (b). The readout resonator is also added,
although we note that it is virtually invisible in this spectroscopy data — this is
expected, since the qubit drive is applied to the dFBL which is located far away
from the resonator and shielded by the IST. It is interesting that the parasitic
modes are detectable not only indirectly via their avoided crossings, but are also

faintly visible when they are detuned from any of the qubit modes. This can be

6We have attempted to fit the data using the simple RF-SQUID Hamiltonian #,, but found
that we could never accurately reproduce the shape of the qubit spectrum.

"The qubit fit parameters E, Ey, and E; deviate only by a few % at most from the previously
reported values, showing that the fitting method is robust.

106



Chapter 5. The gradiometric inductively shunted transmon

20.0 20.0 < =
(b) --pof01 03 s p1+01
~~—_ g R +
= e \\ \\-’,
\\\ \\
175 17.5 Frrt0le=ae = AN
Sl '\\\
~\\ \\\ \\
02 \\ \ \\ /|
________ = 4, \\~— /
15.0 15.0 p=======2222-- Py mode p; R
N\\\ \‘ \\_-_,/q
(&} N v 03/
_. 125 12,5 F A S
2 Par. mode pg \ =
SN | -t e e s TR e e I \\
O e U L VCRE R 00 | T T e e e o ~
g -_N\ _________
g Resonator r \\
= 10.0 100 TS ey S
E = (po+01)-r2 i
@) == \ ’
\\\ \ Vi
b= £ A4
3 = = \\\ So7
& 75 7.5 FTQubit 01.~o__ = S8 02
) P proat
5.0 5.0 F 235
\\\\ // \\\\ /‘
\\ 22 \ S
r-01 == 03 88
925 2.5 bmmm e
2 7. IST2C :\x. 1 ()._.) \\\\
0 0.25 0.5 0 0.25 0.5
Applied flux [®g] Applied flux [®g]

Figure 5.11: Wide-range IST spectroscopy. High-power spectroscopy of qubit IST2c¢ as
a function of flux up to 20 GHz. (a) Qubit transitions 01 and 02 are identified based on
separate measurements. Horizontal features and avoided crossings are visible, indicated
by the white arrows. (b) Same data as in (a), overlaid with numerical fits to all visible
transitions. The horizontal features are assigned to parasitic modes. In addition to the
main modes (black lines), we also observe blue and red sideband transitions (blue and
orange lines). The labels indicate which modes are involved in the sidebands.

explained by the presence of a small direct coupling between inductor modes and
dFBL, or alternatively by a weak hybridisation of the qubit and parasitic mode
due to the large couplings strengths g,.

Many additional features in the spectrum can be understood by considering that
when any two modes at frequencies w; and w; are coupled to each other it is possible
to drive sideband transitions between them [192, 193], either at their sum frequency
wi = w; +w; (blue sideband) or difference frequency w_ = |w; —w;| (red sideband).
These correspond to exciting both modes simultaneously in the former case, and

exchanging an excitation between the two in the latter. With the knowledge of
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qubit, resonator and parasitic mode frequencies, one can then try out different
combinations of sum and difference frequencies to match the observed spectral
features. This allows us to successfully label most of the remaining features of the
spectrum in Fig. 5.11 (b), where blue and red sideband transitions are labelled
in blue and orange, respectively. Note that all of these sideband transitions are
already fully constrained by the fit performed on the main qubit and resonator
data, so there are no free parameters. The overall agreement between data and
numerical predictions across such a wide range of frequency and flux is striking.
The fact that the frequency of the 03 transition is predicted correctly provides a
further self-consistency check of the model.

The additional transition seen in the high-power spectrum of IST1 in Fig. 5.10
can also be interpreted as a sideband transition, namely the sideband (pg + 01) —,
if we assume the detuning between parasitic mode and resonator to be 270 MHz,
placing the mode at around 10 GHz. This is consistent with the FE prediction of
10.5 GHz and the fact that parasitic modes in IST2c are found experimentally at
lower frequencies than simulated.

We now look more closely at the parasitic modes themselves. We show detailed
views of the spectroscopy of Fig. 5.11 in the two regions of interest in Fig. 5.12
(a) and (b). The contrast of these modes is very poor away from the avoided
crossings, but it is possible to identify their maximum and minimum frequency.
The same numerical fit as before is overlaid to the data, showing that while the
qualitative behavior is captured correctly, the fitting routine grossly overestimates
the coupling strength g, ~ 900 MHz. By manual adjustment we find that a value
around 500 — 600 MHz provides a better fit, but this in turn leads to poor fitting
of the remaining qubit spectrum. One possible explanation for this is that a larger
number of modes should be included in the model as shown numerically in Fig. 5.5,
which would help to compensate for the smaller values of g, ;. The FE simulations
predict a third mode at 18.1 GHz, and we can indeed find an extremely weak
feature at 17.8 GHz in the spectrum of IST2¢, but without a quantifiable avoided
crossing. It is therefore difficult to predict how this and higher modes will affect
the spectrum, if at all.

To conclude, we have identified features in the IST spectrum that match the
predicted frequency and behavior of inductor parasitic modes, but note that
the coupling strengths and their influence on the qubit spectrum are not fully
understood quantitatively. Regardless, we expect that these effects will play a

lesser role if the IST inductor is miniaturized in a future design iteration, pushing
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Figure 5.12: Spectroscopy of parasitic inductor modes. Details of the IST2c spec-
troscopy data from Fig. 5.11 showing additional modes of the system. These are inter-
preted as the (a) first and (b) second lowest parasitic inductor modes of IST2c. The same
numerical fit curves as in Fig. 5.11 are added here as white dashed lines. The maximum
and minimum frequencies of the modes are indicated by white arrows.

the modes higher up in frequency. Furthermore, we will see in the remainder of
this chapter and in the next that these modes do not by themselves preclude the
operation of IST qubits.

5.5. Time-domain measurements

The insights gained from the spectroscopic characterization of IST qubits allow us
to now proceed to time-domain (pulsed) measurements and to obtain preliminary
coherence data. From a practical point of view, once the qubit spectrum has been
understood and the flux sweet spot and qubit frequency have been identified, tuning
up and characterizing IST qubits is virtually identical to the procedure used for
transmons. All of the same measurement techniques and pulse sequences used
before can be applied here.

In the following we focus on IST1 and IST2 on device A, as well as IST2C on
device B. We perform Rabi drive calibration and tune up X, pulses, typically
with Gaussian envelopes and 50 ns full width at half maximum (FWHM). Qubit
readout is performed with a 5 — 10 ps wide, low-power square readout pulse at the
ground-state resonator frequency determined by spectroscopy. To obtain a suitable
signal-to-noise ratio, each identical measurement is usually repeated and averaged
500 — 1000 times.
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5.5.1. Lifetime and coherence at the flux sweet spot

We carry out standard measurement sequences of energy relaxation time 7, Ramsey
coherence time 77, and Hahn-echo coherence time 7, p on IST qubits at their
half-flux bias point. To obtain statistical information on these quantities, each
sequence is repeated N times in an interleaved fashion. In Fig. 5.13 we show data
obtained for IST1, averaged across N = 10 individual repetitions. The data fits
well to the standard exponential decay envelopes, and the Ramsey oscillations do
not show signs of beating (i.e. multiple frequency components). We report the
extracted mean values for T3, 75 and 75 g over N repetitions and their statistical
spread (one standard deviation) for qubits IST1, IST2 and IST2c in Table 5.7.
From the Ramsey data we can also extract the qubit frequency, and we report
the standard deviation o; of measured values from their mean to quantify the
frequency stability of the IST qubits.

Broadly speaking, we find that the IST qubits show promising coherence metrics
that are roughly comparable to data from tunable transmon qubits from the
same fabricated wafer and measured in the same cryogenic setup (see Table 4.1).
This preliminary dataset, while limited in scope, does not point to the existence
of a strong limiting factor for relaxation and decoherence unique to the IST
circuit implemented here. Instead, we interpret this as a first indication that the
gradiometric IST is a viable candidate for multi-qubit cQED experiments and should
be pursued further. To our knowledge, the coherence times measured on qubit IST1
are higher than reported in any previous implementation of RF-SQUID qubits
with a geometric inductive shunt, including the original transmon-like IST [79], the

geometric superinductance qubits [74, 80] and the unimon [86].
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Figure 5.13: IST energy relaxation and coherence time measurement. Averaged data
over 10 repetitions of T7 (left), T3 (middle) and T3 g (right) measurement sequences for
qubit IST1 at the half-flux bias point. Solid black lines are a fit to the expected decay
functions for each sequence.
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Table 5.7: IST coherence statistics. Summary of energy relaxation time 77, Ramsey
coherence time 7% and Hahn-echo coherence time 15 g for qubits IST1, IST2 and IST2c
at the half-flux bias point. Tabulated values are the mean with standard deviation in
brackets. Total number of datapoints N for each quantity and the total measurement
run time are included. We also calculate the standard deviation of qubit frequency over
the entire measurement run, denoted as oy, obtained from Ramsey data. Two datasets
for IST2c are reported, one for each cooldown (CD) of device B.

Qubit N Meas. time (h) T3 (ps) Ty (ps) Thpg (ps) oy (kHz)
IST1 10 0.5 37(3)  39(4)  46(3) 0.25
IST2 10 0.5 26(1)  30(2) 34(3) 2.8
IST2c (CD 1) 246 12.9 A7(4)  28(3)  38(2) 45
IST2c (CD2) 96 8.8 47(5)  12(2)  23(2) 7.2

Relaxation and coherence of qubit IST2c¢ was measured repeatedly over the
course of two cooldowns of device B; the two sets of values reported in the table
show representative values for each cooldown. 7T7i is virtually identical between
cooldowns; this is compatible with the assumption that energy relaxation of our
qubits is largely radiatively limited as suggested by the transmon data in Sec. 4.5,
although this is not enough to prove it. On the other hand, coherence times 75
and 75 g decrease significantly, which given the unchanged 73 has to originate from
a reduction of the pure dephasing time 7},. At the flux sweet spot we do not expect
dephasing due to flux noise to play an important role, and in Sec. 5.5.2 we shall see
that flux noise amplitudes do not change drastically in any case. Higher residual
thermal photons in the readout resonator could contribute to increased dephasing,

but we do not currently have enough data to reach a conclusive answer.

Temporal fluctuations

What the data presented so far does not capture is the nature of temporal fluctua-
tion of relaxation and coherence times and their stability over timescales relevant
for typical experiments (minutes, hours, days), which is a common issue in super-
conducting qubits and has been studied in detail using both fixed-frequency and
tunable transmons [194-196]. For qubit IST2c, we plot T}, Ty and 15 g versus
time in Fig. 5.14 (a) for the dataset corresponding to the third row in Table 5.7,
collected over a period of around 13 hours. We see that during this time all three
quantities fluctuate but do not show any obvious structure such as peaks, dips, or
slow systematic drifts. We plot histograms of all quantities in Fig. 5.14 (¢) to better

visualize their distribution. The Ramsey time distribution vaguely resembles a
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Figure 5.14: Time variation of IST relaxation, coherence and frequency. (a) Extracted
Ty, Ty and T g from N = 246 repeated measurements on qubit IST2c over the course of
12.9 hours during cooldown 1 of device B. (b) Qubit frequency variation from its average
during the same time period, obtained from Ramsey oscillations. (c) Histograms of the
datasets in (a) and (b).

double-peak structure, but more data would be required to make a significant state-
ment. Overall, it is encouraging to observe such stable parameters in a flux-tunable
qubit, but we note that this is only one example dataset. Longer measurements
on multiple qubits would be required to study long-term device performance more
systematically:.

We also extract the qubit frequency over the course of the measurement from
the Ramsey fringes and plot the difference from its mean value in Fig. 5.14 (b).
The ensemble of measured values has a standard deviation of oy ~ 5 kHz over
the course of the experiment, but the histogram in Fig. 5.14 (c) shows that the
distribution is clearly non-Gaussian. Instead the frequency shows signs of switching
behavior between discrete values. The fact that the frequency occasionally jumps
suddenly in between periods of relative stability indicates that the characteristic
timescale of switching is longer than the acquisition time of one Ramsey trace
(here 1 minute). Quasiparticle dynamics take place on much faster timescales

not resolvable here [194] and therefore cannot explain our observations. Charge
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dispersion due to slowly fluctuating offset charges, typical for island-based qubits,
can also be ruled out due to the presence of the inductive shunt [59]. Instead,
the frequency jumps could originate from state-dependent dispersive shifts caused
by weakly coupled modes in the qubit environment. It was found earlier that
the parasitic inductor modes of the IST can lead to frequency shifts, but these
are expected to be much larger, and it is unlikely for the mode lifetimes to be
on the order of minutes or longer. Instead, microscopic charged defects in the
proximity of the qubit have been suggested as a candidate for such weakly-coupled,
slow-switching modes and could provide a possible explanation [195, 197]. Lastly,
changes in the applied DC flux bias could also shift the qubit frequency. Starting
from the flux sweet spot, a change in flux by 1.5 x 107 &, (or 6 mV on our
voltage source, larger than the 1 mV instrument resolution) is required to shift the
frequency by 10 kHz. The long-term stability of the DC source output should be
investigated to conclude whether this is a potential factor or not. Strong switching
electromagnetic fields in the laboratory environment could also interfere with the
DC sources and the attached cables.

It is worth pointing out that transmon qubit Trc is coupled to the IST and can
obviously influence the frequency via the dispersive ZZ shift, but we note that Trc
is kept in its equilibrium state for the whole duration of the measurements shown
here, and that the ZZ shift of roughly 30 kHz when both qubits are at their flux

sweet spots (see Sec. 6.3) is larger than the observed range of frequency jumps.

