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Coherence and high fidelity control of two-electron spin
qubits in GaAs quantum dots

Abstract

Electron spin qubits confined in GaAs quantum dots are among the most established
and well understood qubit systems. Long coherence times due to their weak interaction
with the environment and the electrical tunability of the semiconductor quantum dot
have allowed GaAs-based spin qubits to play a central role in demonstrating the key
operations of semiconductor spin qubits, such as initialization, read-out, universal con-
trol and two-qubit gates. Furthermore, spins confined in semiconductor nanostructures
provide a solid-state approach to quantum computation which leverages current, well
established semiconductor production technology for device fabrication and potential
scalability.

However, the interaction with nuclear spins in the GaAs host material complicates
not only the preservation of qubit coherence, but also the precise control of the electron
spins. As both these properties, the coherence time and the fidelity of gate operations,
play a crucial role as prerequisites for quantum computing, the focus of this thesis are
experiments addressing these challenges on the basis of two-electron spin qubits.

Interesting effects arise from the quadrupolar interaction of nuclear spins with elec-
tric field gradients. We show experimentally that quadrupolar broadening of the nuclear
Larmor precession reduces electron spin coherence via faster decorrelation of transverse
nuclear fields. However, this effect disappears for appropriate field directions. Further-
more, we observe an additional modulation of coherence attributed to an anisotropic
electronic g-tensor. These results complete our understanding of dephasing in gated
quantum dots and point to mitigation strategies.

A key requirement for quantum computation are high-fidelity single qubit operations,
which so far have not been demonstrated for encoded qubits in GaAs. Here, we realize
such accurate operations by iteratively tuning of the all-electrical control pulses. Us-
ing randomized benchmarking, a well established characterization method, we find an
average gate fidelity of F = (98.5+0.1) % and determine the sum of gate leakage out
of and back into the computational subspace to be £ = (0.4 +0.1)% . These results
demonstrate that high fidelity gates can be realized even in the presence of nuclear spins
as existent in all III-V semiconductors.

The potential of a feedback mechanism based on electric dipole spin resonance for
narrowing the nuclear hyperfine field and its effectiveness for extending qubit coherence
time is investigated in a last experiment. Compared to a previously developed feedback
mechanism, this polarization scheme promises higher and more stable pump rates and
the ability to set local magnetic fields in each quantum dot individually.
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Kurzfassung

Elektronen-Spinqubits in GaAs-Quantenpunkten sind eine der etabliertesten und
am besten verstandenen Qubitsysteme. Lange Kohirenzzeiten aufgrund der geringen
Wechselwirkung mit der Umgebung, und gute elektrische Kontrolle der Halbleiterstruk-
tur haben dafiir gesorgt, dass viele der Schliisselkonzepte und -operationen fiir Qubits
erfolgreich im Experiment gezeigt werden konnten. Darunter fallen die Initialisierung
und Auslese des Elektronenspins, die universelle Kontrolle des Spinzustands und Zwei-
Qubit-Operationen. Weiterhin bieten Halbleiter-Spinqubits einen Ansatz fiir Quanten-
Computing im Festkorper an, dessen Skalierbarkeit von der aktuellen Halbleiterproduk-
tionstechnologie profitiert. Obwohl gering, verkompliziert die Wechselwirkung mit den
Kernspins der GaAs-Halbleiterstruktur nicht nur die Lebensdauer des Qubits, sondern
auch die prizise Kontrolle des Elektronenspins. Da lange Kohidrenzzeiten und hohe
Kontrollfidelitdten wichtige Voraussetzungen fiir Quantum-Computing sind, stehen Ex-
perimente, die diese Parameter fiir das Zweielektronen-Spinqubit in GaAs untersuchen
und optimieren, im Fokus dieser Promotionsarbeit.

Interessante Effekte entstehen durch die Quadrupol-Wechselwirkung zwischen Kern-
spins und elektrischen Feldgradienten in der Probe. In dieser Arbeit zeigen wir exper-
imentell, dass eine Quadrupolverbreiterung der Kernspin-Larmorfrequenzen die elek-
tronische Kohirenzzeit reduziert. Dieser Effekt kann durch eine geeignete Wahl des
externen Magnetfeldes unterdriickt werden, allerdings wird eine zusitzliche Modula-
tion des Kohirenzverlaufs entlang dieser Feldrichtung beobachtet, die wir mit einer
Anisotropie des g-Faktors erkldren. Diese Ergebnisse vervollstindigen unser Verstind-
nis iiber die Dephasierungsmechanismen des Elektronenspins in GaAs und weisen auf
Moglichkeiten hin, beide Effekte gleichzeitig zu minimieren.

Hochprizise Einzelqubitoperationen sind eine wichtige Voraussetzung fiir Quan-
ten Computing, die bisher noch nicht experimentell realisiert wurde. Wir realisieren
solche prizise Operationen, indem wir die elektrischen Kontrollpulse in einer iterativen
Regelschleife am Experiment optimieren. Wir zeigen mit Randomized Benchmarking
Kontrollfidelititen von F = (98.5+0.1) % und bestimmen die Leckrate aus der und in
die Qubit-Basis zu L = (0.4 +0.1) %. Dieses Ergebnis demonstriert, dass hochprizise
Einzelqubitoperationen auch in Anwesenheit von Kernspins moglich sind.

Das Potenzial und die Effizienz eines Polarisationschemas, welches auf der elek-
trischen Dipolspinresonanz basiert und das Kernspinmagnetfeld kontrollieren soll, wird
in einem weiteren Teil der Arbeit experimentell untersucht. Wir finden und identi-
fizieren die beiden Kernspinresonanzen der zwei Elektronen im Doppelquantenpunkt
und analysieren den Einfluss auf das Kernmagnetfeld durch bewusstes Treiben dieser
Ubergiinge.
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1. Introduction

Today, our ability to use previously untapped quantum effects in customised
systems and materials is paving the way for a second [quantum] revolution.
With quantum theory now fully established, we are required to look at the
world in a fundamentally new way: objects can be in different states at the
same time (superposition) and can be deeply connected without any direct
physical interaction (entanglement).!!]

1.1. Motivation and physical implementation

In the last couple of years, interest in quantum computing, or more general quantum
information processing, has increased significantly, not only in the physics community
but also in the more public media. Furthermore, governments and corporations, such as
Google, Microsoft, Intel and IBM, are investing millions of dollars in this research field
and even work in close collaborations with several universities.

Itis said that we are currently taking the first steps towards a Second Quantum Revolu-
tion', as already stated in the quote mentioned above. The First Quantum Revolution,
taking place nearly a century ago, provided a new understanding of physics and laid
out new rules to describe physical reality. In the Second Quantum Revolution, these
new rules will be used and the key physical concepts, such as superposition, entangle-
ment and tunneling, will be employed to man-made, artificial quantum states, solely
designed for our purposes. For instance, we are nowadays able to fabricate quantum
dots in semiconductor heterostructures'®! or superconducting loops!*! that behave like
artificial atoms with electric properties that can be engineered as demanded.

These man-made quantum states, possessing novel quantum-mechanical properties,
have created new research fields, such as quantum information processing, quantum
secure communication, and quantum metrology (in analogy to their classical counter-
parts).