5.5.2. Investigation of flux noise

Since the IST is flux-tunable, it is important to understand how qubit coherence is
affected by flux noise present in the system. This has been discussed at length in
Chapter 3, and in Sec. 5.2.3 we have made the prediction that based on the IST loop
aspect ratio p, the sensitivity to microscopic 1/f flux noise should be higher than
in typical transmons with much smaller p. We therefore repeat the measurement
of relaxation and coherence times versus flux that was carried out on the transmon
device in Sec. 4.4.2 to extract the amplitude Ag of 1/f flux noise in the case of
qubit IST2¢. The result of such a measurement is plotted in Fig. 5.15 (a), showing
that the IST dephasing as a function of flux derivative of the qubit frequency agrees
well with the simple model of 1/f noise. This measurement is carried out four times
over the course of two cooldowns, as shown in Fig. 5.15 (b). We notice that the

flux noise amplitude increases slightly over time, both between the two cooldowns
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Figure 5.15: IST flux noise amplitude. (a) Measurement of echoed Gaussian dephasing
rate of qubit IST2c as a function of flux, plotted against the qubit frequency flux
dispersion. The data (orange points) fits well to a model assuming 1/f flux noise (dashed
lines), from which y/Ag can be extracted. (b) The same measurement is carried out four
times across two cooldowns of the same device. The star denotes the datapoint obtained
from (a).

and within the same cooldown, suggesting a slow drift in the magnetic environment
of the qubit.

The values of v/Ag observed for qubit IST2c are only slightly higher than the
average of 6.3 n®, in the transmon device (see Table 4.1). This is a striking result
if we consider the prediction made in Table 5.3 that the IST should be subjected
to roughly five times larger microscopic flux noise amplitudes than our transmons.
If the model is to be relied upon, we have to conclude that flux noise in our system
is dominated by other sources, e.g. current noise on the dFBL. This could be
mitigated by improved filtering on the DC bias lines. We expect that due to
the gradiometric topology, our qubits should be relatively insensitive to global
magnetic fields originating far away from the qubits themselves, as was shown for
gradiometric fluxonium qubits in strong magnetic fields [198].

If flux noise predominantly couples to the SQUID loops via the dFBL, we then
expect the flux noise amplitude to scale with the mutual inductance M according
to Eq. (3.1). IST2c has about half the value of M of our measured transmons,
meaning that all else being equal we should in fact observe a smaller value of \/Ag
in the experiment, which is clearly not the case. In general, we should assume
that multiple noise sources are present at any given time and whose power spectral
densities are added together. Assuming that both the current noise and the local
universal flux noise have a 1/f spectrum, the total 1/f noise amplitude measured in
the experiment will be \/Ag = \/M2A; + Ag . We can reconcile this model with
the experimental data by setting \/Im ~ 1.2 n®y, compatible with the typical
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strength of universal flux noise measured in a variety of experiments [152, 153],
and /A; ~ 6.5 nA for the added current noise. While this seemingly explains
our findings, we note that our DC voltage sources have a white noise floor with
total noise around 0.5 nA in a 1 kHz bandwidth according to the manufacturer
specifications, which invalidates the assumption of 1/f noise being injected by
the DC source. Further studies are required to pinpoint the exact mechanisms
leading to the observed flux noise in our experiments. More broadly, the IST could
be employed in the future to systematically study sources of flux noise and the
validity of existing flux noise models, due to its particular geometry that unlocks a
much wider range of SQUID parameters compared to what has been achieved in
transmons [152].

The observed flux noise amplitudes for [ST2c in the range 6.5-7 n®, compare
favourably to values reported for the unimon qubit (6-15 n®y) [86] and geometric
superinductance qubits with large aspect ratios (100-800 n®y) [74, 80].

5.6. Summary

Over the course of this chapter we have presented the design, simulation, and
experimental characterization of the gradiometric IST, a realization of the RF-
SQUID qubit in the low-inductance regime 5 = 1. The IST is a promising qubit
candidate due to its simplicity as a single-junction circuit, its insensitivity to charge
noise, and its positive anharmonicity that complements the transmon, with the
possibility of also drastically increasing the anharmonicity towards the quarton
regime.

Simple FE simulations allow us to roughly predict the IST circuit properties,
such as the circuit lumped inductance L, capacitance C', mutual inductance M
to the dFBL, and the frequency of parasitic inductor modes. In conjunction with
the experimental data obtained on the first-generation IST devices measured here,
these simulations should enable us to make future design iterations even more
predictable. An important goal will be to miniaturize the shunting inductance by
using a thinner inductor wire. This will be beneficial to most relevant properties of
the IST, from increased L and M to weaker influence of parasitic inductor modes.

From the point of view of fabrication, our IST does not require the introduction
of any new materials or additional fabrication steps. This makes the IST easily
accessible to every research team or institution that already has the expertise

required to fabricate single-junction transmon qubits. While the IST design
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presented here is tailored to our coaxial architecture, we predict that adding an
appropriately designed meandering inductor should be possible in a large variety
of physical circuit implementations, making the IST a drop-in building block that
instantly expands the cQED toolbox at our disposal.

We successfully measured IST qubits in our existing coaxial architecture with
off-chip flux control, showing that these novel qubits are readily compatible with
existing transmon-oriented platforms and techniques. The IST shows similar
levels of coupling to external lines and to readout resonators as our transmons,
making their operation straightforward. We attribute this both to their essentially
equivalent low-energy physics (both behave as weakly anharmonic, plasmonic
Duffing oscillators), and to their similar geometry which leads to a mostly equivalent
network of capacitive couplings. The frequency spectrum of the IST can be
understood both qualitatively and quantitatively. Coherence properties and flux
noise amplitudes are comparable to the tunable transmons presented in Chapter 4,
showing that the IST is a promising candidate for further cQED experiments.
The similar coherence metrics of our IST and tunable transmon further suggests
that the current limitations to qubit relaxation and dephasing might be similar in
these two cases and that ongoing efforts in the research field to improve transmon

performance could also benefit the IST.
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6.

Interactions in a multi-species qubit

system

6.1. Introduction

After having demonstrated a fully working implementation of the gradiometric
IST at the single-qubit level, we now pose ourselves the question of how to realize
qubit-qubit entanglement.

Broadly speaking, the IST is a weakly anharmonic, plasmonic, flux-tunable qubit
that can be treated qualitatively as a Duffing oscillator in its low-energy physics. We
therefore expect that ISTs can be entangled with each other using similar protocols
as routinely used in all-transmon systems. While the higher anharmonicity allowed
in the IST should be beneficial for gate fidelities and suppression of leakage, coupling
two ISTs does not seem to offer a fundamental advantage at first sight. Therefore,
we go one step further and choose to study the behavior of a multi-species system
consisting of an IST coupled to a transmon. This allows us to not only show that
the IST can be entangled with a different type of qubit, but also to investigate
static ZZ suppression due to opposite anharmonicities as discussed in Sec. 2.4.2.

In the following, we present experimental results on a coupled transmon-IST
device. After performing basic characterization, we map out the ZZ interaction
landscape across the IST flux range and compare it to numerical simulations. We
then investigate interactions and transitions available in this system with the goal

of implementing and benchmarking a two-qubit entangling gate.

6.2. Coupled device overview

Here we study IST device B presented in Sec. 5.3.2 (see also the schematic drawing
in Fig. 5.7). An optical image of the two coupled qubits is shown in Fig. 6.1 (a).
The qubits are coupled via simple capacitive arms that extend from their respective
outer electrodes, with a lateral gap of 10 pm between the arms. We employ

a gradiometric transmon with the same design as in Chapter 4, and the IST
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Figure 6.1: Coupled IST-transmon device. (a) Optical image of IST device B, consisting
of a tunable transmon and an IST coupled directly to each other via capacitive arms
extending from their outer electrodes. (b) Transmon spectroscopy versus applied flux
on the IST, showing an avoided crossing with splitting 2.J/27 = 17.15(5) MHz. The
transmon is biased at its flux sweet spot, ezt = 0.

corresponds to design variation IST2 with L ~ 6 nH. This device was measured
during two separate cooldowns as discussed in Sec. 5.5, but all the data presented
in this chapter was collected during the second cooldown.

We carry out a general characterization of this device with both qubits biased at
their respective flux sweet spots, and summarize the results in Table 6.1. Basic
single-qubit characterization of the IST was already presented in Chapter 5 (where
it was labelled as IST2c) and is reported here for convenience. As expected, the
two qubits have opposite signs of anharmonicity, which also lead to opposite signs
of dispersive shift x of their readout resonators. Circuit parameters such as E;,
E¢, Ep, are extracted from a numerical fit to the flux-dependent qubit spectra, as
described previously for both transmons and ISTs.

Relaxation and coherence statistics are broadly in agreement with our previous
data on individual transmons and ISTs (Table 4.1 and Table 5.7). Note that
coherence was actually higher for both qubits during the first device cooldown
(average Ty and Ty g of 30(3) and 35(4) for the transmon, and 28(3), 38(2) for the
IST respectively), but we report the lower numbers here for consistency with the
rest of the dataset in Table 6.1. The reason for the lower coherence is currently not
understood, but in our experience it is not uncommon to see fluctuations in these
metrics between cooldowns. Overall, these numbers give a first indication that the
addition of the coupling arms does not significantly reduce coherence compared to

isolated qubits.
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Table 6.1: Main parameters of coupled IST-transmon device. All quantities valid
for both qubits biased at their flux sweet spots (@eyr = 0 for transmon, @e,; = 0.5
for IST) except for exchange couplings J. Numbers in brackets denote measurement
uncertainty for measured quantities, fit uncertainty for numerically extracted parameters,
and statistical variation for the repeated coherence measurements.

Quantity  Unit Transmon IST
3 Qubit frequency wp;/2m  (GHz) 5.644 3.785
= Anharmonicity a/27  (MHz) -220 +281
g Resonator frequency w, /27 (GHz) 9.843 9.969
S Resonator linewidth /27 (MHz) 0.52(5) 0.53(1)
§ Dispersive shift 2y/27  (MHz) ~1.5(1) +1.2(1)
Qq Mutual inductance M (pH) 1.71 1.10
Charging energy Ec/h (GHz) 0.203(2) 0.238(1)
B Total Josephson energy E;/h (GHz) 21.2(2) 19.4(1)
E Inductive energy E;/h (GHz) - 27.2(1)
£ SQUID asymmetry d 0.20(2) -
5 Ratio E,/Ec 104 82
Z RatiOBZEL/EJ - 14
Resonator coupling ¢, /27 (MHz) 154(1) 201(10)
= Relaxation time T} (ps) 38(9) 47(5)
< Ramsey coherence time 7 (ps) 18(2) 12(2)
8 Hahn-echo coherence time Th 5 (115) 26(3) 23(2)
§ Frequency variation oy  (kHz) 5.5 7.2
S # of repetitions 130 96
S Total run time  (h) 11.2 8.8
§ Exchange coupling J/2r  (MHz) 13?2%; ZE N 2:5491 ggz
S Fixed cap. coupling g./2m (MHz) 9.7(1)
© Static ZZ shift (/27 (kHz) 27(1.8)

Measurement of exchange coupling

Thanks to the particular frequency configuration of these two qubits, the IST can
be tuned to the transmon sweet spot frequency and vice versa. It is therefore easy
to directly obtain the magnitude of the exchange coupling J between the qubits via
spectroscopy, as shown in Fig. 6.1 (b). Here the IST flux bias is tuned until the IST
frequency crosses the transmon, resulting in a clear avoided crossing in the transmon
signal. The two lines, separated by 2./, correspond to the hybridised states of the
two-qubit system. We fit the two branches [199] and obtain J/27 = 17.15(5) MHz.
This coupling is slightly larger than in typical experiments with statically coupled
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transmons [110, 111, 129, 200], where the tendency is to have smaller J < 10 MHz
to avoid excessive static ZZ due to the unfavourable scaling ¢ ~ J2. The large J is
in fact desired in our case, as it helps to measure  more easily when qubits are far
detuned and enables a more stringent test of the theory, in addition to ultimately
allowing for faster gates.

The measurement of J can be repeated by swapping the roles of the two qubits.
This leads to a different value J/2m = 10.93(4) MHz measured at the IST sweet spot
frequency. This difference is due to the frequency-dependent nature of J, which
in general can be expressed as J = N, aN,pr.5 X g (see also Eq. (2.25)), with
N,pt,i the charge zero-point fluctuations of qubit 7 = 1,2. Their product is roughly
proportional to the average qubit frequency (N,p¢ o Ey tx wé{Q for transmons).
The parameter g. is the fixed capacitive coupling strength between the two qubits,
which is purely a function of the capacitive network of the circuit. From our device

parameters and the measured J values, we can extract g. = 9.7(1) MHz.

6.3. Static ZZ interaction

We now turn to one of the main topics of interest in our coupled device, namely
the investigation of static ZZ interaction. As discussed in Sec. 2.4.2, when the
qubit-qubit detuning A is much larger than the coupling strength .J, the qubits
are effectively dispersively coupled (much like the usual regime of qubit-resonator
operation), and the only noticeable effect is a renormalization of the bare states
li7) = |9} ® |7)1sT With eigenenergies E;; = E; + E; to dressed states ]z~j> with
slightly shifted energies EZ] In this notation, ¢ and j indicate the number of
excitations in the transmon and IST, respectively. Describing the new eigenstates
in terms of individual excitations is a reasonable choice as long as J/|A| < 1
and the states do not hybridize significantly. The dispersive shifts are what cause
qubit transition frequencies to be dependent on the state of the other qubit, as
depicted qualitatively in Fig. 6.2 (a). Eigenstates in the computational subspace
spanned by {|00), |01), |10, |11)} are affected by dispersive interactions with higher
states, most prominently within the two-excitation manifold. The frequency of an
individual qubit transition will now be different depending on the starting state,
as denoted by the blue and orange arrows. This difference is what we commonly
define as the static ZZ shift ¢, see Eq. (2.26).

To determine ( we use the simple conditional Ramsey sequence shown in

Fig. 6.2 (b). One qubit (in this case the transmon) acts as control, starting
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Figure 6.2: Static ZZ interaction between transmon and IST. (a) Qualitative energy
level diagram of the coupled transmon-IST system showing dressed states |2T] ) up to the
two-excitation manifold. The ZZ shift ¢ is equal to the frequency difference between
the transitions denoted in orange and blue. (b) Conditional Ramsey pulse sequence for
determination of ZZ shift, repeated with/without an X pulse on the transmon (orange
box). (¢) An example of the measured conditional Ramsey oscillations on the IST. The
fit to the two Ramsey traces yields a frequency shift of ¢/2r = 27.0(1.8) kHz.

in either the ground or excited state. The other qubit (here the IST) undergoes
a standard Ramsey sequence, from which the oscillation frequency is fitted. (
corresponds to the difference in oscillation frequency between the two cases. The
choice of control qubit is arbitrary, as the definition of ¢ in Eq. (2.26) is symmetric
with respect to qubit labelling. Fig. 6.2 (c) shows the result of such a measurement
for both qubits at the sweet spot. Even for short sequence durations up to 5 ps it
is already possible to detect a clear detuning between the two traces, in this case
¢/2m = 27.0(1.8) kHz, where the error bound originates from the measurement
uncertainty of the individual Ramsey frequencies. Although a longer sequence
would determine the frequency more precisely, one should not forget that due
to the finite T3 of the control qubit the Ramsey signal will increasingly contain
both frequency components, complicating the analysis. We choose 7 < 5 j1s as a
reasonable middle ground.

The measured ZZ shift at the sweet spot is very small compared to the bare
exchange coupling J, which is to be expected from the very large detuning A.
To perform a simple consistency check with the theory, consider the perturbative
expression for ¢ in Eq. (2.27), valid for two weakly anharmonic oscillators. This
predicts a shift of ~ 11 kHz for our device, while for a hypothetical device where the
IST is replaced by a transmon with the same frequency but opposite anharmonicity
we obtain ~ 65 kHz. The measured value lies between these two, meaning that

we cannot reach a clear conclusion on whether our device has smaller Z7Z than
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an equivalent transmon-transmon counterpart and is therefore achieving built-in
77 suppression. We believe that this is simply due to the fact that a first-order
perturbative approach is ill-suited for making any quantitative predictions about
an IST with small inductance ratio § (and therefore large non-linearity), as was
found in Sec. 2.3.2. Instead, we can obtain a numerical prediction for ( directly
from its general definition in Eq. (2.26) by calculating the spectrum of the coupled
[ST-transmon system. The total Hamiltonian H;,; = Hrp, + Hist + He includes the
two single-qubit Hamiltonians from Eq. (2.8) and Eq. (5.3), as well as a transverse
coupling term H, = hJ (@, —ar,)(abep—argr). We include the two lowest inductor
parasitic modes in Hjgsr to closely reproduce the experiment. All parameters in
the Hamiltonian are determined independently from spectroscopic measurements,
and the simulation is therefore fully constrained with no free fitting parameters.
The result is ¢ ~ 35 kHz, closer to the measured value. This highlights once again
that the nonlinearity of the IST requires a more careful analytical approach or a

full numerical treatment in order to make meaningful quantitative predictions.

6.3.1. ZZ interaction vs. flux

We now move to the exploration of static ZZ interaction as a function of applied
flux on the IST. As in the CSFQ-transmon experiment of Ref. 100, tuning the
IST away from the half-flux sweet spot increases its frequency while at the same
time lowering its anharmonicity until it becomes negative. Since |asr| > |y,
at the sweet spot, we can tune ajgr through a "resonance" with |ay,|, hopefully
eliminating the dispersive shift that gives rise to a finite ¢ term [101].

To confirm this, we repeat the ZZ measurement presented in Fig. 6.2 while
sweeping the IST flux around its sweet spot. We also swap the roles of transmon
and IST, given that the IST coherence deteriorates very quickly away from the sweet
spot making it unsuitable for a Ramsey experiment, while its 7] remains largely
unaffected. At each flux point, we re-calibrate the X, pulse on the IST via Rabi
amplitude calibration. The result is plotted in Fig. 6.3 (a), showing that ¢ decreases
away from the sweet spot and crosses zero near @ = 0.47. Furthermore, by
simulating the full Hamiltonian H,,; as described earlier, we can add the numerical
prediction to the data (black line) and observe that we are able to approximately
match the location of the ZZ suppression point, even though the numerics seem to
overestimate the steepness of ¢ as a function of flux. This could be due to a slight
error in the extracted fixed capacitive coupling g., which strongly affects { via the

¢ ~ J? scaling.
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Figure 6.3: Static ZZ interaction versus IST flux. (a) ZZ shift { measured in proximity
of the IST flux sweet spot, showing ZZ suppression near eyt = 0.47. The black solid
line is the numerical prediction from the full Hamiltonian Hy of the system, with all
parameters determined independently. (b) Wide-range measurement of ( across the
whole IST flux range. We plot the absolute value |(| on a logarithmic scale, and the
x-axis is chosen to be linear in the IST frequency (top axis) instead of flux (bottom axis).
The model agrees well with the data over many orders of magnitude in (.

This is one of the main results of this chapter — we can suppress the static ZZ
interaction between a directly coupled transmon-IST pair, without the need for
tunable couplers or external drives. Furthermore, its location in flux bias can be
predicted numerically using independently obtained parameters. While the ZZ
suppression point is not located at the IST sweet spot in this particular device,
a slightly different choice of device parameters leads to the optimal case where
77 can be minimized at the sweet spot itself, preserving coherence. This will be
discussed in more detail in the next subsection.

To further explore the ZZ interaction, we collect data over the entire available
IST flux range, save for regions where a clear signal cannot be obtained e.g. due to
an avoided crossing with the readout resonator or with parasitic inductor modes of
the IST. The whole dataset is shown in Fig. 6.3 (b). We plot the absolute value
|C| on a logarithmic scale, since the ZZ shift varies by several orders of magnitude
as the IST is tuned over more than 3 GHz of frequency, crossing the transmon
(A =0) at around ey ~ 0.39. We convert the x-axis to be linear in IST frequency
instead of flux for better display. As expected, the ZZ shift generally increases as
the qubits are brought closer in frequency. The maximum of ( is reached when
the IST frequency is lower than the transmon’s by an amount A ~ a,., which is

similar in principle to a transmon-transmon system [201]. This corresponds to the
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avoided crossing between |11) and |20). Note that the concept of ZZ (or dispersive)
shift does not make sense when qubit transitions are near-resonant and hybridize
strongly. While ( itself is still a measurable physical quantity, in this case the
definition in Eq. (2.26) gives us half of the direct exchange splitting between |11)
and |20) [101].

We perform the same numerical calculation of ¢ as before and add it to the
plot in Fig. 6.3 (b). The agreement with the data over more than four orders of
magnitude in ¢ is remarkable, especially given that no fitting parameters are used
here. The numerical model correctly predicts the ZZ behavior qualitatively and,
for the most part, quantitatively. This gives us a strong indication that we are
correctly modelling the basic physics of the coupled IST-transmon system. The dip
in ¢ very close to A = 0, present in both data and simulation, is not inherent to
the IST-transmon physics but is due to the avoided crossing of [02) with the lowest
parasitic mode of the IST (see Sec. 5.4.2). This can be verified by excluding the
parasitic mode from the numerical Hamiltonian and repeating the simulation, as
shown in Fig. C.6 in the appendix. These parasitic modes could be moved to higher
frequencies in a future IST design iteration as discussed in Sec. 5.2.5, removing

these effects.

6.3.2. Simulation of ZZ landscape

The next question to ask is whether the ZZ suppression in the measured device
is merely a fortunate coincidence or whether it is a general property that can
be achieved for a wide variety of circuit parameters. Given the relatively low
computational requirements to simulate our two-qubit system (an advantage of
using statically coupled qubits without any additional coupling modes), and the
fact that the model seems to reliably predict the experiment as seen in Fig. 6.3, we
can explore the ZZ landscape as a function of various system parameters to try
and answer this question. We choose to exclude the parasitic inductor modes from
the IST Hamiltonian in order to further speed up the computation, while keeping
all other device parameters as in Table 6.1. While this causes the IST energy levels
to shift significantly and deviate from the measured device, it does not change the
qualitative picture of the coupled IST-transmon system.

We perform numerical calculations of ZZ shift ¢ at the IST sweet spot starting
from the same circuit parameters as in our experimental device and varying
the IST Josephson inductance Lj gt and capacitance Cigr, resulting in the two-

dimensional landscape of ¢ shown in Fig. 6.4. We choose to plot the data against
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Figure 6.4: Simulation of static ZZ interaction versus IST circuit parameters. Two-
dimensional map of |(| at the flux sweet spot obtained numerically by varying the IST
junction inductance LjisT and capacitance Cigt. All other parameters are kept the
same as in the experimental device, see Table 6.1. Black and white contours indicate
constant values of qubit-qubit detuning A and of IST anharmonicity ajgr, respectively.
The A = 0 line is calculated for a hypothetical uncoupled system with J = 0. The blue
star denotes the values of Ljst and Cist in the measured device.

the dimensionless quantities § = Ljst/Lisr and Cigr/Cr,. We also add a blue
star to indicate the parameters corresponding to our experimental device. Two
main features are visible: an almost horizontal line where ¢ = 0, and a region of
maximal ¢ extending diagonally. It is encouraging to observe that ZZ suppression
can be achieved not only at isolated points, but across a continuous one-dimensional
manifold in parameter space. The suppression happens at an almost constant
value of 3, where the opposite non-linearities of IST and transmon are balanced.
Although not visible when plotting the absolute value, we have ¢ < 0 (transmon-
like) for large 3, and ¢ > 0 for small 5. We also find that our experimental device
has a  which is too small to achieve ZZ suppression at the flux sweet spot. This is
partly due to the Josephson inductance Ljist being smaller than the target value,
caused by fabrication imperfections.

To better visualize how the IST properties change across this space, we overlay
contour lines (isolines) of the IST-transmon detuning A in black and of the IST
anharmonicity ajgt in white. Note that A here is relative to a fixed transmon
frequency of 5.644 GHz. An important result is that the ZZ suppression manifold

extends over arbitrary values of A — this means that it is possible to create ZZ-free
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Pext = 0.490

Figure 6.5: Flux dependence of ZZ landscape. The same simulation as in Fig. 6.4 is
repeated for different values of external flux eyt on the IST. All axes and color scales are
kept the same as before. The ¢ = 0 manifold shifts until it crosses the point corresponding
to our experimental device (blue star) near gext ~ 0.47, as in the experiment. Beyond
this value of flux, ( is finite across the whole parameter space.

[ST-transmon pairs independently of the choice of detuning. This method of ZZ
suppression therefore does not impose any constraints on frequency allocation
between qubits, which is an important consideration when choosing connectivity
and gate implementations in larger lattices [202]. Also, the ZZ suppression line
is not parallel to the anharmonicity isolines. The simple condition ajgr = —am,
suggested by the perturbative expression in Eq. (2.27) is therefore not sufficient
to guarantee suppression of ZZ in practice. Rather, it is more convenient from a
design perspective to think directly in terms of physical circuit parameters such as
inductances and capacitances, which is the approach chosen in Fig. 6.4.

The region of maximal || is where the dressed |11) state crosses either of the two
non-computational states |20) and [02). Since augr > 0 but ey < 0, both of these
avoided crossings happen when the IST is below the transmon, i.e. A < 0. This is
in contrast to the transmon-transmon case, where the two avoided crossings happen
on either side of the A = 0 boundary. One consequence is that here the A > 0 half-
plane is well-behaved, making it easy to target a region of low ZZ without the risk
of frequency collisions with non-computational states. An interesting phenomenon
manifests itself when the anharmonicities match, ajgt = —am: the three states
|11), |20) and |02) then form a triple degeneracy point at detuning A = —aq, [101],
which is where the ZZ suppression manifold crosses the barrier of maximal |(],
creating a saddle point. The hybridisation of |11) with two non-computational
states at the same time leads to an exchange coupling larger by a factor of /2
compared to the transmon-transmon case, offering the possibility of performing a
very fast conditional phase gate by non-adiabatically flux-tuning in and out of this
condition [50, 90, 101].

The only parameter that can be tuned in-situ during an experiment is the external

flux, so it is illustrative to vary this and observe the changes in the ZZ landscape.
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We therefore repeat the same two-dimensional ZZ map for several values of flux,
as shown in Fig. 6.5. The ( = 0 manifold shifts down towards smaller values of
S, morphing into an arc that traverses the location of our measured device (blue
star), corresponding to the zero-crossing of ZZ obtained experimentally in Fig. 6.3.
We explain the downward shift of this line with the rapid reduction of ajgr away
from the sweet spot, which can be compensated up to a point by choosing a larger
IST nonlinearity 8. Eventually, this is not sufficient since the IST anharmonicity
always tends to zero away from the sweet spot (see e.g. Fig. 2.5), and the ZZ
suppression manifold then quickly vanishes from the parameter space, leaving a
trivial landscape where the negative transmon anharmonicity dominates and |(]| is
always finite. Going further, the IST frequency keeps increasing and crosses the
transmon, ending up on the other side of the high-( region.

This sequence of plots conveniently visualizes what happens to the ZZ interaction
as the IST moves from positive to negative anharmonicity, creating an interesting
landscape. Generally speaking, it should be possible to reach a ( = 0 point as a
function of flux for an arbitrary IST-transmon pair, as long as the IST anharmonicity

is large enough to begin with when biased at the flux sweet spot.