Especially quantum information processing is thought to have the potential of revo-
lutionizing our way of computing by employing fundamentally different quantum me-
chanical principles. Quantum entanglement and superposition lead to an intrinsic com-
putational parallelism that allows an exponential speed-up of solving certain problems,
like prime factorization!, using quantum algorithms. Another application for a quan-
tum computer lies in the field of quantum simulation and quantum chemistry. For exam-
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ple, quantum computers' promise novel computer-aided designs of catalysts for the ni-
trogen fixation problem!®’], carrying along a great economic value. Furthermore, quan-
tum computers may allow the understanding of strongly correlated many-body physics
problems, a complex or even practically impossible task for a classical computer!®.

However, the experimental realization of most of these possible application lies far
ahead in the future as they possibly require millions of quantum bits (qubits), the basic
building blocks of a quantum computer. Experimentally, we are at an exciting stage
where first initial steps have been taken in realizing several of these qubits in the lab-
oratory. As of now, there is quite a variety of promising qubit realizations, including
superconducting qubits, trapped atoms and ions, semiconductor electron spin qubits and
nuclear spins. Each of them have their own advantages and disadvantages. So far, none
of the physical implementations clearly stands out and all are part of active research.

In 2011, our group started to work on two-electron spin qubits in gate-defined quan-
tum dots in GaAs, a platform that historically played a central role in demonstrating the
key operations of semiconductor spin qubits!®!%11:12]1 " Although being a experimen-
tally and theoretically well understood qubit system, the presence of nuclear spins in
the GaAs host material complicates not only preserving qubit coherence, but also the
precise control of the electron spins. As both these properties, the coherence time and
the fidelity of gate operations, play a crucial role as prerequisites for quantum com-
puting, the research field split into two camps. Whereas one camp pursues the idea to
leverage spinless material for the heterostructure, creating a semiconductor vacuum for
the electron spin and thus avoid nuclear spins, the other camp tries to mitigate and even
control the effect of nuclear spins employing more complex and advanced control meth-
ods®. Indeed, it is experimentally possible to harness these nuclear spins and use them
to our advantage for controlling the electron spin by polarizing the nuclear magnetic
field using the electron spin as a hardware feedback loop!!3].

Nevertheless, qubit performance including coherence times and control fidelities are
not yet at the level needed for quantum computation. The striking advantage of qubits,
namely the superposition principle, leaves the qubit very prone to not only bit-flip errors,
as they occur as well on the classical counterpart, but also to phase errors, which come
in a much higher variety. To our current understanding, the largest tolerable error rate
per qubit gate is set to about 1%, using state of the art surface error correction code!!*],
although for any practical use the error rate should be at least an order of magnitude
smaller.

A decrease in gate error rate can be achieved in two ways. On the one hand, enhancing
the spin coherence time while keeping the time for gate operations constant, reduces the
error per gate. In 2011, Bluhm et al.!' concluded from a measured coherence time of
more than 200 us an error rate per average gate below 107*. As the limiting factors of

! At least millions of qubits are needed for this application.
2Qur group actually pursues both possibilities, but my work was exclusively done in GaAs.



1.2. Organization of this thesis

this coherence were not completely understood, I continue this line of work in Ch. 6,
discovering the limiting factor and pointing to mitigation strategies which will lead to
longer coherence times for electron spin qubits in GaAs. On the other hand, increasing
qubit control fidelities directly translates into lower error rates. But so far the figure of
merit, the gate fidelity, has not been experimentally investigated for electron spins in
GaAs or even for encoded spin qubits in general. In this work, we experimentally show
in Ch. 8 gate fidelities approaching the above mentioned error correction threshold for
an encoded spin qubit, even in the presence of nuclear spins.

Experiments performed in my thesis show how to enhance coherence times and how
to implement accurate single qubit gate operation and thus brings the system of en-
coded spin qubits in GaAs one step closer to be a viable option as semiconductor spin
qubits. Furthermore, the findings allow a staple of interesting new experiments includ-
ing investigations of spin dynamic using correlation measurements and state and process
tomography using high-fidelity gates.

1.2. Organization of this thesis

All experiments presented in this thesis aim to improve and understand the performance
of a two-electron spin qubit in GaAs. I will provide experiments and theory investigat-
ing the coherence time of the electron spin, present a method to tune up high fidelity
gate operations using an experimental feedback and finally I will discuss a novel method
to polarize the nuclear bath using high frequency manipulation.

In order to understand the following chapters, I will introduce this type of qubit in Chap-
ter 2 and address the most basic theoretical concepts of gated heterostructures, quantum
dots and electrons interacting with a nuclear spin bath. Detailed theoretical background
is presented elsewhere.

A summary of the different processing steps for sample fabrication is given in Chapter
3. The cryogenic, high frequency setup, built-up in the beginning of my thesis, and its
functionality is explained in Chapter 4. All experiments presented here were performed
in this setup.

In Chapter 5 I address different tuning methods that have been established over the last
few years, to tune-up a two-electron spin qubit in GaAs. The overall aim of these tuning
methods is that they should be completely automated in the near future, once the multi-
qubit stage is reached.

Experiments investigating electron decoherence due to a surrounding nuclear bath are
presented in Chapter 6. We demonstrate experimentally that quadrupolar broadening of
the nuclear Larmor precession reduces electron spin coherence via faster decorrelation
of transverse nuclear fields. However, this effect disappears along appropriate external
magnetic field directions, but an additional modulation of coherence attributed to an
anisotropic electronic g-tensor arises. We use this study to propose a new sample layout
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which allows for mitigating both these decoherence effects.

In Chapter 7 I adapt the theory of an Hahn echo envelope modulation due to a g-factor
anisotropy from Chapter 6 to an InAs nanowire system. I show that this theory can
explain the surprisingly short coherence times measured in this system from Ref.16.

In Chapter 8, a tune-up procedure resulting in high-fidelity gate operation using ex-
perimental feedback, named GAMBIT (Gate AdjustMent By Iteratively Tune-up), is
introduced. We show that even in a noisy environment, such as GaAs, gate fidelities
of 98.5 % are feasible using randomized benchmarking as an independent measure.
Furthermore, we find that gate operation fidelity is currently limited by decoherence,
whereas gate leakage and systematic errors only play an inferior role.

Experiments for establishing a novel polarizing method exploiting electric dipole spin
resonance to manipulate and set a magnetic field gradient are discussed in Chapter 9.
Continuing the experimental efforts from Ref.17, we find the single electron resonances
and probe their potential to influence the surrounding nuclear spins. A brief conclusion
and an outlook of future experiments and implications will be given in Chapter 10.

For the really interested readers (probably only my direct successor), [ have summarized
use- and helpful peripheral material in the Appendix.



2. Spin qubits in semiconductor
quantum dots

The spin degree of freedom of a spin-1/2 particle as an intrinsic two-level system weakly
coupled to its environment presents itself as a natural representation of a qubit. Begin-
ning with theoretical proposals and first experiments to isolate single electron spins in
bulk semiconductor samples in the 1990s, the field of semiconductor spin qubits has
steadily advanced, and nowadays we have full control and a profound understanding of
the electron spin. Using the same technology as today’s modern transistor architecture
further promises excellent prospects of scalability for semiconductor spin qubit devices.