6.3.3. Implications for scaling

Is the static ZZ suppression method presented in this section suitable for scaling
to larger systems? As mentioned previously, we can achieve the ideal ( = 0 case
for arbitrary IST-transmon detunings. From a different perspective, if we fix a
desired detuning A then Fig. 6.4 tells us that there is only one point in parameter
space where we can suppress ZZ. We therefore need to estimate how close we
can come to that point, and what amount of residual ZZ is acceptable for our
system. It is difficult to make a general statement about this, since the effect of
static ZZ on e.g. the fidelity of a two-qubit gate will depend on the particular
gate implementation and its duration. What complicates things is that the gate
itself can add a new, dynamical contribution to ZZ, such as in the case of the
cross-resonance gate [130, 203].

Generally, the amount of residual static ZZ limits the on-off ratio of a two-qubit
gate since it constitutes an always-on interaction even when no gate is activated.
If we can perform the gate at a rate J, the on-off ratio will be |J/{|. If we want a
ratio of 103, assuming J ~ 10 MHz similar to our device, we need the ZZ shift to
be on the order of 10 kHz or less. Looking at Fig. 6.4, this puts a strict requirement

on the accuracy of setting the IST Josephson inductance Lj g, while Cigr does

127



Chapter 6. Interactions in a multi-species qubit system

not play a significant role. Of course, one can also choose to operate slower gates
with a lower value of J, which causes the ZZ interaction to decrease quickly due to
the scaling ¢ ~ J? — but this is only advantageous as long as qubit coherence does
not become the limiting factor.

The issue outlined here is analogous to the well-known problem of targeting
qubit frequencies in fixed-frequency transmon devices, which is challenging due
to the sensitivity of Josephson junction inductances to fabrication imperfections.
Here we are ignoring the additional parameter Ligr, which we assume to be more
robust than Ljgr since it is defined by a simple top-down lithography step, same
as the capacitance Cigr.

Recently, a technique for post-fabrication laser-annealing of individual junctions
has shown great promise in reducing the spread of room-temperature junctions
resistances, and therefore transmon frequencies, in large-scale processors with up
to 65 qubits [85, 204]. This method can tune the room-temperature resistance of
single Josephson junctions (which is proportional to the inductance L;) to within
+0.3% of a given target. This accuracy would allow us to guarantee || < 10 kHz
at detunings A > +100 MHz or A < —500 MHz in the case of the device simulated
in Fig. 6.4. If ¢ ~ 50 kHz is acceptable, virtually all practical detunings (at
least 5 — 10 x J away from the anti-crossings between |11}, |20) and |02)) become
accessible.

We believe that the laser annealing technique is applicable to the IST, since it
only contains a single junction'!. We see this as a fundamental advantage of the
IST compared to RF-SQUID qubit designs that rely on tightly packed junction
arrays. The only caveat is that the junction resistance cannot be measured by a
simple DC probe due to the presence of the inductive shunt, which means that the
IST junction would have to be annealed blindly based on previous calibrations,
reducing the accuracy of the technique. We note that a more detailed analysis
beyond the scope of the present discussion is required to make a final conclusion;
nevertheless, we believe this technique to be a promising avenue to enable larger
lattices of coupled ISTs and transmons with reproducible ZZ suppression.

One additional point to consider is that the use of built-in ZZ suppression,
while elegant on its own, does not preclude the use of additional methods for ZZ
suppression. In fact, combining two independent techniques might be necessary to
ensure good performance at larger scales in the long run. Recent examples are the

combination of multipath coupling and ac-Stark based active ZZ cancellation in

'Even our gradiometric transmon could be tuned in this way, since the two junctions forming the
SQUID are separated by hundreds of pm, allowing the laser to target each one individually.
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a seven-qubit device [129], as well as the combination of fluxonium qubits (high

anharmonicity) with a tunable coupler [96].

6.4. Sideband transitions

6.4.1. Concept

So far we have only investigated the system at rest, i.e. when no external drives are
applied. We now want to explore how we can create entanglement between the IST
and transmon. The large detuning A ~ 1.9 GHz makes it unfeasible to drive a gate
(e.g. a conventional cross-resonance gate) efficiently when both qubits are parked
at their sweet spots. We could leverage the flux tunability of either of our qubits
to implement a flux-based gate, either using baseband flux pulses [49, 50] or with a
parametric drive [56, 92]. Instead, here we want to make use of a property specific
to the RF-SQUID Hamiltonian, namely the fact that biasing the RF-SQUID at
a finite flux (i.e. away from either of the sweet spots) introduces odd terms in
the phase potential, leading to a three-wave mixing interaction and to modified
selection rules for transitions between energy levels. This was explored in the
transmon-CSF'Q experiment of Ref. 83, and it is also the same type of interaction
that enables three-wave mixing in SNAIL-based parametric amplifiers [205, 206].

When ey # 0,0.5 the symmetry of the RF-SQUID Hamiltonian Eq. (2.10)
with respect to parity » — —® is broken, and the expansion of the Hamiltonian
reads [83]

Ho/h~ wyi'a + . (afafa + ataa) + %a*a*aa, (6.1)
with a new cubic non-linearity . in addition to the usual Duffing fourth order
non-linearity . Third-order terms of type a'a’a lead to non-zero transition matrix
elements between eigenstates of the same parity, such as |0) — |2), which are
not allowed as single-photon transitions in the transmon [40]. In the two-qubit
system consisting of transmon and IST, this cubic nonlinearity therefore allows us
to directly drive sideband transitions by applying a tone at frequency wg, to the IST
either at the difference (red sideband) or sum (blue sideband) of qubit transition
frequencies, such as wg, = wp1 + wyp, manifesting the three-wave mixing interaction.
This is the same mechanism behind the IST-resonator or IST-parasitic mode
sidebands that we observed earlier in IST spectroscopy (see Fig. 5.11 and related
discussion). We emphasize that, in the absence of the cubic nonlinearity, these

sidebands are only possible via two-photon processes [87, 193, 207], requiring much
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higher drive powers, or via additional tunable coupling elements [117], requiring

more complex circuitry.

6.4.2. Device metrics at finite flux bias

To turn on the cubic nonlinearity we bias the IST at g ~ 0.37, far away from
either of its flux sweet spots, while keeping the transmon at e = 0 as before. The
main device parameters at this operation point are summarized in Table 6.2. In
this regime the IST has a (small) negative anharmonicity due to the interplay of the
Josephson and inductive potential terms as discussed in Sec. 2.3.2. This particular
choice of bias leads to a relatively small qubit-qubit detuning A ~ +250 MHz that
provides sufficient interaction strength while avoiding hybridization of the qubits
via the direct exchange J. The drawback is that the static ZZ interaction is now

much stronger, as expected from the data in Fig. 6.3 (b).

Table 6.2: Device parameters at the sideband operation point. Basic properties of the
IST-transmon device when the IST is biased at @ext ~ 0.37. The continuous-wave (CW)
tone for active ZZ cancellation is presented in Sec. 6.5.1.

Quantity  Unit Transmon IST

Qubit frequency wpi /27 (GHz) 5.642 5.898(1)
Anharmonicity o/27  (MHz) -220 -103(1)
Dispersive shift 2y /27 (MHz) -1.5(1)  -2.5(1)
Relaxation time 7} (ps) 46(7) 25(2)
Ramsey coherence time Ty (ps) 20(3) 0.39(3)
Hahn-echo coherence time Th 5 (115) 30(4) 1.2(2)
Frequency variation oy  (kHz) 2.8 450
# of repetitions 69
Total run time  (h) 9.3
77 shift |¢|/2r  (kHz) 2200(100)
77 shift |¢|/2m (with CW tone) (kHz) <4

The IST-resonator dispersive shift 2y is now negative instead of positive, as
expected from the flipped sign of «, but its value is unusually large compared
to the transmon which has more than twice the amount of anharmonicity. One
would naively expect a dispersive shift on the order of —1 MHz from the familiar
expression 2y ~ 4g2a/A, (A, + «) for a weakly anharmonic qubit [33], where A,
is the qubit-resonator detuning. Note that this formula does correctly predict
—1.5 MHz for our transmon. This discrepancy is due to the cubic nonlinearity of
the IST at finite bias, see Eq. (6.1), which invalidates the usual treatment of the
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qubit as a Duffing oscillator. Indeed, the numerical fit of the exact Hamiltonian
to the [ST-resonator spectrum as presented in Sec. 5.4.2 predicts a much larger
dispersive shift of —2.7 MHz, very close to the measured value.

While the transmon decay and coherence properties are largely unaffected, the
IST coherence is reduced by more than one order of magnitude compared to the
sweet spot. This is expected from the presence of a finite flux noise amplitude
Ag, as determined in Sec. 5.5.2, and the steep slope of frequency versus flux at
this operation point. While it is still sufficient to investigate two-qubit dynamics,
we predict that the short coherence times will be a severe limiting factor for the

fidelity of qubit operations.

6.4.3. Driving the transitions

The main sideband transitions of interest are shown schematically in Fig. 6.6 (a).
The labels denote the two-qubit unitary operations that can be implemented by
using the corresponding sideband transition as a primitive. The simplest case
is the red sideband at the qubit detuning wg, = A, which implements a direct
excitation swap [01) — |10) and is therefore a primitive for an iSWAP unitary. In
the two-excitation manifold, driving at either wy, = A + a1y or wg, = A — qpgr
brings |11) out of the computational space and into either |20) or [02), but driving
for a full Rabi period returns the state to |11) with an added phase ¢, useful
for implementing a CPHASE(¢) gate. The iSWAP and CPHASE sideband gates
have been successfully demonstrated in the transmon-CSFQ system of Ref 83.
Furthermore, we can directly Rabi-drive the blue sideband |00) — |11) starting
from the ground state and applying a tone at the sum frequency wg, = wo1 + wio-
This transition adds two excitations to the system at once and can be used to
implement a gate called bSWAP, which has been demonstrated before either via
two-photon drive in a statically coupled transmon-transmon system [87] or by
flux-driving a tunable coupler between two transmons [117].

In our experimental setup, blue sideband drives are generated with the same
up-conversion signal chain as regular qubit microwave drives. Red sideband drives
on the order of a few 100 MHz are instead directly generated as baseband signals
from a single AWG channel with sampling rate of 2 GSa/s and then combined with
the microwave drive line at room temperature, before being sent to the device in
the cryostat. See Appendix B and specifically Fig. B.2 for more details. We use a
soft square pulse shape, with 4.5 ns Gaussian rising and falling edges (¢ = 3 ns,

truncation after 3 o), and a variable square plateau time 7.
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Figure 6.6: Sideband transitions between IST and transmon. (a) Qualitative energy
diagram of the coupled IST-transmon system, showing red and blue sideband transitions
allowed by the IST cubic non-linearity. The labels indicate the unitary two-qubit
operations that can be implemented based on these transitions. (b) To probe the red
sideband |01) — |10), the transmon is excited and a sideband tone of variable frequency
wgp and duration 7 is then applied to the IST. The resulting transmon and IST readout
signals are shown in (c) and (d), respectively. The colormap is chosen such that blue
(red) corresponds to the qubit in the ground (excited) state.

As a first example, we probe the [01) — |10) transition by preparing the system
in |T()) with a X, pulse on the transmon and then applying a sideband drive of
duration 7 and frequency wg, &~ A to the IST, as shown in the pulse sequence
in Fig. 6.6 (b). By varying wg, and 7 we can observe the typical chevron-like
pattern of coherent Rabi oscillations in the transmon and IST signals, shown in
Fig. 6.6 (c)-(d). The excitation first present in the transmon is swapped back
and forth between the two qubits at a rate Qg1 _10/27 ~ 15 MHz when driving
on resonance. This allows us to fully swap the qubit excitation when driving for
half a period, around ¢ ~ 33 ns. This rate is dependent on several factors such as
the voltage drive amplitude, the bare exchange interaction .J, and the strength of
the IST cubic nonlinearity /. enabling this transition [83]. Faster rates should be
possible in principle, but in our experiment we are limited by the AWG output
amplitude and the amount of attenuation in the drive lines.

One can obtain similar chevron patterns when driving one of the red sidebands
in the two-excitation manifold, |11) — |02) at wg, = A + asp ~ 150 MHz or
I11) — |20) at wg, = A — ay = 460 MHz. This requires both qubits to be excited
with a X, pulse to create the starting state |11). For the sideband involving the
second transmon excited state |QT)>, we obtain a Rabi rate €217_,90/27 ~ 13 MHz
with the same pulse amplitude as used in Fig. 6.6. A more detailed discussion will
be offered in Sec. 6.5.3 when calibrating a CZ gate with this sideband.
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Figure 6.7: Blue sideband transition. (a) Oscillation pattern measured on the IST
while driving the [00) — |11) blue sideband transition around the sum frequency of the
two qubits. The white dashed line is a fit showing the full oscillation period at each
drive frequency, obtained from fitting the Rabi rate Q911 (see main text). (b) Rabi
rate versus sideband drive amplitude at the AWG output, obtained by repeating the
measurement in (a). The black dashed line is a guide to the eye, showing the deviation
of the data from a linear relation.