This chapter is intended to cover the basic theoretical background of the physical
phenomena examined in this thesis. I do not intend to motivate the use of quantum
computers again, as this is already provided in the introduction, but I will focus on the
basic physical properties of its building blocks, the qubits. First, I will give a very brief
introduction to quantum two-level systems and how to visualize them using the Bloch
sphere representation. Detailed properties of qubits will be given later in this chapter
on the basis of the STy qubit with the intent for the reader to accept them as real qubits
instead of mesoscopic quantum dots and to better understand the challenges associated
with this interpretation. Nevertheless, especially for the first grad student who has to
set-up, build, fabricate, program, tune-up and interpret everything from the ground up,
it is absolutely crucial to understand not only the quantum information point of view
but also the mesoscopic semiconductor side of the picture. I will therefore introduce
the realization of gated semiconductor spin qubits in this chapter as well. After under-
standing how single electrons can be confined in a gated semiconductor heterostructure,
I will explain how the spin of two electrons can be used to define the ST electron spin
qubit. The basic properties of qubits will be addressed using the example of the two-
electron spin qubit. In a last step, I will address different dephasing mechanism due
to the interaction of one single spin with an whole ensemble of nuclear spins. As this
chapter focuses only on the basic principles, detailed theoretical information is provided
throughout the document if needed.



2. Spin qubits in semiconductor quantum dots

2.1. Qubit 101 and the Bloch sphere

The quantum mechanical analogon of the classical bit, which can either be on (1) or off
(0), is a quantum bit or short qubit, represented by any two-state quantum system that
can be written as!8!

W) = a|0) +B1), (2.1)

where o and B are complex numbers satisfying |a|? +|B|? = 1. The orthogonal basis of
the qubit subspace is formed by the computational states |0) and |1). Often, it is useful
to represent the pure qubit state on the surface of a sphere. We therefore write

ly) = cos (g) |0) + €™ sin (g) 1), (2.2)

where 0 and ¢ represent latitude and longitude, respectively. This representation, de-
picted in Fig. 2.1, is called Bloch sphere!!'3! and allows a visualization of the qubit state
independent from its physical implementation. We will later see in this chapter that this
representation is furthermore suited to visualize qubit evolution and mixed states. For

10)-[1) 0)+[1)
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Figure 2.1.: Bloch Sphere. The Bloch sphere is a graphical representation of the quantum state
of a two-level system, with orthogonal states |0) and |1). Pure qubit states are
available on the surface of the sphere.

now, this information will be sufficient to understand how to physically realize an elec-
tron spin qubit in a GaAs heterostructure. Further properties will follow in section 2.4.2.
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2.2. GaAs/AlGaAs heterostructure, ohmic contacts and
depletion gates

For the last couple of decades the pristine two-dimensional electron gas (2DEG) in
a GaAs/AlGaAs heterostructure has truly enabled a lot of interesting experiments in
mesoscopic low-temperature physics and has been used as a pioneering platform for
the field of semiconductor spin qubits. The GaAs substrate can be grown extremely
clean and defect free by means of molecular beam epitaxy (MBE) and possesses truly
remarkable properties. Its band structure allows to confine single electrons providing
a smooth quantum well potential that grants enough tunability to construct the desired
qubit Hamiltonian. Furthermore, standard, well-established lithography can be applied
allowing, in principle, scalable device architectures of almost arbitrary complexity and
size.

The different band gaps of the two semiconducting materials GaAs and Aly3Gag 7As
result in a conduction band discontinuity, as can be seen schematically in Fig 2.21°1. An
intentional doping layer, in our case realized by a 8-doping layer of Silicon, provides
an electric field in growth direction and bends the conduction band into a triangular
quantum well shape at the interface between GaAs and AlGaAs. Electrons in this so-
called 2DEG region, originating from the doping layer, are confined in growth direction.
Ohmic contacts, fabricated by annealing a gold/germanium eutectic, provide an electri-
cal connection to the well and allow for control of the electro-chemical potential.

Lateral electron confinement is ob-
tained by biasing lithographically defined
electrodes forming Schottky barriers on
the surface. These metallic electrodes,
referred to as gate electrodes or simply
gates, perform two important tasks. On
the one hand, by applying a negative volt-
age relative to the 2DEG potential they lo-
cally deplete the population of the 2DEG
underneath the gate pattern. This fea-
ture is used to isolate and confine single
electrons in quantum dots. On the other
hand, as the gates couple capacitively to
the confined electrons, they can be used Figure 2.2.: Device layout. Applying negative

to shift the energy of the electrons, as we voltages to electrostatic gates on
will see in the next section. top of a GaAs 2DEG defines the
A very important property of the het- two-electron spin qubit in a double

erostructure, in order to be successfully quantum dot potential.

used as a host material for electron spin
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qubits, is electrical stability or the absence of charge noise. Although the actual origin
of charge noise is not completely understood, a good candidate would be the doping
layer!2%-21 Populating charge traps, in form of so-called DX-center in the AlGaAs lay-
ers, from leaky gates and charge rearrangements in the doping layer itself were found
to play an important role. The obvious solution to simply abandon the doping layer and
populate the 2DEG using a global top gate turns out to be difficult from a fabrication
point of view, with ohmic contacts to the 2DEG creating the bottleneck. To minimize
the influence of a noisy doping layer, the doping atoms should be spread out over a large
range, best far away from the region of the electron spin of interest. Instead of d-doping,
that has a high concentration of dopants in a thin layer, one should strive for so-called
modulation doping, spreading out the doping layer over a larger region.

If tunnelling from the gates to proximal charge traps is the limiting factor, an addi-
tional layer of dielectric between wafer surface and electrode might solve the problem.
The sample stability of different devices throughout my thesis is given in Ch. A.3.

2.3. Gate defined quantum dots

The extraordinary advances in semiconductor technology allow a PhD student to fabri-
cate a device known from his first class in quantum mechanics: the electron in a box, or
as we call it here, a quantum dot. Quantum dots are nanostructures confining a discrete
number of electrons in all three dimensions within the spatial extent of their Fermi wave
length (= 50 nm in GaAs), revealing their true quantum mechanical nature. They are
realized by an appropriate pattern of depletion gates. Quantum dots can be thought of
as artificial atoms as the confinement reveals discrete energy levels, similar to orbital
states of a free atom.

Contrary to the simple electron in the box problem, the experimental quantum dot
is tunnel-coupled to two ohmic contacts (leads), acting as source and drain, and capac-
itively coupled to its surroundings, including ohmic contacts, metallic gates and even
other quantum dots. Simple transport phenomena are best described by the so-called
constant interaction model'3!, assuming that the Coulomb interaction between individ-
ual electrons can be parameterized by a single, constant capacitance C and that the
energy spectrum is independent of the number of electrons. If the chemical potential
of the quantum dot is equal or below the chemical potential of a lead, an electron can
tunnel onto the dot. If it even lies between the chemical potential of the source and drain
lead, the so-called bias window, transport through the quantum dot takes place. If u is
outside this window, the quantum dot is in Coulomb blockade. This effect results in the
characteristic pinch-off-curve!3! of a single quantum dot, depicted in Fig.2.3c, and is
used for charge sensing in the experiments, which will be explained later in this thesis.

The constant interaction model can easily be extended to include an additional quan-
tum dot in series and can be used to explain the characteristic hexagonal or honeycomb
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Figure 2.3.: Single quantum dot in the low bias regime. a, b Schematic diagram of the
electro-chemical potential of a single quantum dot with a low source-drain bias.
Due to Coulomb blockade, no electron can hop onto the dot if the levels lie outside
the bias window (a). The u(N + 1) potential lies within the window and tunnelling
transport through the dot occurs in b. ¢, Schematic IV-characteristic through the
quantum dot showing Coulomb blockade (a) unless the chemical potential of the
dot lies within the bias window (b). Adapted from Refs.19,22

pattern of a double quantum dot®?3!. The main results of this model are summarized in
Fig. 2.4 and treated in more detail in Ch. 5.