We now turn to the blue sideband |00) — |11), which does not exchange
excitations between qubits, but instead adds and removes two excitations at
once. Repeating the same scan of wgy, and 7 as before, this time centered around
Wsh & Wo1 + wio, We again observe coherent oscillations, shown in Fig. 6.7 (a) for
the IST. The |11) state is reached after 7 ~ 120 ns. If instead we drive for half that
amount of time, we end up in a coherent superposition (]00) + |11))/v/2, i.e. we
have generated a Bell state [87]. This means that the blue sideband transition offers
a simple method of creating a maximally entangled Bell state with only a single
60 ns RF pulse starting from the ground state. To see whether this can be sped up
further, we investigate the dependence of the Rabi rate {259_,1; on the AWG output
amplitude of the sideband drive by repeating the chevron pattern measurement
for different drive amplitudes. We fit the oscillation rate €2 at each value of wg,
to the Rabi rate equation Q2 = Q32 ,,, + A% to obtain the true Rabi rate Qp_11,
where Ay, is the detuning of the drive from the true sideband frequency. The result
is plotted in Fig. 6.6 (b), showing that the Rabi rate initially increases roughly
linearly with amplitude (as expected from a single-photon transition) but then
begins to saturate as the drive strength increases further. This indicates that we
might already be approaching the limit of the effective interaction rate possible for
this particular transition at the chosen operation point. The largest value measured

here corresponds to the plot in (a).
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6.5. Demonstration of a sideband CZ gate

The variety of sideband transitions we have explored offers an interesting playground
for implementing various types of entangling gates with the IST qubit. In this
section, we show as an example the calibration of a CZ gate based on the red
sideband |11) — |20), largely following the procedure outlined in Ref. 83 for
sideband gates in a transmon-CSFQ system. To our knowledge, this is the first
demonstration of a two-qubit entangling gate employing a geometric inductively
shunted qubit.

The IST is biased at @exy ~ 0.37, same as for the sideband experiments of
Sec. 6.4. We start by removing the (large) static ZZ interaction with an ac-Stark
shift drive, then calibrate and benchmark single-qubit gates, before moving on to

the characterization of the CZ sideband gate itself.

6.5.1. Active ZZ cancellation

The relatively small detuning and large coupling J between the qubits leads to
a large ZZ shift ( > 2 MHz at the chosen sideband operation point, which can
degrade the fidelity of qubit operations by introducing coherent (unitary) errors.
Fortunately, the same three-wave mixing term that enables single-photon sideband
interactions can also be used to actively suppress the ZZ shift, as explained in
Ref. 83. A continuous wave (CW) tone is applied to the IST at a frequency wew
slightly detuned from the |11) — |02) sideband. This off-resonant tone does not
drive the transition itself but causes an ac-Stark shift of the involved energy levels
and leads to complete cancellation of ( when the frequency and amplitude of the
CW tone is chosen correctly. The principle is similar to other implementations
of ac-Stark shifts for ZZ cancellation in transmon [110, 129] and fluxonium [208]
systems, with the crucial difference that these rely on primary transition frequencies,
usually on the order of GHz or more. Instead, the IST three-wave mixing term
allows us to use much lower frequency drives (a few 100 MHz) as for the red
sideband transitions discussed here, which are easily implemented with baseband
AWG pulses without requiring dedicated microwave sources. Furthermore, the CW
drive in our case is added in software to the same waveform output as the other
sideband drives, resulting in zero hardware overheads.

We observe the effect of the CW tone by performing spectroscopy on the transmon
as a function of CW tone amplitude with a fixed value wew = 180 MHz. The

spectroscopy is carried out twice, once with the IST in the ground state and once
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Figure 6.8: Calibration of CW tone for ZZ cancellation. Transmon spectroscopy at the
CZ operation point versus amplitude of a 180 MHz CW drive on the IST, (a) without
and (b) with an additional X, pulse applied to the IST. Dashed line in (b) shows a
quadratic fit to the transmon frequency from (a). The difference between the two curves
is simply the ZZ shift {. (¢) Fine-tuning of CW tone amplitude by Ramsey-based ZZ
measurement. The optimal amplitude for ZZ cancellation is obtained from a linear fit.
The pulse sequences for (a)—(c) are shown below the respective plots.

with a X, pulse applied to it to induce a ZZ shift on the transmon, and the result
is shown in Fig. 6.8 (a)—(b). As the CW strength is increased, the ac-Stark shifted
transmon frequencies converge to the same value, making the transmon completely
insensitive to the state of the IST — in other words, ¢ has been suppressed. Note
that the CW tone is applied to the IST, but the effect is here observed in the
transmon thanks to their dispersive coupling.

The cancellation of ( can be determined more accurately via conditional Ramsey
on the transmon, see Fig. 6.8 (c¢). A linear fit to the data gives us an optimal CW
amplitude of 748(1) mV in this case. While the trend seems robust, the residuals
(difference between fit line and data points) are 4 kHz on average, larger than the
errors observed for ZZ measurements at the sweet spot. We attribute this to the
larger fluctuations oy ~ 450 kHz of the IST frequency at finite flux bias, obtained
from repeated Ramsey data (Table 6.2), which affect the qubit-qubit detuning and
the bare value of (, and thus the optimal CW tone parameters. We can therefore
only give an upper bound |¢| < 4 kHz for the active ZZ suppression method once
the CW tone has been fixed, corresponding to a still significant reduction in static

77 strength by a factor of more than 500 compared to the bare value.
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We also investigate whether the presence of ac-Stark shifts due to the CW tone
has an adverse effect on qubit relaxation and coherence at the ZZ cancellation point.
We obtain the following values of Ty, T3 and T5 g: 37(6), 18(1) and 25(3) ps for the
transmon, and 22(1), 0.37(3) and 1.2(1) ps for the IST. Compared with the data
in Table 6.2, the IST is not affected while the transmon seems to degrade slightly,
but we note that the data here agrees well with the transmon reference values from
Table 6.1, so we attribute these differences to random temporal fluctuations of

qubit parameters rather than any effect of the CW tone itself.

6.5.2. Single qubit gate benchmarking

So far, single-qubit gates have been calibrated only approximately via a simple
Rabi amplitude scan to obtain the pulse amplitude that optimally inverts the qubit
population (in the case of a X gate). While this is sufficient for the rather simple
pulse sequences presented until now, benchmarking a two-qubit gate requires well-
calibrated single-qubit gates to minimize error contributions. We use a procedure
similar to the one presented in Ref. 168. We choose Gaussian pulse envelopes with
o = 15 ns and truncation at 3o, with an added 5 ns buffer after each pulse. This
results in a total gate duration ¢, = 50 ns. After a rough amplitude calibration and
a Ramsey sequence to determine the qubit frequency precisely, we carry out a pulse
train sequence which amplifies errors in amplitude [209]. We separately calibrate
X, and X/ amplitudes. Subsequently, we minimize leakage contributions to
error via derivative removal by adiabatic gate (DRAG) [51]. This technique is
especially important when qubit anharmonicity is small, such as for the IST at this
operating point, since any finite-length pulse will contain spectral components that
can drive transitions outside of the computational space. Since the DRAG pulse
shape optimization slightly modifies the total pulse amplitude, we then repeat the
pulse train sequence. One can iterate back and forth until stable pulse parameters
are reached — we found that two DRAG rounds with a subsequent pulse train
recalibration are sufficient for our purposes. All of these calibration routines are
performed individually on each qubit, in the presence of the CW tone for ZZ
suppression discussed earlier.

We now characterize the single qubit gates via the standard technique of ran-
domized benchmarking (RB) [210, 211], which is a resource-efficient method to
obtain an estimate of gate errors. Briefly, standard RB pulse sequences consist of a
variable number m of randomly chosen single-qubit gates from the Clifford group

with 24 elements. At the end of the sequence, the inverse of the product of all
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Figure 6.9: Single-qubit randomized benchmarking. Single-qubit gate randomized
benchmarking (RB) perormed individually on (a) transmon and (b) IST after gate
calibration routine as explained in the main text. Raw datapoints for 100 different
Clifford group samples at each Clifford sequence length are shown as grey points. The
standard RB decay curve is fitted (black line) to the mean values at each sequence length
(blue dots). Extracted error per Clifford (EPC), error per physical gate (EPG) and gate
fidelity Fg = 1 — EPG are reported.

these gates is applied in order to recover the initial state (usually |0)). The longer
the sequence, the larger the accumulated error, and the smaller the probability of
recovering the initial state. For many common types of error, this probability can

be fitted with a simple exponential decay
Poy=A-p" + B, (6.2)

where A, B are scaling parameters and p is known as the depolarizing parameter,
with possible values 0 < p < 1. The average error per applied Clifford (EPC)
is then obtained as EPC = (1 — p)/2. In a real circuit implementation, this
number will depend on how efficiently the Clifford operations are decomposed into
actual native physical gates, such as X and X /,. A more meaningful measure to
characterize a physical system might then be to instead quote the average error
per applied physical gate (EPG), defined as EPG = (1 — p*/"¢) /2, where N, is the
average number of physical gates required per Clifford. We use the decomposition
{1, X5, Xz/2, Yz, Yz 2}, which results in Ny = 45/24. We note that a smaller N,
can be achieved by implementing virtual (i.e. zero-duration, software-based) Z
gates [212] and therefore using fewer physical gates, but this only affects EPC and
not the underlying EPG.

We perform RB individually on each qubit, sampling 100 random Clifford

sequences at each sequence length m to ensure sufficient randomization. The
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resulting measurements of RB decay are shown in Fig. 6.9 together with the
exponential fit. The average gate fidelity is simply defined as F, = 1 — EPG. We
obtain 99.80(4) % for the transmon and 99.29(14) % for the IST. The IST has
lower fidelity than the transmon, which is not surprising given its much shorter
coherence time. A simple estimation of the error expected from decoherence [213]
provides the upper bounds 99.9 % and 96.0 % for transmon and IST. The measured
transmon fidelity is slightly lower than this estimate, suggesting the presence of
coherent errors such as pulse miscalibration. On the other hand, the IST gate
fidelity is much higher than the predicted coherence limit, which is an unphysical
result. In fact, a fidelity on the order of 99 % or more seems implausible when
the IST decoheres on average after only 75 /t, ~ 8 gate applications. The solution
lies in the fact that 75 only probes the "worst-case scenario” of bare decoherence
when the qubit is idling on the equator of the Bloch sphere, while during the RB
sequence the qubit is being driven most of the time. One can derive [213] that
if slow 1/f-type noise is the dominant decoherence source, as in the case of the
IST at finite flux bias, the RB sequence partially protects the qubit from this
noise and extends its coherence under drive, leading to a much higher gate fidelity
compared to the case of stochastic (white) noise. The corresponding formula
Fy = (2+ exp(—(ty/T5)%))/3 ~ 99.5 % is indeed in good agreement with our
experimental result, assuming a small contribution from coherent error as for the
transmon.

One can also perform the RB protocol simultaneously on both qubits [214], which
in the presence of qubit-qubit crosstalk will generally lead to larger errors than
individual RB. Indeed, we obtain the gate fidelities 99.39(6) % and 99.07(11) % for
transmon and IST, respectively, when the RB is performed simultaneously. This
indicates that despite the active ZZ cancellation a finite contribution from crosstalk
remains. This could either come from fluctuations of the optimal ZZ suppression
point in time as mentioned previously, or from classical crosstalk between the qubits,
i.e. the drive signals applied to the control lines can weakly drive neighboring
qubits. It is possible to carry out calibration sequences to identify such sources of
error [46].

As a side note, the gate fidelity of approximately 99.8 % measured for the
transmon, while nowhere near the current state-of-the-art for superconducting
circuits [46, 71], is an encouraging result from the point of view of our dFBL design.
It confirms that our single control element is capable both of highly selective flux

biasing, as characterized in Sec. 4.4, and also high-fidelity qubit operations. We
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do not believe that the transmission properties of the dFBL are a limiting factor
to fidelity at the current level. Future experiments with higher-coherence qubits
and more careful pulse shaping will be required to perform a stricter test of dFBL

performance.

6.5.3. Sideband pulse calibration

In principle, either of the red sidebands |11) <+ |02) and |11) <+ |20) can be used
to implement a CPHASE(¢) gate, where ¢ is the phase accumulated on the |11)
state relative to the rest of the computational subspace after performing one full
Rabi oscillation period. Here we pick |11) <+ |20), located around 460 MHz, since
it is well-separated from the other sidebands and from the ZZ cancellation tone at
180 MHz.

We begin by identifying the optimal sideband drive parameters, such as the
frequency wg, and drive plateau duration 7 to implement a full 27 rotation in the
{|11),|20)} subspace. The drive amplitude at room temperature is fixed at 0.5 V
(1 V peak-to-peak), which is the maximum output allowed by the AWG channel.
We predict that we could achieve a faster gate by removing some attenuation
from the control line in the cryostat or using a DAC channel with higher output
voltage. The pulse sequence and resulting measured chevron pattern are shown
in Fig. 6.10 (a)-(b). We observe the oscillations most clearly in the IST, since
the transmon never returns to its ground state during the |11) <+ |20) Rabi flop

while the IST does, and our readout calibration is most sensitive to changes in the
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Figure 6.10: Calibration of red sideband transition |11) + |20). (a) Pulse sequence to
implement Rabi driving of the |11) « |20) sideband. The system is initialized in the
|11) state before applying a sideband drive of variable duration and frequency. (b) Rabi
oscillations observed in the IST signal. By fitting the Rabi rate at each frequency, we
obtain the optimal drive time for a full oscillation period (white dots and line).
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ground state qubit population Pgy. As done for the blue sideband data in Fig. 6.7,
we fit the oscillations to the Rabi rate equation Q* = Q3,_,,, + A% and extract
Q11,90 ~ 13 MHz. The fit is added to Fig. 6.10 (b). This also gives us the optimal
gate time duration versus drive frequency t,4(ws,) that performs a full rotation and
minimizes leakage into the |20) state. For now we choose to drive the sideband on
resonance, but this will be slightly modified later to achieve exactly ¢ = 7.