2.4. Two-electron spin qubit

Being able to confine single electrons in individual tunnel coupled quantum dots allows
the definition of various qubit systems, ranging from the historical charge qubit to sev-
eral variations of spin qubits, differing in the number of spins used to encode the actual
qubit. The original spin qubit proposal[?*, the so-called Loss-DiVincenzo qubit, uses
a single electron spin as a natural realization of a two-level system. Using only the
STo-subspace of two electron spins!?>! defines the so-called ST qubit, used throughout
this thesis. Lastly, the exchange-only qubit(*®! is defined by a two-level-subspace of
three electron spins. Generally, it is said that the more electrons participate in defin-
ing the qubit, the easier it is to control them. An exchange-only qubit, for example,
can be manipulated using only electrical control, which is far easier to realize in the
lab (and especially in the cryostat) compared to the need of local magnetic fields for
Loss-DiVincenzo qubits. So far it is unclear, what kind of semiconductor spin qubit is
superior and one can easily imagine an architecture utilizing of all types simultaneously,
exploiting their individual advantages.

In this work, I focus on the two-electron STy spin qubit mainly for the following rea-
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Figure 2.4.: Double quantum dot. a Double quantum dot device including a proximal sensing
quantum dot. b, ¢ Schematic drawing of the charge stability diagram showing the
characteristic honeycomb structure. Due to cross-capacitance of the gates to the
opposite dot, lines separating different charge configurations are tilted. At inter-
mediate inter-dot tunnel couplings the crossing between lines splits and the charge
state domains become hexagonal, leading to the so-called honeycomb structure.
The label (n, m) depicts the number of electrons in the left and right quantum dot,
adjusted by the voltage on G and G,, respectively. The corresponding transitions
in direction of the colored arrows are illustrated in c). At the triple points (depicted
in light blue) the energy levels in both dots are aligned with the chemical potentials
of source and drain. Figures adapted from Refs.19,22

sons: Realizing microwave fields to address single spin qubits is not only experimentally
challenging but also will most likely not result in high control fidelities as the qubit’s
precession frequency varies over time due to the interaction with the surrounding nu-
clear spins in GaAs (for details see Ch.9). Using the electrically controllable exchange
interaction qubit control is easier to implement and yields higher control fidelities (see
Ch. 8). For single qubit universal control, a second axis of rotation is required. This
rotation axis is realized by using a dynamical nuclear polarization (DNP) scheme to
polarize the surrounding nuclei and create a stable magnetic field gradient between the
two dots. Fabricating tunnel-coupled triple quantum dots to form the exchange-only
qubit was quite a challenge, hence it was not a serious alternative at the beginning of
my thesis.

2.4.1. ST basis

By adding the spin degree of freedom, the STy qubit emerges from a tunnel-coupled
charge qubit, operated at either the (2,0)-(1,1) or (0,2)-(1,1) charge state transition,
where (n,m) denotes the charge state with n electrons in the left and m electrons in

10
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Figure 2.5.: Energy diagram and Bloch sphere of the ST( qubit. a Energy diagram of two
tunnel-coupled electrons in the double quantum dot. Described in more detail in
the main text. b The Bloch sphere representation of the STy qubit shows the two
orthogonal control axes for qubit manipulation, J(€) and AB;.

the right quantum dot. We control the number of electrons by the detuning parameter €
that changes the electric potential between the quantum dots 3!,

In total, the ST qubit comprises two electron spins and the four possible two-electron
spin states are

1
)= = (114 = 1) 2.3)
To) = \% (1) +1119)
) = [11)
IT_) = |4,

where |1]) denotes the spin of the electron. In order to identify the spin states in the
energy diagram (see Fig. 2.5a), we consider the Pauli exclusion principle. In the absence
of magnetic fields, the two-electron ground state in the (2,0) charge configuration must
be a spin singlet, as the total fermionic wavefunction must be antisymmetric. The triplet
states from equation 2.3 occupy the first excited states and are neglected for conceptual
simplicity as they usually are only populated during initial charge scans (see Ch.5.5.4
for more details). The same argument applies for the (1,1) charge configuration, but this
time the singlet and triplet state are almost degenerate as the overlap of the separated
electron wavefunctions is smaller. Recapitulating, the spin singlet states can occupy

11
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both the (2,0) and the (1,1) charge states, whereas the triplet states are spin blockaded
in the (1,1) configuration (an effect later used to efficiently determine the qubit state).

Applying an external magnetic field Bex; lifts the triplet degeneracy, splitting the T -
states energetically and leaves a two-level system consisting of S and Ty, with an energy
splitting whose strength is determined by the exchange interaction J(€).

In a last step, a magnetic field gradient AB, between the two separated electrons lifts
the degeneracy between 1)) = 1/v/2(|S) + |To)) and |{1) = 1/v/2(|S) — |To)) in (1,1).

In the end, we we have formed tunable, well-defined two-level system, as depicted in
Fig. 2.5a, whose Hamiltonian can simply be written as

J(€) AB

H= — 0 + TZGx, (2.4)

with 6; being the ith Pauli matrix, driving rotations around the i-axis, i = x,y, z (see next
section for further details). By DC-biasing the detuning, we have fast control of the
exchange splitting J(€), ranging from a few MHz to a couple GHz. We phenomeno-
logically find that J = Jyexp (—€/€o) with €y ~ 0.3 mV, is nearly independent of the
inter-dot tunnel coupling. Using DNP to build up and stabilize a non-zero magnetic
field gradient across the dots, we are also able to statically set the precession frequency
of AB,, typically around 60 MHz. Note, I will refer to coupling strength mostly in units
of frequency, as this is the natural unit in the experiments. Please also note that for the
ease of understanding, the Bloch sphere might also sometimes be rotated by 90° with
the [1)- and || 1)-states on the north and south pole, respectively.

2.4.2. Qubit basics in the basis of a ST spin qubit

Now that we have learned how to realize a semiconductor spin qubit, it is time to forget
about the physical implementation and focus on the quantum mechanical treatment of
such a qubit. A very neat side effect of the current interest in quantum information is
that it can be used to nicely teach basic and advanced quantum mechanical phenomena
on the example of qubits instead of an abstract, purely theoretical construction. Further-
more, treating the ST qubit as just a qubit brings certain advantages in the theoretical
understanding, especially for later chapters.

Time evolution

In the last chapter we have derived the Hamiltonian for the STy-qubit and have stated
that the individual terms drive rotation around the x- and z-axis. Let’s take a step
back and see the actions of the %Gx—term. For this purpose we will have to solve
the Schrodinger equation

L0
ihs-[v) = Hly). (2.5)

12
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Assuming the qubit is initialized in the ground state |S) we find the solution by plugging
in the o,-term of the Hamiltonian from Eq. 2.4

|w) = sin(AB;t) |S) +cos (AB;t) |Tp) . (2.6)

The state |y) evolves between |S) and |Tp) with frequency AB;. Looking at the Bloch
sphere representation, we can identify the time evolution as rotations around the x-axis,
the axis connecting the eigenstates 1)) and ||1) of the Hamiltonian. This holds as a
general rule and hence the 6, term in Eq. 2.4 performs rotations about the STp-axis. As
discussed earlier, pure quantum states and their time evolution can be represented by
states on the surface of the Bloch sphere and by rotations around various axes.

Determining the qubit state

As learned in every quantum mechanical class, measuring a qubit will ultimately alter
its state, as the qubit state will be projected onto one of two orthogonal states, though
not necessarily the computational states. As one individual measurement is basically
meaningless since it does not reveal anything about the initial qubit state, the measure-
ment process has to be repeated several times on identically prepared qubits. Given that
the read-out axis comprises the computational basis states, this ensemble measurement
determines the probabilities Ps = | (S|w) |? and Pr, = | (To|w) |> and hence the prefactors
o and B from Eq. 2.1, albeit leaving the phase between them unknown.

In order to retrieve the full quantum mechanical state, the projection on three or-
thogonal axes has to be measured. This method, called quantum state tomography!!8],
reproduces the state vector r = ((y), (0y), (0;)) by measuring the expectation values
of the different 6;-operators. This is a non-trivial task for the STy-qubit as we natively
can only distinguish, if the qubit is in the singlet or triplet state. To perform state tomog-
raphy, we have to apply certain gate operations before read-out to map the qubit state
on the respective read-out axis. For example, if we want to determine (cy), we would
have to apply a mt/2,-pulse (a 90° rotation around AB;) right before the measurement,
mapping the y-component onto the z-axis.

As this naive realization of state and process tomography requires perfect pulses, it
presents itself as a bootstrap problem: We do not have perfect pulses to begin with
and in order to tune-up accurate pulses we would need quantum process tomography,
a method to identify quantum dynamical processes to characterize them. This method
however requires quantum state tomography of an ensemble of quantum states which in
return relies on accurate pulses. This dilemma and the task to reliably determine a qubit
state or even a gate operation is subject to ongoing theoretical and experimental work in
the community, and will be addressed and (partly) solved in Ch. 8.

Note, there are various other methods to determine a quantum process, such as ran-
domized benchmarking!?”!, gate set tomography [?8! and self-consistent tomography 2°1.

13
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There are even non-demolishing read-out3°! schemes that do not collapse the qubit state
onto any eigenstate.

Relaxation and decoherence

Just as the classical bit, the qubit is prone to errors that alter its state. In more detail,
the scenario is even worse for the quantum mechanical version, as the qubit is not only
susceptible to bit-flip errors (transitions between S and Ty) but also to phase errors. In
general, we distinguish between energy relaxation, causing, for example, bit flip errors,
and decoherence, causing loss of phase information. Both mechanisms are caused by
unintended and uncontrollable interactions with the environment of the qubit composed
i.e. of the three spin carrying isotopes ®*Ga, "'Ga and "As of the host material or
phonons. In the following, I will summarize the key parameters for each individual
error type 311,

* Energy relaxation
The qubit exchanges energy with the environment and consequently the popu-
lation of |S) and |Tp) changes. Possible relaxation or excitation can be caused
by phonon interaction initiated by measuring the sensor dot. This process takes
place on a timescale called 77, which can generally be different for relaxation and
excitation.

* Decoherence
Loss of phase coherence occurs for an individual qubit. Decoherence does not
change the relative state population, only the longitudinal component is altered.
This process happens on a timescale 75.

* Inhomogeneous broadening

Phase noise that was initially introduced to measure how fast an ensemble of
qubits dephases (looses its phase coherence) due to inhomogeneities in for ex-
ample the control field or the environment of different qubits. The characteristic
timescale is called 7;. For a single qubit dephasing becomes noticeable by re-
peatedly measuring identically prepared ’copies’ of the qubit, which experience
slightly different values of J(€) and AB,. This dephasing however, unlike relax-
ation and decoherence, can be mitigated by thoughtful qubit manipulation that
dynamically decouples the qubit evolution from interaction with its environment.
The most popular decoupling technique is the Hahn Echo and is extensively stud-
ied in Ch. 6.

Even though these three types of interactions differ fundamentally from each other, they
are connected by the following relationship: The upper bound for the dephasing time
is T, > T, while the relaxation rate limits the coherence time at 7> < 2T;1. All these

Iwherever that factor 2 comes from...
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timescales are figures of merit of how well isolated the qubit is from its surroundings,
and are probably the most interesting and important properties of a qubit system. These
timescales, relative to the time it takes to manipulate a qubit, can be taken as a metric to
determine the error rate of certain qubit operations and should be below the current error
threshold required for quantum computation. All work presented here (and probably
most qubit work in general at this moment) aims to either prolong (Ch.9), measure
and understand (Ch. 6) or exploit (Ch. 8) relaxation and decoherence for quantum gate
operations.

The interaction of the electron with its environment leads to loss of information about
its original state and creates a so-called mixed state, a probabilistic mixture of pure
states. In order to describe such a mixed state, we define the density matrix:

p= Zpi i) (wil, (2.7)

with the probability p; to find the qubit in state |y;). In the Bloch sphere representation
pure single qubit states are located on the surface of the sphere, whereas mixed states
lie in the interior. The worst case, a completely mixed or dephased state, occupies the
center of the Bloch sphere!8.

2.4.3. Basic control operations

This section is intended to make the reader familiar with some of the basic operation
procedures of a STy-qubit and provide first information in helping to understand the
greater picture. A far more detailed version of more involved aspects will be given in
later Chapters 5 and 8.

Initialization

Typically, the qubit is initialized in the S(2,0) state by pulsing it close to the (2,0)-(1,0)
transition far in the (2,0) charge configuration where the exchange interaction is the
dominating energy scale compared to the electron temperature, J(€) > T.. At this point,
the chemical potential of the dot approaches the Fermi energy of the lead and an electron
will be exchanged. Staying energetically below the singlet-triplet splitting ensures an
initialization of a singlet state (see Ch. 5 for further details). By controlling the tunnel
barrier with the lead, this exchange can be realized to be within a few nanoseconds
(typically 20 ns). The fidelity of this initialization is limited by excitation into the triplet
states due to thermal activation, i.e. originating from the RF-read-out signal.

Manipulation

The STy qubit is manipulated by changing the detuning € using nanosecond voltage
pulses of a few mV applied to the control gates. Natively two (nearly) orthogonal control

15
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axis for rotations exist. Pulsing the detuning into a region of the energy diagram where
the exchange interaction dominates the hyperfine gradient, J(€) > AB; drives rotations
about the x- (or singlet-triplet)-axis in the Bloch sphere, exchanging the electrons in the
double dot. Separating the electrons by pulsing far into the (1,1) region switches off J ()
and AB; becomes the largest splitting. Rotations about the z- (or AB;)-axis between S
and Ty are performed. Rotations around the combined axis of J(€) and AB, are realized
at intermediate detunings!'!.

Although it is also possible to manipulate the STy qubit using AC-control, as shown
in Ref.32, this thesis mainly explores the potential of base-band control. While theoreti-
cally this DC-control should allow for a precise manipulation of the qubit, experimental
constraints, such as non-linearities in the control function, finite pulse rise-times and
noise, hinder the realization of native high fidelity gates (simple rotation about either
the J(€)- or AB;-axis) in the experiment. A far more sophisticated way to manipulate
the STy qubit with fidelities above 98.5 %, by iteratively tuning up the all-electrical
control pulses on the experiment, is given in Ch. 8.

Measurement

Inherently, measuring the spin state of the two electrons would be a very difficult task.
Fortunately, we can use Pauli spin blockade?*3#! to map the spin information onto a
charge information that can reliably be measured by a proximal charge sensor, realized
by an additional quantum dot in our case. For this scheme, the detuning € is set to a value
in the energy diagram where the singlet state occupies the (2,0) charge configuration and
the triplet stays in the (1,1) state, see Fig. 2.5.