In addition to the desired conditional phase ¢, the sideband drive causes small
ac-Stark shifts on all system levels. This is the same mechanism that allowed us to
cancel out the static ZZ interaction in Sec. 6.5.1, but it is unwanted here since it
means that additional local phases will be accumulated on both qubits as they will
be temporarily detuned from the lab frame of reference (defined by the frequency
and phase of their microwave source). Luckily, this phase is easy to calibrate out
using Ramsey interferometry as shown in Fig. 6.11 (a). The sideband pulse as
determined above is inserted into a fixed-length Ramsey sequence, here shown for
the IST. With the qubit initialized on the equator of the Bloch sphere, the phase
imparted during the sideband will make the qubit rotate to a new point on the
equator. We then add an intentional VZ(#) rotation by an angle  (implemented in
software by rotating the lab frame for all subsequent pulses by —0) before projecting
the qubit back and measuring it. This maps the total accumulated phase onto the
qubit Z axis. By sweeping 0, with and without the sideband drive, we obtain the
two curves plotted in Fig. 6.11 (b). The offset between the two corresponds to
the phase added solely by the sideband, which is deterministic and can therefore
be compensated in software by adding a VZ gate with the opposite angle to the
definition of the CPHASE gate. Repeating this experiment should now yield two
perfectly overlapping curves. The same procedure can then be applied to the other
qubit to remove its own local accumulated phase. Note that the sideband and CW
cancellation tones are always applied to the IST, regardless of which qubit the
Ramsey interferometry is performed on.

Now that single-qubit phases have been calibrated out, we can observe the
conditional phase induced by the sideband via a modified sequence [83] where
the sideband drive is always present, and a conditional pulse is added to the
control qubit as shown in Fig. 6.11 (¢). When the control is in the ground state,
nothing changes compared to before. If the control is excited, the target qubit now
oscillates out of phase due to the accumulated phase ¢ &~ 7 during the sideband
drive, see data in Fig. 6.11 (d). We note that in our experiment, the contrast of the

oscillations is usually reduced by around 20-30 % when the control qubit activates
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Figure 6.11: Calibration of single and conditional phases of the CPHASE sideband
gate. Ramsey interferometry experiments to detect phases added by the presence of the
CPHASE sideband drive. (a)-(b) Single-qubit phases can be detected by sweeping the
phase 0 of a virtual Z gate prior to projecting the qubit back onto its measurement axis,
with or without the sideband drive present. The phase offset is equal to the unwanted
single-qubit rotation added by the sideband drive, which can now be calibrated out.
(c)-(d) The conditional phase ¢ can be detected by repeating the Ramsey interferometry
as a function of state of the control qubit when driving the sideband. A phase difference
close to m is observed here. Note that in all these experiments, a CW tone for ZZ
cancellation is always applied to the IST.

the conditional phase. We do not currently understand the origin of this effect, but
we also do not think that this is a fundamental issue with the sideband drive, as the
chevron pattern in Fig. 6.10 does not show such an obvious loss of contrast even
after two full oscillation periods. This rules out loss of contrast due to leakage into
120). One possibility is that instead dephasing is enhanced while the higher state
|Qf)) is populated during the rotation, which could cause the Ramsey interferometry
signal to weaken. It could also be related to readout, due to unwanted coupling of
one qubit to the wrong readout resonator [215], but more careful characterization
will have to be performed in order to confirm this. In any case we find that the
sideband gate still performs reasonably well in randomized benchmarking, as we
will see in Sec. 6.5.4.

The phase offset between the two curves in Fig. 6.11 (d) is exactly the conditional
phase ¢. We find that it is not exactly equal to 7 for our initial guess of drive
frequency, but it can be tuned freely by moving along the optimal one-dimensional

manifold in Fig. 6.10 (b). This is analogous to the flux-based parametric CZ gate
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in transmon qubits [200]. To confirm this, we repeat the conditional interferometry
of Fig. 6.11 (¢)—(d) to extract ¢ while varying the sideband drive frequency wg, and
following the optimal ¢,(wg,) curve. Further, we repeat this by swapping the role of
control and target qubit as a consistency check of the method. The result is plotted
in Fig. 6.12, showing that indeed the conditional phase can be tuned continuously
and that it is consistent when swapping the roles of the qubits, as the two lines
have opposite slope and intersect exactly at a value of ¢ = w. We therefore choose
this operation point, which is slightly detuned from the true transition frequency,
and then recalibrate the single qubit Z corrections as before.

The procedure outlined in this section provides us with a calibrated CPHASE(7) =
CZ with a total length ¢, = 83 ns including rise and fall edges and a 5 ns buffer
inserted after the pulse. Overall, we find that the sideband CZ gate is relatively
easy to tune up and its behavior in parameter space is fairly predictable, as demon-
strated by the tuning procedure outlined here. Although not further investigated
in this study, the access to a continuous set of CPHASE(¢) gates can be a useful
resource to compile circuits more efficiently than with only one discrete two-qubit

unitary [216].
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Figure 6.12: Varying the conditional phase of the sideband gate. The conditional
phase ¢ induced by the CPHASE(¢) gate is measured by Ramsey interferometry as a
function of the sideband drive frequency wgh,, adjusting the optimal gate time as in the
fit from Fig. 6.10. The experiment is carried out twice, with each of the qubits acting as
control. Error bars on ¢ are present but are smaller than the data points. Linear fits to
the two datasets give an optimal drive frequency wgy, = 463.12(5) MHz that implements
a CPHASE(m) = CZ gate in this particular calibration run.

142



Chapter 6. Interactions in a multi-species qubit system

6.5.4. CZ gate benchmarking

The CZ gate fidelity is determined using RB, as for the single-qubit gates. The
extension of RB to the two-qubit (2Q) case is straightforward and the principle
remains the same [217, 218]. The 2Q RB protocol attempts to restore the starting
state \6()} after applying a random sequence of Cliffords. The main difference is
that the full 2Q Clifford group with 11’520 elements is now significantly larger than
in the single-qubit case, meaning that the group has to be sampled more times
in order to obtain a reliable estimate of the error. In general, given a native gate
such as the CZ implemented here, a general 2Q) Clifford will consist of several CZ
gates and single-qubit operations. The EPC will therefore include a mixture of
single- and two-qubit errors. To obtain the error due to the actual CZ gate, one
can make use of a refined protocol called interleaved RB [219]. Here, a copy of
the particular gate of interest GG is inserted between each random Clifford of a
standard (reference) RB sequence. The additional error accumulated in interleaved
RB compared to reference RB is purely due to G. The individual gate error EPGg
is then obtained from the depolarizing parameters p and pg, of the reference and
interleaved RB, respectively, as EPGs = 3(1 — pi;/p)/4.

We perform reference and interleaved 2QQ RB for the CZ gate on our device by
randomly sampling the Clifford group 150 times at each sequence length. While this
number is too small to sufficiently represent the group, this experiment already takes
~ 12 hours to complete. Much longer sequences would likely require intermediate
recalibration of pulse parameters due to slow drifts in the experimental setup.
We are limited by: the loading of the long required digital waveforms on our
AWG, by the data acquisition time (each unique sequence is averaged over 5’000
repetitions to achieve a sufficient signal-to-noise ratio), and by the time required
for the computation of the final inverse 2Q) Clifford. Improving the readout setup
to achieve higher signal-to-noise ratio, as well as pre-computing the 2(Q) Clifford
inverse for each sequence and storing it as a list, would improve the efficiency of
this benchmark. Note that this is not a fundamental issue, as Clifford gates can
be efficiently computed classically [1], but simply a limitation of our particular
hardware and software used.

As a positive side effect, this long experiment shows us that our system is
relatively stable over long periods of time. No intermediate pulse recalibrations
were performed during this 12 h period.

The measured data for both standard and interleaved RB is plotted in Fig. 6.13
along with the RB fit to each sequence. The CZ gate fidelity Foy =1 — EPGey is
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Figure 6.13: Sideband CZ gate randomized benchmarking. Standard (blue) and inter-
leaved (orange) two-qubit randomized benchmarking experiment, showing simultaneous
recorded data on the (a) transmon and (b) IST. The raw data points (grey) are shown for
the refrence RB sequence only. The fitted decay curves (black lines) provide an estimate
for the average error per Clifford (EPC) and the error per physical CZ gate (EPGcy).
The quoted gate fidelity is Foz = 1 — EPGgyz.

obtained from the combined standard and interleaved RB data as explained above.
We separately plot and fit the data for each qubit, recorded simultaneously. One
would expect both qubits to provide the same error estimate [89]. We find that the
extracted fidelity Fz is 96.2(1.4) % for the transmon and 95.3(0.8) % for the IST.
The estimated fidelities are slightly different but are still within fit uncertainty
of each other. Looking at the raw data for reference RB in Fig. 6.13 we can see
that especially at small Clifford numbers the spread of recorded values is extremely
large. We attribute this to the effect of finite sampling, which is the likely cause for
the large uncertainties on F}, although we note that longer experiments with more
sampling would be required to confirm whether this is the case or whether there is
a more fundamental issue in our RB implementation. For practical purposes, here
we choose to take the average of the fidelities obtained from the two qubits as our
final result, which is Foz = 95.8(1.6) %.

We briefly discuss the limitations of gate fidelity. While coherent errors due to e.g.
residual ZZ crosstalk or miscalibration of the single-qubit and conditional phases
as discussed in Sec. 6.5.3 can play a role, we expect the gate error to be mostly
coherence-limited based on the very low coherence of the IST at finite flux bias.
We are not aware of any theoretical work that analyses two-qubit gate error limits
in the presence of 1/f flux noise, as was discussed for the single-qubit case [213] (see

also details in Sec. 6.5.2). This is further complicated by the fact that the transmon
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and IST are subjected to different noise spectra in our experiment, creating an
asymmetry in the dynamics. The authors of Ref. 100 observed experimentally
that the fidelity of a CR gate on a transmon-CSF(Q device is higher than expected
from a standard coherence limit, which they also attribute to the flux noise limited
coherence of their CSFQ.

Here we offer an intuitive picture for the case of our CZ gate. During gate
operation, the sideband transition is only being driven when the two-qubit system
has a non-zero probability of being in the |ﬁ) eigenstate, which on average is 1/4
for a sufficiently randomized state. All remaining eigenstates are idling during this
time, accumulating only single-qubit phases, making the IST more sensitive to the
bare 1/f noise than during single-qubit benchmarking, which mostly consists of
actively driving the qubit. We therefore expect the 2QQ RB to be less forgiving in
this regard, due to our specific choice of native two-qubit gate. Assuming all error
to come from IST decoherence, the naive coherence limit for our ¢, = 83 ns gate
is 93.6 %), while the single-qubit 1/f noise scenario gives 98.5 %. Our actual gate
fidelity sits between these two limiting cases, supporting the intuition developed
here. As an additional comparison, the original sideband CZ gate implementation
in Ref. [83] achieves a slightly higher fidelity of 97 % with a slightly higher CSFQ
coherence of T ~ 0.6 ps and shorter gate time t, = 50 ns, suggesting that both
these gate implementations are limited by the same mechanism.

Ultimately, the short coherence makes this gate a relatively unattractive choice
unless gate times can be decreased significantly with larger J or flux noise in the
system can be mitigated. One solution to partially reduce the effect of decoherence
would be to keep the IST at its sweet spot when idling or when performing single
qubit operations, and quickly tune it to the sideband operation frequency before
applying the CZ drive. This is analogous to conventional flux-based gates with
fast baseband pulses [49], which should be possible in our architecture thanks to
the large bandwidth provided by the dFBL. While this does not remove the issue
of low coherence during CZ operation, it improves single-qubit fidelities and the
time-averaged coherence time of the IST. Additionally, one could also split the
sideband drive into two halves with an interleaved echo pulse, such as for the
echoed version of the cross-resonance gate [217], to additionally remove slow noise

contributions during gate operation.
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6.6. Summary

The study of a coupled device consisting of a transmon and IST presented in
this chapter has led to several interesting results. Firstly, the device is found to
operate as expected, with stable parameters and acceptable coherence metrics. The
static ZZ interaction between the two qubits can be suppressed by choosing the
optimal flux working point of the IST such that the opposite anharmonicities of
the two qubits cancel out unwanted dispersive shifts in the computational subspace.
Crucially, a numerical simulation of the full system can closely reproduce the
behavior of ZZ interaction across the entire IST flux range without any fitting
parameters. This leads us to conclude that the properties of future optimized
devices could be reliably predicted using this numerical model, increasing the
chances of achieving sufficient ZZ suppression. While challenging, the reliable
targeting of circuit parameters in practice should become feasible in the near future,
thanks to techniques such as laser annealing of Josephson junctions.

Although not explored in this device, we believe that conventional two-qubit
gates such as the cross-resonance gate and parametric flux gates should be possible
in this system. This opens up the possibility of both suppressing ZZ contributions
and performing fast high-fidelity gates in a simple statically-coupled device, without
the need for additional coupling modes and related control circuitry.

Further, single-photon sideband transitions enabled by odd terms in the IST
Hamiltonian when biased away from the flux sweet spot have been explored,
showing a variety of two-qubit interactions that can be used to implement two-
qubit entangling gates. This is a resource that is not available in conventional
all-transmon systems. As an example, we carefully tune up and benchmark single-
qubit gates as well as a two-qubit CZ gate based on a red sideband transition. To
our knowledge, this is the first experimental implementation of a two-qubit gate
using a geometrically inductively shunted qubit, and demonstrates the feasibility
of incorporating this qubit species in existing transmon-based architectures at

virtually no cost.
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Conclusion and Outlook

We began this thesis by offering an overview of simple superconducting circuits
often used for quantum information processing, starting from the description of the
basic building block, the Josephson junction. We described one particular circuit
in more detail, the RF SQUID, which is tunable in-situ via the application of a
magnetic flux through its closed loop. The three main energy scales of this circuit
are the charging energy E¢, the Josephson energy E;, and the inductive energy E7.
Different choices of parameters can lead to vastly different physics. One example is
the IST, a weakly anharmonic oscillator which bears striking resemblance to the
popular transmon qubit despite a fundamentally different topology. The IST lies
in the easily realizable F;, > E; regime, and is therefore a simple alternative to
other more involved designs.

We then discussed the practical challenges faced when implementing flux control
in superconducting circuits, such as the additional hardware requirements and the
issue of 3D integration and scalability. Performance in flux-tunable circuits can
be impacted by factors such as resistive heating, flux crosstalk, qubit dephasing
induced by flux noise, or qubit Purcell decay through flux bias lines (FBL).

With these issues in mind, we set out to develop a novel 3D-integrated architecture
for flux control of superconducting circuits, based on an extension of our existing
coaxial circuit QED design developed previously in our research group. The
main ingredient of this design is the differential FBL (dFBL), a control element
fabricated out of coaxial wire to form an inductive loop and embedded inside a
superconducting sample enclosure. This approach removes the FBL from the qubit
substrate and does not require any sort of wirebonding, bump-bonding or other
involved packaging technique. This allows us to retain the simplicity and tileability
of the original coaxial architecture, ensuring that circuits can be increased in size
without intrinsic constraints. We tested the dFBL design at the four-qubit level
via cryogenic measurement of four tunable gradiometric coaxial transmons. We
can control both the flux (Z) and charge (XY) degree of freedom of the transmons
via the dFBL, proving that it is capable of full XYZ control. This is in contrast to

many conventional architectures that utilize two independent control lines per qubit,
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and is therefore an important step towards the reduction of hardware overheads.
Moreover, the dFBLs showed very high flux bias selectivity, with DC flux crosstalk
on the order of 1073 across the entire enclosure. We attributed this to the use of
gradiometric SQUID loops and the optimal matching of the dFBL geometry and
orientation with its corresponding SQUID. The flux crosstalk behavior is easily
reproduced via finite-element magnetostatic simulations, and we expect this to
scale favorably as circuit size increases.

To carefully characterize our architecture, we used our tunable transmons to
measure the transmission through the dFBLs and the readout ports. We also
repeated the measurements using a modified enclosure, which includes a 3D-
integrated readout multiplexer for simultaneous readout of all four qubits via
a single microwave line. By comparing this data to qubit 7} as a function of
frequency, we found strong indications that our qubit lifetimes are currently limited
by radiative Purcell decay through the readout port, and not by the dFBLs.

The realization of the dFBL platform then enabled us to proceed to the study of
novel flux-tunable circuits. We focused on the design, simulation and realization
of gradiometric IST qubits to investigate their relatively unexplored physics. We
showed how these qubits can be easily integrated into our existing transmon-based
architecture without requiring any modifications of the experimental setup or the
control and measurement scheme. The IST qubits were found to have a simple
flux spectrum and to behave in accordance with numerical predictions from the
full Hamiltonian. In particular, the IST anharmonicity is positive at the half
flux bias point and is easily tuned through zero to become negative. The overall
energy relaxation and coherence properties of our ISTs are on par with our tunable
transmons fabricated using the exact same process, showing that the IST is a viable
candidate for further interesting experiments in circuit QED.

The first step in this direction was taken by fabricating and characterizing a
device consisting of a transmon coupled capacitively to an IST. This allowed us to
study the two-qubit dynamics of a system where the opposite signs and comparable
magnitudes of the two qubit anharmonicities can lead to exact (within measurement
uncertainty) suppression of the unwanted longitudinal ZZ coupling. This behavior
could be accurately reproduced numerically across many orders of magnitude in Z7Z
coupling strength, highlighting the simplicity of this two-qubit Hamiltonian. The
77 term is commonly found to be a limiting factor in circuit QED experiments,
and several solutions involving either additional hardware or software requirements

have been developed. Here we showed that this is possible in a minimalistic two-
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qubit system without the need for external elements, confirming a similar study
that had been previously carried out using a transmon coupled to a C-shunted
flux qubit [100]. Further, using the parity-breaking of the IST Hamiltonian at
finite flux bias, we activated single-photon red and blue sideband transitions which
are not possible in an all-transmon system. These can be employed to perform
entangling operations, and as an example we tuned up a controlled-Z (CZ) gate
and benchmarked it via randomized benchmarking, achieving a CZ gate fidelity
of 96 %. To our knowledge, this is the first demonstration of a two-qubit gate

involving a qubit species with a geometric inductive shunt.

Outlook

This work realized a proof of principle of fully 3D-integrated flux-tunable super-
conducting circuits, compatible with multi-qubit operations while also providing
low crosstalk and hardware-efficient XYZ qubit control. Going forward, we would
like to further scale up the dFBL architecture and show how its useful proper-
ties translate to larger circuits, e.g. on the scale of 16 qubits, 64 qubits, and
beyond. The combination of dFBLs with a larger unit cell pitch of 2 mm and the
inductive shunting of the enclosure to suppress spurious modes, demonstrated pre-
viously [46, 168], will maintain the full tileability of our approach. The integration
of readout multiplexing, already demonstrated at the 4-to-1 level, will be further
pursued in separate work. The main remaining challenges will then be found
outside of the sample enclosure, for example due to the limited physical space and
cooling capacity of cryogenic setups [137] and the sheer amount of classical control
electronics required for large number of qubits. We note that these issues are not
unique to our experiments — the research field as a whole is trying to overcome
these obstacles, and we are hopeful that significant progress will be made in the
coming years through collective effort.

With the simplicity and flexibility provided by the dFBL design, it is then
possible to focus on the perhaps more interesting aspect of Hamiltonian design
and the exploration of large-scale entangled quantum systems. After the successful
demonstration of intrinsic ZZ suppression in a single transmon-IST pair, it is natural
to wonder how this will translate to larger lattices of multi-species systems, such
as the one sketched in Fig. 7.1. Simultaneously hitting the optimal ZZ operation
point between many pairs of qubits will require stringent fabrication requirements,
similar to the well-known problem of avoiding frequency collisions in fixed-frequency

transmon circuits [204]. Spectator effects on neighboring qubits might limit gate
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Figure 7.1: Extension of coaxial transmon-IST circuits. Conceptual drawing of a large
multi-species 2D lattice consisting of alternating tunable transmons (blue) and ISTs
(orange). Individual full XYZ control is provided through one dFBL per qubit, and
nearest-neighbor coupling is achieved via simple capacitive arms.

fidelities even if every nearest-neighbor ZZ coupling is itself suppressed [111]. It
is possible that robust ZZ crosstalk suppression might only be realizable in large
circuits by combining multiple techniques, as discussed in Sec. 2.4.3.

While the most hardware-efficient solution is to treat all transmons and ISTs in the
lattice as physical data qubits, with only static capacitive couplings between them,
one could also easily convert this into a tunable coupling architecture [119, 220]
by redefining every second qubit as a coupler. This could even be done in-situ
using the same device, to test different topologies and configurations that might
deliver the best trade-off between qubit count and overall levels of crosstalk and
gate fidelities.

The IST qubit itself offers further avenues of study. Realizing the highly anhar-
monic quarton regime (see Sec. 2.3.3) is fully within the scope of the present IST
design and will provide modest but immediate benefits compared to conventional
transmons in terms of addressability of the qubit transition and single-qubit gate
speeds. On a more fundamental level, the highly confined phase potential of the
IST Hamiltonian could be useful for experimentally investigating the physics of
strongly driven systems, comparing it to the chaotic behavior observed in trans-
mons [77, 221]. Meanwhile, the tunable nature of the IST anharmonicity could
open up the possibility of simulating different types of 2D lattices in-situ by going
from positive to zero to negative anharmonicity. This implements different regimes
of the two-dimensional Bose-Hubbard model, where the anharmonicity plays the

role of an on-site interaction [23, 136, 222]. All of the possibilities mentioned
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here provide abundant opportunities to explore the dynamics of intermediate-scale
quantum systems, be it for the purpose of gate-based quantum computation or for
the simulation of fundamental states of matter, hopefully leading to new insights

in the coming years.
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A.

Fabrication

A.1. Process overview

In this section we provide a brief overview of the nanofabrication process employed
to create the superconducting circuits measured over the course of this work. This
process has been developed and refined over several years within our research group
in Oxford, thanks to the contribution of many current and former group members.
The original coaxmon qubit [161] was implemented on a sapphire substrate with
qubits and resonators made entirely out of aluminium, emulating the materials of a
typical 3D transmon [44]. More recently, the fabrication was moved to aluminium
circuits on silicon to take advantage of the ease of processing that this substrate
allows. A fairly recent and up-to-date version of our process, including Josephson
junction design and statistics, is described with great detail in the doctoral thesis
of Peter Spring [168]. The aim of the present section is therefore not to repeat the
whole process in detail, but rather to give a general overview and to point out any
relevant changes between the previously published version and the one used here.
In addition, in Sec. A.2 we provide for reference the step-by-step fabrication recipe
used for the devices in this work.

Fabrication is carried out on double-side polished, 3-inch intrinsic silicon wafers
with a thickness of around 500 pm. Since the coaxmon architecture involves the
patterning of both sides of the same substrate (see Fig. 4.1), care has to be taken
not to damage or contaminate the back side of the wafer while the other side is
being processed. This requires a protective resist layer on the back side and the use
of special tools and holders that avoid contact with any potentially contaminated
surface, e.g. glassware, spincoater vacuum chuck, EBL wafer carrier. The process
starts with a bare silicon wafer undergoing a standard buffered oxide etch (BOE)
to remove silicon oxide, after which it is loaded as quickly as possible (less than 10
minutes) into the load-lock of a dedicated Plassys MEB550 S2 ultra-high vacuum
(UHV) electron-beam evaporation tool, to limit the oxide regrowth. After depositing
a single 100 nm layer of aluminium, the wafer is unloaded, flipped, and quickly

loaded again for metallization of the second side. Subsequently, a single step of
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standard photolithography and wet etching is carried out sequentially on each side
to fully define the spiral resonators and the transmon electrodes, respectively. We
use an EVG 620 mask aligner system that crucially allows us to align features on
both sides of the substrate to each other, even for optically opaque materials such
as silicon. This ensures good lateral alignment of the resonators and transmons.
The last major step involves the fabrication of Josephson junctions on the qubit
side of the wafer, performed with a single EBL step and double-angle aluminium
evaporation using the Dolan bridge technique' [223]. An in-situ argon ion mill
is performed inside the evaporation tool immediately prior to metal deposition
in order to remove aluminium oxide and ensure good electrical contact between
the junction metal leads and the large transmon electrodes already present on
the substrate. After metal lift-off and resist strip, the wafer is then diced into
5 x 5 mm? dies, which can now be packaged into our sample enclosure (presented

in Sec. 4.3) and characterized cryogenically.

Updates to the fabrication process

In the following, we describe the main modifications that have been made to our
previously described process [168] in the context of the fabrication carried out for

this work:

o A pre-bake of the wafer for 5 minutes at 120 °C to remove water is introduced

before spincoating the photoresist during photolithography steps.

« Photoresist exposure dose is changed from 20 mJ/cm? to 40 mJ/cm? to lie
closer to the typical range for AZ 1514 H photoresist. Development time is
then shortened from 80 s to 40 s to avoid over-development. We split the
development time between two separate beakers of AZ 726 MIF developer,
30 s in the first and 10 s in the second, to promote a constant development
rate and reduce the amount of dissolved resist being carried into the rinse

steps.

o The temperature of both the developer bath and the etchant bath is changed
from 23 °C to 25 °C for simplicity.

» Three (previously two) steps of DI water rinse are carried out after both the

etching bath and the resist strip in DMSO, to ensure sufficient removal of

!We refer the reader back to the previously mentioned thesis of Peter Spring [168] for a detailed
discussion of our Josephson junction design, which is less sensitive to edge effects and resist
thickness variation than the traditional Dolan junction.
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solvent traces and contaminations. Due to the viscosity of DMSO at room
temperature, it is recommended to warm up the first two DI water rinse

beakers to aid with solvent removal.

EBL is carried out with a 30 keV electron beam for both small and large
design features, instead of switching to 20 keV for larger features. This
reduces the size of the undercut profile and makes the developed PMMA

mask more stable.

Development of EBL resist is kept the same, but the post-development rinse

is simplified to a single 30 s rinse in IPA before gentle Ny blow-dry.

The plasma ashing step (often referred to as de-scum) after development and
before metal deposition is omitted. This is because the in-situ ion milling step,
in addition to removing metal oxide, is also likely to remove organic residues
from the exposed surfaces, rendering a dedicated de-scum step unnecessary.
Omitting this step reduces the broadening of PMMA mask features, which

should have a positive impact on reproducibility.

Lift-off and EBL resist strip after junction deposition is carried out in DMSO
at 80 °C instead of acetone. DMSO is a much safer solvent (not flammable;
higher boiling point) and does not lead to the formation of visible organic

residue often seen after lift-off in acetone.

A.2. Detailed fabrication recipe

We divide the entire fabrication process into four main sections: initial wafer clean
and metallization, photolithography and etching (double-sided), EBL (one-sided),

and final dicing and clean.

Initial wafer cleaning and metallization

Begin with a fresh 3-inch silicon wafer.

Remove native silicon oxide in BOE (volume ratio 10:1 of NH4F to HF) for 2

minutes, followed by two DI water rinse steps of 30 s each. Blow-dry with Ns.
Quickly transfer to vacuum chamber of evaporation tool.

Bake wafer in UHV chamber above 100 °C for 6 hours. Let cool down to

room temperature.
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« Deposit 100 nm of aluminium at rate 1 nm/s.

o Unload wafer from chamber, flip it, load again. deposit 100 nm of aluminium

on the second side with the same procedure.

The wafer is now fully metallized and ready for lithography. The side that was

metallized first is defined as the qubit side, the other as the resonator side.

Photolithography and etching

Positive photoresist AZ 1514 H is used throughout the process. Standard spincoating
parameters: 10 s spin at 500 RPM, followed by 50 s spin at 4000 RPM.

Pre-bake wafer on hot plate for 5 min at 120 °C. Cool down for 5 min.

Spincoat qubit side using non-contact spincoater chuck to prevent contami-
nation of backside. Soft-bake for 50 s at 100 °C. Cool down for 5 min.

Spincoat resonator side using standard chuck. Soft-bake for 50 s at 100 °C.