In order to achieve single-shot read-out, reliably determining the projection of the
qubit state onto the singlet-triplet-axis within the qubit’s relaxation time, we use RF-
reflectometry®! to measure the conductance change of a proximal charge sensor. This
read-out method has advanced to a standard measurement technique in the field of semi-
conductor spin qubits and is described in more detail in Chapters 4.3 and 5.

2.5. Spin flips due to the spin-orbit interaction

A moving electron in an electric field E experiences its own magnetic field B = E x
p which leads to spin-orbit interaction (SOI), well known for example from the fine
structure splitting of atoms.

For our purpose, it also provides a mechanism to flip the electron spin and might
thus lead to decoherence, quenching of dynamical nuclear polarization and g-factor
anisotropies which all play a crucial role in the remainder of this thesis. Hence, I will
provide a short introduction to SOI in confined semiconductor nanostructures.
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In general, there are two possibilities to create an electric field for a confined electron
in GaAs. First, we have electric fields from the heterostructure as the zinc-blende struc-
ture of GaAs breaks inversion symmetry. This so-called Dresselhaus term leads to an
effective two-dimensional spin-orbit field 3!

Hp =B (—px0x+ pyGy) ) (2.8)

where p; is the momentum operator and 6; the spin operator in i = x, y-direction (with
z pointing along the growth direction of the GaAs heterostructure). As depicted in
Fig.2.6a, the Dresselhaus contribution is parallel to p when moving along [100] and
perpendicular when moving along the [010] crystal axis.

A second effective spin-orbit field arises from the confinement of the electron in z-
direction (growth direction of the crystal or [001]) and the associated electric field of
the conduction band. The so-called Rashba contribution is given by

Hgr =qa (_pycx + chy) ) (2.9)

with Rashba constant o.. Contrary to the Dresselhaus-term, the Rashba spin orbit field
is always perpendicular to the direction of movement, cf. Fig. 2.6b.

The characteristic length scale it takes for an electron in GaAs to flip its spin is typ-
ically lso ~ 1 — 10um, usually much larger than the typical dot size of 100 nm. For
this reason spin-orbit interaction only has a small contribution to the electron coherence
time, but it plays an important role in the effectiveness of dynamic nuclear polarization
(see Ch.9). Furthermore, for the right alignment between dot connection axis, crystal-
lographic axis and direction of the external magnetic field, the effective spin-orbit field
provides a perpendicular component that can be used to resonantly drive spin transitions
(see Ch.9).

2.6. Interaction with the surrounding nuclear spin bath

The wavefunction of a single electron overlaps with on the order of one million nuclear
spins[®! from the host material GaAs. Even though the magnetic moment of the electron
is tiny, this overlap leads to a variety of possible interactions with the nuclear environ-
ment, most of which are well known from first lectures of quantum mechanics or atom
physics. In analogy to the hydrogen atom, the qubit in a GaAs heterostructure experi-
ences contact hyperfine interaction with the nuclei as well as interaction via the Larmor
precession and dipole-dipole interaction of the nuclear spins. The study of the various
couplings between one single spin and an ensemble of spins, is called the central spin
problem and is still an active field of theoretical and experimental research.
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Figure 2.6.: Spin-orbit interaction. Direction of the effective spin-orbit field (blue arrows)
depending on the alignment of momentum und crystallographic axes for the Dres-
selhaus (a) and Rashba (b) term.

In the following sections I will address the main theoretical parts of the nuclear inter-
action, discuss how they alter the nuclear magnetic field and derive their implication on
qubit dephasing and decoherence.

2.6.1. Hyperfine interaction

Not only is an electron spin affected by its own orbital momentum but also by sur-
rounding nuclear spins, that for example give rise to the hyperfine structure in atomic
physics. The s-type wavefunction of a confined electron in a GaAs quantum dot typ-
ically overlaps with about one million nuclear spins and they interact via the Fermi
contact hyperfine interaction ]

N
Hyp = ) A]L;-S, (2.10)
i=1

1

where I; and S are the spin operators for nucleus i and the electron, respectively. The
hyperfine coupling strength A; is weighted with the electron wavefunction overlap y(r;)
at position r; for a volume of the crystal unit cell v

A =vo Aly(r)|%. (2.11)

The hyperfine interaction can lead to very complex dynamics as both the electron and
the nuclei are quantum mechanical objects. This may lead to entanglement between the
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2.6. Interaction with the surrounding nuclear spin bath

qubit and the nuclear bath and to back-action effects from the qubit to the nuclei and vice
versa. But in all cases in this thesis, it is sufficient to make use of the large number of
nuclear spins which make quantum fluctuations elusive and of the different time scales
of qubit and nuclear dynamics. This allows us to treat the surrounding nuclear spins as
a random classical field, called the Overhauser field B,,c. We can substitute

N
Hur = Y All;-S = g"upBuuc - S. (2.12)
i=1

In this approximation, the electron spin experiences an additional classic field added
vectorially to Bex; that is taken constant during qubit evolution but shows statistical
fluctuation on longer time scales. In the case of large N these fluctuation can be mod-
eled as Gaussian distributed, hence showing a spread of 6y ~A/v/N ~ 1 —5mT in all
three dimensions, parallel and perpendicular to Bey. These fluctuations have various
different physical origins, depending on the strength of Bey, and will be discussed in
the following.

Virtual spin flip-flops

Taking one step back and exploiting the fact that hyperfine interaction conserves total
angular momentum, we can rewrite Eq.2.10

Hup = Y A; (IS.+1'.S_+1'S.), (2.13)
i=1

1=

using the lowering and raising spin operators for the nuclei I* = (I, + I,)/ V2 and
S* = (Sy £ S,)/V/2. It can be directly seen that an electron spin flip is accompanied by a
nuclear spin flop. For increasing magnetic field (and distance from the ST -transition)
the mismatch in Zeeman energy between electron and nuclei prohibits direct spin flip-
flops, but virtual processes still take place. In this case a spin flip-flop between electron
and nucleus i is accompanied by a simultaneous spin flip-flop with nucleus j. For dif-
ferent coupling strengths A; and A ; of the nuclear configuration the electron experiences
a different Overhauser field. The flip probability in these virtual processes scales with
1/Bext, compared to 1/B2,, for the direct flip-flops 36!,

Spin diffusion

Another possibility to change the nuclear field are nuclear spin flips caused by dipole-
dipole interaction. For high magnetic fields the secular part of the dipole-dipole inter-
action Hamiltonian states 3!

Hig=D (L1 + 11— 4lit)), (2.14)
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where D = //100us is an interaction constant. The first two terms in this equation de-
scribe nuclear spin flip-flops that change the local magnetic field experienced by the
electron. Theoretical predictions on the time scale of this Overhauser drift are diffi-
cult to calculate383%401 and highly depend on the actual dot dimension, but typically
prediction for electron coherence times are in the range of 10-100 us.

il
r’ B,,uc( t)

Nuclear Larmor precession 5
BHUC

For external fields on the order of Bp,c < 500 mT

the individual nuclei precess around the combined A
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echo[*!! amplitude with a periodicity given by the

relative Larmor periods of the nuclear spins. The Figure 2.7.: Effective magnetic
effective field seen by the electron states[!>4?] field.. For small external
magnetic fields the trans-
verse component of the
Overhauser field By (1)

Beff = \/(Bext + Bfluc)2 + Br%uc (l)z

1 . .

~ Buyi +B% 4+ ——B+ (1 2’ 2.15 contributes in second

- e 2Bext HUC( ) ( ) order to the Zeeman
splitting.

where the nomenclature can be taken from
Fig.2.7. Usually, the dynamics of the transverse
field only contribute to electron dephasing at low
magnetic field as it only couples quadratically. But
we will see in Ch. 6 that an electron g-factor anisotropy leads to a linear coupling of
BiL.(1) to the effective Zeeman-splitting, resulting in a complex pattern of the echo
envelope following the time evolution of By, (¢).

While the Larmor precession of nuclear spins leads to an Echo envelope modulation,
a spectral broadening of their frequencies results in loss of electron coherence and al-
lows to link the nuclear dephasing 75 to the electronic 7, time. We will see in Ch. 6
that dipolar interaction between nuclei as well as quadrupolar interaction with electric
field gradients from the heterostructure contribute to the broadening of nuclear Larmor

frequencies.

2.6.2. Implication on electron coherence

As we have seen in the last section, the local nuclear magnetic field slowly fluctuates
in time. This will lead to dephasing of the electron spin and will effect the ensemble
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2.6. Interaction with the surrounding nuclear spin bath

coherence time 7. Methods that decouple the electron spin from the fluctuating bath
will be discussed in greater detail in Ch. 6.

Ensemble coherence time

To easily see the influence of a fluctuating nuclear bath on qubit dephasing we consider
the simple Hamiltonian

Bnuc + 5Bnuc (t)

H — 2 6x7

(2.16)

where 0Bpyc(#) describes a random time-dependent offset on the local magnetic field
Bruc- When performing free Larmor precession around By, this offset will lead to an
additional, unknown phase pick up A¢ = [; 8B.(¢)dr during time T and results in a loss
of phase information. The exact form of the resulting decay law strongly depends on
the noise distribution of 8B.. In the quasi-static approximation it can be shown 3! that
for Gaussian distributed values of By, with rms-values along all three directions

(IBfucl?) =~ A
3 g*usVN

(2.17)

Brms -

. . *\2
the resulting decay curve takes a Gaussian decay of the form e~ (W/T3)°/2 The character-
istic time scale T;*

" V2h

Ty = (2.18)
g* s/ (|Biuc|?)

strongly depends on the fluctuations and on the number of overlapping nuclei and is
typically of the order of 10 ns in GaAs 1.

Coherence time T

In general, extracting the real decoherence time T, experimentally and theoretically
is a complicated undertaking. But the fact that nuclear dynamics happen on a much
longer time scale compared to electronic dynamics, allows the application of various
decoupling techniques. The most basic of these decoupling pulse sequences is the Hahn
echo!*!, which will be used in Ch. 6 to study nuclear dynamics and their contribution
to electronic dephasing. Here, after half the evolution time T/2, a m-pulse is applied
that reverses the interaction with the environment for the remainder of the evolution,
removing fluctuations happening on a time scale 7.
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2. Spin qubits in semiconductor quantum dots

An established procedure to determine and characterize how fluctuation and noise
sources in general affect qubit dephasing is to study their noise spectral density [44]

~+oo
1

:%/JQMM6MﬁHWw (2.19)

S(o)

—00

the Fourier transformation of the correlator (SAB,(¢)-8AB,(t +1)). In the so-called
filter-function-formalism** it can be shown that coherence of the system follows a
form exp (—i®), where the decoherence function or phase pick-up is given by

do F(or)

m@_/?am . (2.20)
0

Here the filter function F () is a characteristic function describing the frequency sensi-

tivity of a certain decoupling pulse scheme. The calculation of & for the Hahn echo

including quadrupolar broadening of Larmor frequencies and an electronic g-factor

anisotropy will be presented in great detail in Ch. 6.

2.6.3. Dynamic nuclear polarization

So far we have discussed several types of interaction with the nuclear environment and
concluded that they mainly lead to dephasing and loss of coherence of the electron spin.
An obvious but hasty decision would be to abandon nuclear spin by using different,
nuclear-free heterostructures to confine the electrons in a so-called semiconductor vac-
uum. On the contrary, nuclear spins, once controllable, offer great potential for spin
qubit manipulation, especially for the STy qubit as the hyperfine field gradient AB; is
part of the Hamiltonian. The controlled and intended build-up of local magnetic fields
and hence a gradient between the two quantum dots is called dynamic nuclear polariza-
tion (DNP). Several schemes using the electron spin to polarize the surrounding nuclei
exist and in Ref. 13 a DNP scheme that employs the electron as a hardware feedback
was experimentally realized that even stabilizes the gradient at a given value for AB;.
This scheme exploits the contact hyperfine interaction to flop a nuclear spin once an
electron spin is flipped in a controlled manner. Contrary to what Fig. 2.5 conveys, the
ST is actually an avoided crossing and performing adiabatic Landau-Zener sweeps
across it can drive transitions between S and T.. This transition flips an electron spin,
as the magnetic quantum number changes from m = 0 to m = —1, and is associated with
a nuclear flop, if the hyperfine interaction is the driving force. Repeatedly driving this
transition from either side within the spin diffusion time constant increases or decreases
the local nuclear polarization. Using the electron to probe the actual magnetic field
gradient AB, by free induction decay measurements, this scheme can be extended to

22



2.7. Current state of the art: Semiconductor spin qubits

build up and stabilize a desired value for AB;. The efficiency of nuclear pumping mostly
depends on three aspects.

First, the sweep speed across the transition determines the flip probability py 7z via

pz=1—eha, 2.21)
where A denotes the hyperfine matrix element driving the transition and the parameter
o = €/t describes the sweep speed of the detuning €. The slower and more adiabatic the
sweep is performed, the higher the flip probability.

Secondly, in order to flop nuclear spins, the force driving the transition must be the
hyperfine interaction. For confined electrons in GaAs a competing spin flip mechanism
is provided by spin orbit interaction. A spin flip mediated by spin orbit can only occur,
if the effective spin orbit field linked to the electron displacement is perpendicular to the
external magnetic field. Therefore its contribution to flipping the spin strongly depends
on the alignment of the quantum dots relative to the crystal axes and the external mag-
netic field. For example, a slight misalignment with the [110] crystallographic axis of
~ 5° completely quenches the pulsed DNP scheme. Further details on how spin orbit
effects nuclear pumping efficiency can be found in Ref.45 and in Ch. 9.

The detailed mechanism of nuclear pumping is currently not completely understood,
especially the reason behind a gradient build-up remains unclear. Hence, for the max-
imum pump efficiency the experimenter also needs some luck, as sometimes nuclear
pumping just does not work as efficiently as seen in the publication. Up to this day, it is
unclear how it exactly depends on dot tuning and on dot sizes. I do not mean to say that
this DNP scheme does not reliably work, because it does and one can always create a
stabilized AB_, but reaching 75 > 150 ns may not happen every day.

How to actually set up this pulsed-based DNP scheme is explained in more detail in
Ch. 5. A novel polarization scheme promising 7, ~ 6 us will be introduced in Ch. 9 and
is accompanied by preliminary experimental results.

2.7. Current state of the art: Semiconductor spin qubits

Having it made through most of the theory part?, I would like to present the obligatory
five criteria for viable qubits originally proposed by David DiVincenzo!#6l. As this is
done in every thesis I read, I would like to mix things up and address these criteria with
discussing the current state of the art of spin qubits in GaAs.

2.7.1. Scalable well-defined qubit

As a pioneering platform, spin qubits in GaAs are amongst the most established and
most understood semiconductor spin qubit realization to date. The interaction with the

Ztrust me, there is more to come
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2. Spin qubits in semiconductor quantum dots

nuclear environment is well known, even though not completely, and can even be used
as a control knob for manipulation. Semiconductor spin qubits, being compatible with
standard semiconductor processing technology, in general promise good prospects of
scalability and devices with up to five quantum dots have been realized so far.