Cool down for 5 min.
Expose resonator side using chrome/glass photomask. Dose 40 mJ/cm?.

Develop resist using two beakers of AZ 726 MIF developer at 25 °C, for 30 s
in one and then 10 s in the other. Rinse in two beakers of DI water for 30 s
each. Gentle Ny blow-dry.

Etch aluminium in etchant bath (Alfa Aesar 44581 aluminium etchant) at
25 °C. Total etch time is highly temperature dependent, usually 2—-3 minutes
for 100 nm. Etch until substrate is cleared, then wait an additional 30 s
before removing. Rinse in three consecutive beakers of DI water, for 10 s,

30 s, and 30 s respectively. Ny blow-dry.

Strip resist in DMSO at 80 °C for 30 min. Rinse in three beakers of DI water,
for 30 s each. Heat the first two DI water beakers to facilitate DMSO removal
from the substrate. Then Ny blow-dry.

Now, repeat the above steps by swapping the roles of qubit and resonator sides.

Protect the already patterned resonator side with a layer of resist, then process

the qubit side. The only difference is that before exposure of the resist, the new

pattern needs to be aligned to the existing pattern using the bottom optics of the
EVG 620 mask aligner.
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EBL and junction fabrication

We use a standard bilayer EBL resist stack consisting of MA/MMA copolymer
(Allresist AR-P 617.08) and PMMA 950K (Allresist AR-P 672.045). Both are
spincoated as before, 10 s at 500 RPM followed by 50 s at 4000 RPM.

o Pre-bake wafer on hot plate for 5 min at 120 °C. Cool down for 5 min.

» Spincoat a protection layer of copolymer resist on resonator side using non-

vacuum spincoater chuck. Bake at 180 °C for 5 min, cool down for 5 min.

e Spincoat copolymer resist on qubit side using standard chuck. Bake at 180 °C

for 5 min, cool down for 5 min.

o Spincoat PMMA resist on qubit side using standard chuck. Bake at 180 °C

for 5 min, cool down for 5 min.

o EBL is carried out in a Raith EBL system at 30 keV, using aperture size
30 pm? for small features and 120 pm? for large features. Doses are typically
between 500-700 pC/cm?.

» Develop EBL resist in mixture of MIBK and IPA (volume ratio 1:3) at 25 °C
for 45 s. Stop development in a beaker of IPA for 30 s. Gentle Ny blow-dry.

o Load wafer into Plassys MEB550S2 evaporation tool. Perform Ar ion milling
for 1 minute (voltage 400 V, acc. voltage 90 V, current 15 mA). Deposit 60
nm of Al at angle of 60° from normal, rate 0.5 nm/s. Perform static oxidation,
typically for 5-10 min at 5-10 mbar, depending on target junction resistance.
Pump back down to UHV, deposit 70 nm of Al at angle of 0°, rate 0.5 nm/s.

o Lift-off and resist strip in DMSO at 80 °C, typically for 1 hour or more.
Gently blow with disposable pipette to aid lift-off mechanically. After lift-off
is completed, rinse in a clean beaker of DMSO at 80 °C, then in three beakers
of DI water as described for the photolithography above.

Dicing and cleaning

» Spincoat protective layer of AZ 1514 H photoresist on both sides of wafer,
using same spincoating and soft-baking parameters as for photolithography

above. Pre-bake of wafer before spincoating is not necessary.
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o Dice the entire silicon wafer into 5 x 5 mm? dies. For the devices fabricated
in this work, the dicing was carried out by collaborators at the University of
Southampton, UK.

e The individual dies are cleaned in DMSO at 80 °C for 30 min, and then
rinsed in three DI water beakers. The procedure is the same as in the

photolithography above.

The individual dies are then inspected optically for cleanliness and defects, and
the Josephson junctions are probed via a DC resistance measurement at room

temperature.
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B.

Experimental setup

This chapter provides details on the experimental setup and components used for
the cryogenic measurements of superconducting circuits presented in this work.
The overall wiring diagram for our cryogenic setup is shown in Fig. B.1.

Our device is cooled down inside a dilution cryostat (Oxford Instruments Triton
200) to a temperature of around 20 mK. The quantum device, packaged inside the
superconducting enclosure with differential flux bias lines (dFBLs) presented in
Chapter 4, is housed within a high-permeability magnetic shield with an indium-
sealed lid made out of oxygen-free copper. The individual SMA feed-through
connectors on the lid are also indium-sealed. This provides protection from stray
radiation present inside the cryostat, coming from higher-temperature surfaces.
This radiation shielding solution was designed and realized in our group by Brian
Vlastakis and James Wills. Semi-rigid coaxial cables are used outside of this shield
to minimize leakage of radiation into the coaxial lines, while hand-formable braided
coaxial cables are used inside the shield for convenience.

Control and readout signals are generated at room temperature and sent to the
device via attenuated microwave lines inside the cryostat. All electronic instruments
are synchronized by a common 10 MHz reference clock. We perform readout of our
resonators in a reflection configuration, applying a signal to a readout input port
(R in) which then bounces off the coaxial readout port inside the device enclosure,
and extracting the reflected signal via circulators and an amplified output line
(R out). For continuous-wave spectroscopic measurements, we simply connect ports
1 and 2 of a 4-port virtual network analyzer (VNA; Rohde & Schwarz ZNB 20)
to R in and R out respectively. A qubit spectroscopy tone is then generated via
an additional port on the VNA and sent to the qubit via its dFBL (QDrive).
For time-domain experiments, we create pulsed waveforms via up-conversion of
intermediate frequency (IF) signals from arbitrary waveform generators (AWG;
we use one Tektronix AWGH5014C and one Tabor WX2184C). The local oscillator
(LO) tones are provided by Rohde & Schwarz SGS100A sources. For qubit control
up-conversion we use the built-in IQ mixers of the SGS100A. In the case of the

readout signal chain, mixing is instead performed using external 1Q mixers. The
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Figure B.1: Experimental setup — Standard configuration. Simplified wiring diagram
of the cryogenic experimental setup used in this work. The superconducting qubit device
under test (DUT) is located at the lowest temperature stage of an Oxford Instrument
Triton 200 dilution cryostat. Shown here is the wiring for individual, non-multiplexed
qubit readout using a cryogenic switch to address each readout resonator. Note the two
wiring configurations for the differential flux bias lines (dFBLs) employed in this work.
Config A is used for dFBL 1, while config B is used for the remaining three dFBLs 2-4
(only one set is shown here for clarity). Infrared (Eccosorb) filters were added inside the
magnetic shield on some of the microwave lines during a subset of the cooldowns, see
main text for details.
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readout output signal carrying information about the experiment is down-converted
to IF again, before being recorded by a digitizer (AlazarTech ATS9360) connected
to a PC. The LO for both up- and down-conversion of readout signals is provided
by the same source via a power splitter.

Wiring up the dFBLs inside the cryostat deserves careful consideration. We
choose to keep DC and AC components of the input signal separated for as long
as possible, to allow dedicated filtering to be applied to each, and combine them
at base temperature using cryogenic bias tees (Anritsu K251). This is different
from other common wiring schemes [56, 137] where the bias tee is located outside
the cryostat and DC signals therefore travel through attenuated microwave lines,
causing resistive heating. Each of our dFBLs is supplied with a DC bias from an
isolated, battery-powered voltage source' (Stanford Research Systems SIM928),
applied via a pair of twisted wires of a superconducting loom inside the cryostat.
These signals are low-pass filtered at the 4K stage to reduce high-frequency noise —
in addition, the capacitance between the wires of each twisted pair offers a natural
low-pass filtering behavior as well.

For the RF component of the input signal, we implement two different microwave
line configurations. Configuration A (used for dFBL1) combines low total attenu-
ation (~ 20 dB) with a reflective low-pass filter (LPF) to shield the qubits from
thermal radiation at their frequency coming from the higher-temperature stages.
While not specifically used in this work, this configuration has the advantage
that low-frequency signals below the LPF cutoff (here 2 GHz) are only weakly
attenuated, which will allow for the application of strong, fast AC flux modula-
tions to the tunable qubit. This is useful for many flux-based interaction schemes
employing either baseband flux pulses [49, 50, 90] or finite-frequency parametric
drives [56, 92]. Both dFBL ports are connected to individual input lines, but
within the scope of this work we only apply signals to one input line and terminate
the other with a 50 2 load. Meanwhile, configuration B (used for dFBL2-4) utilizes
a more conventional high-attenuation line (60 dB) to provide qubit drive pulses.
As a consequence, only static flux bias can be applied in this configuration, which
is sufficient for all experiments carried out here. For simplicity, only one dFBL port
is connected to a drive line, while the other is terminated with a 50 €2 cryogenic

load after the DC component has been removed by the bias tee.

LAn exception is made for qubit IST1 measured in Chapter 5, which requires larger currents
that can be supplied by the SRS sources and is instead biased with a Keithley 6221 current
source.
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The addition of lossy infrared filters (Eccosorb) in proximity of the device
enclosure to filter out high-energy radiation was trialled during initial cooldowns.
The use of IR filters has been shown to reduce the rate of generation of quasiparticles
which might negatively affect the performance of superconducting qubits [224, 225];
In particular, placing the IR filters inside a light-tight radiation shield and as close
as possible to the quantum device was found to be crucial. From the admittedly
limited testing performed in our lab over the course of several cooldowns, we have
not been able to detect a significant effect of the presence of IR filters on e.g. qubit
lifetime and coherence. A more systematic investigation will be necessary to reach
a conclusive answer. For simplicity, the IR filters were removed in later cooldowns.

In the following, we further mention two important modifications to the wiring
and control diagram that were implemented for a subset of the experiments. The
first concerns the addition of a 3D-integrated readout multiplexer in our sample
enclosure, as presented in Sec. 4.5. This allows us to simplify the wiring inside the
cryostat by removing the cryogenic microwave switch and reducing the number
of coaxial cables going to the sample enclosure for readout from four to one, as
shown in Fig. B.2 (a). This change also coincides with the (unrelated) removal of
IR filters mentioned above. The second modification is an extension to the qubit

drive generation scheme for the purpose of driving IST sideband transitions in the

(a) : (b)
Qubit control + IST sideband drive

Tek AWG Trigger‘ Tabor AWG

1 2 Gsa/s | 1 GSa/s

( ) Cu lid with
In seal

_I"""\_ _I"u"\_
dFBL1 dFBL2-4

DUT
MUX

SC enclosure

|
)
&9

mu-shield can

Figure B.2: Experimental setup — Modifications. (a) Modified readout circuitry
employing a device-level 3D-integrated multiplexer (MUX) presented in Sec. 4.5. A
single microwave line is used to read out all four resonators simultaneously. Cryogenic
switch and IR filters have been removed. The rest of the setup is identical as in Fig. B.1.
(b) Extended qubit control scheme used for IST sideband experiments in Chapter 6.
A single AWG channel with sampling rate of 2 GSa/s implements red sideband drives
up to around 300 MHz. These are combined with the standard microwave qubit drive,
amplified and sent to the cryostat.
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experiments of Chapter 6. In order to apply sideband drives (usually in the range of
a few 100 MHz for red sidebands) without losing the ability to apply conventional
single qubit gates to the IST, we generate pulses from separate AWGs and combine
them at room temperature before sending them to the dFBL inside the cryostat.
This is shown schematically in Fig. B.2 (b). Qubit Rabi drives are generated using
the Tektronix AWG via up-conversion as before, while the sideband drives are
generated directly from a single port of the Tabor AWG clocked at a sampling rate
of 2 GSa/s to ensure sufficient sampling of the waveform. Synchronization of these
pulses is achieved by using a trigger signal from the Tektronix to the Tabor. The
use of a resistive power splitter/combiner reduces the signal power after combining
the two sources, requiring an additional amplification stage before the signals are

sent to the cryostat.
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Figure C.1: Gradiometric transmon design variation. (a) Optical microscope image of
gradiometric transmon variation with horizontal gradiometer orientation, i.e. perpendic-
ular to the direction of Josephson junction deposition. Compare with reference design in
Fig. 4.3. b) Detail of Josephson junction, showing the modified lead geometry.
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Figure C.2: Flux crosstalk simulation. Simulated average flux crosstalk value X of the
full crosstalk matrix (x)i; versus dFBL-qubit separation hgppy, for two values of qubit
metal permeability p, . See Sec. 4.4.3 for details of the simulation method.
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Figure C.3: Calibration of Rabi drive through dFBL. (a)-(c) AWG drive amplitude A,
required to perform a X, pulse on qubits Q1, Q3, Q4 as a function of qubit frequency
(blue points). A larger value corresponds to weaker coupling between AWG output and
qubit. The reference VNA data from Fig. 4.7 in the relevant frequency range is added
for comparison (orange). (d)—(f) FFT of the respective traces in (a)—(c).
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Figure C.4: Direct comparison of 77 and RO Rabi calibration. 77 versus frequency
(black) and Rabi pulse calibration through readout port (blue) for qubits Q2, Q3, and Q4
(top to bottom). The T} trace is obtained by applying a square window filter of width
n = 20 to the raw data in Fig. 4.15. No readout port calibration data was obtained for
Q1, which is therefore omitted here.
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Figure C.5: Rabi drive calibration through dFBL in different cooldowns. AWG drive
amplitude required to perform a X, pulse on qubits Q1-Q4 of the gradiometric transmon
device as described in Chapter 4. The drive is applied through the dFBL of each qubit.
Data in blue refers to the first device cooldown using a sample enclosure with individual
readout ports (legacy), while data in orange is for a second cooldown with the modified

sample enclosure with readout multiplexer (MX).
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Figure C.6: Simulated static ZZ interaction between IST and transmon without
parasitic modes. Same numerical simulation of the ZZ interaction as a function of
IST flux as in Fig. 6.3, but excluding the parasitic modes of the IST inductor from the

Hamiltonian.
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