2.7.2. Initialization

As discussed in more detail in Ch.5, the STy-qubit can be reliably initialized in the
ground state S within a few nanoseconds. The fidelity of initialization only depends on
the S-T energy splitting and electron temperature.

2.7.3. Universal set of quantum gates

Although in theory the two orthogonal control axes J(€) and AB, offer universal single-
qubit control, in reality naive rotations around two axes are not feasible due to experi-
mental constraints in the control parameters. We provide a possibility to experimentally
realize high-fidelity gates close to the error correction threshold in Ch. 8. This is a re-
markable achievement as it was long thought to be impossible to accurately manipulate
electron spins in the presence of the nuclear bath.

Entaglement between two STy-qubits has been experimentally realized in Ref.12 al-
though only realizing a low fidelity due to low capacitive coupling. There are currently
various schemes to increase this coupling, i.e. by adding a floating gate between the
qubits*”l or moving to the exchange-mediated coupling region!*8. The latter has the
advantage to directly benefit from the gate-tuning-protocol discussed in Ch.8. In my
opinion the maximum two-qubit gate fidelity will decide the future fate of GaAs based
spin qubits, as surpassing the surface error correction threshold will be a definite ulti-
matum.

2.7.4. Qubit specific measurement

Exploiting the extraordinary electrical properties of a single electron transistor as a prox-
imal charge detector and using Pauli spin blockade for spin-to-charge conversion, high
fidelity single-shot read-out of the qubit’s state projected on the STy-axis is possible.
Adiabatically mapping the qubit state on the |1])-||1)-axis further allows accurate read-
out of the x-axis.

2.7.5. Long coherence times

Long coherence times compared to manipulation time scales allow for high qubit gate
fidelities and are a prerequesite for fault-tolerant quantum computing. Tremendous en-
hancement of both 7 and T, has been achieved by either programming the nuclear bath
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2.7. Current state of the art: Semiconductor spin qubits

by means of DNP or by dynamically decoupling the electron spins from nuclear fluctu-
ations. Using the qubit as a hardware feed-back loop increased the ensemble coherence
time from T2* ~ 10ns™ to T2* > 150ns!13!, Recent advances in faster determination
of the hyperfine gradient using fast FPGA-based electronics and Bayesian Hamiltonian
estimation showed 7, > 2us!¥?1. Even longer coherence times can be achieved by ap-
plying decoupling pulse schemes and for years the number to beat was T3 /= 200 us 1]
using a CPMG pulse sequence. Recently it was shown that by applying a nuclear notch
filter (a pulse sequence whose filter function is insensitive to the relative nuclear Larmor
frequencies) coherence times of 0.8 ms[*?! are achievable in GaAs.

Charge noise affecting qubit dephasing via fluctuations in the exchange interaction
strength (and possibly via hyperfine fluctuation due to changes in the electrostatic con-
finement) is another serious challenge (not only in GaAs spin qubits). Although the
exact origin is still not completely known, the extrinsic doping layer of the heterostruc-
ture is suspected to play an important role and there is recent effort to abandon it in the
device architecture, motivated by recent advances in the Si/SiGe community %],
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3. Device fabrication

This chapter addresses the different fab-
rication steps needed in order to pro-
duce the quantum dot devices examined
in this thesis. = Most of the fabrica-
tion process took place in the clean-
room of the 2nd Institute of Physics at
RWTH Aachen University, which hon-
estly at this time (early 2012) was actu-
ally more of a room with yellow lights
and it was jokingly called *Reinraum, weil
nicht jeder 'rein’-kommt’. With the lack
of an own evaporator, metal deposition
was done at various nearby institutes, i.e. Figure 3.1.: Device layout. Applying negative

Taubner lab, Institute for Semiconductor voltages to electrostatic gates on
Technology and Research Center Jiilich. top of a GaAs 2DEG defines the
The doped GaAs/AlGaAs- two-electron spin qubit in a dou-

heterostructures, grown by molecular ble quantum dot potential.

beam epitaxy, were provided by either the
Bougeard lab in Regensburg or the Wieck lab in Bochum.

Although the fabrication of the quantum dots follows a standard recipe for lithog-
raphy on a GaAs two-dimensional electron gas (2DEG), some obstacles needed to be
overcome in order to establish the process in Aachen. Especially the high-resolution
e-beam-lithography, to be addressed later in this chapter, took longer than expected.

Before starting this chapter I would like to give some advice for successfully working
in the cleanroom. Not all physicists enjoy working in the cleanroom. If you fall in
this category, I advise you to fully commit to the fact that you may be staying a long
time in the cleanroom, be it during or after working-hours. As the finished device, your
time and expertise is more valuable than lab consumables, like acetone, isopropanol or
gloves, there is no need to unnecessarily save them; of course don’t waste them as well.
Always use your own tweezers and clean them regularly. The same applies to your
resist. Always use your own private bottle and under no circumstances let other people
"borrow’ it (especially not me).

In order to define a lateral quantum dot in a GaAs/AlGaAs heterostructure, electro-
statical gates on top of the substrate are used to confine the 2DEG, which typically lies
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3. Device tabrication

approximately 100 nm below the surface (see Fig.3.1). The 2DEG is then contacted
by an Au/Ge-alloy, so-called Ohmic contacts. Fabrication includes the following steps
(detailed recipe of the individual fabrication steps is given in the Appendix A.1).

3.1. Mesa

Doped heterostructures provide a 2DEG across the whole wafer, hence it is necessary
to confine only a local conductive area. Standard positive optical lithography and a
subsequent 80 nm etch using diluted piranha acid (see Appendix A.1) is used to produce
a 300 umx 300 um mesa, as depicted in Fig.3.2. Removing the donor layer outside of
this island ensures that the 2DEG underneath cannot be populated and leaves only the
mesa conductive.

:ﬂoaog:m Uik Gun Yacuum = 1.17e-009 mbar Signal A =InLens

System Vacuum = 2 40e-006 mbar User Name = RWTH

Figure 3.2.: Coarse sample pattern. False color SEM picture of the coarse sample region.
Optical gates (blue) connect to the finer e-beam-defined gates (green) on top of
the mesa (dark square region). Ohmic contacts (yellow), formed by annealing a
gold/germanium alloy, are used to contact the 2DEG beneath the surface.
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3.2. Ohmic contacts to the 2DEG

3.2. Ohmic contacts to the 2DEG

The 2DEG, located approximately 100 nm beneath the GaAs surface, needs to be con-
tacted in order to perform transport measurements and define the electrical potential of
the 2DEG !. For contacting the 2DEG a standard gold/germanium alloy is used. This
material has proven to be stable over time and under temperature changes. Furthermore,
it shows a linear I-V characteristic and hence these contacts are called Ohmic contacts.
To define these contacts, standard negative optical lithography, ensuring a profile un-
dercut, is used for easier lift off. Process parameters for the image reversal resist AR-U
4040 can be taken from Appendix A.1. Different layers of metal, namely 5nm Ni,
200nm Au, 100nm Ge and 75 nm Ni, are then deposited on the sample. A standard
lift-off process removes the metal deposited on the resist afterwards. The layout of the
Ohmic contacts can be seen in Fig. 3.2 (in yellow).

By annealing the samples at temperatures above 450 °C in a forming gas atmosphere
for approximately 50 s the Ge/Au alloy diffuses into the GaAs contacting the 2DEG.
Nickel is mainly used as a wetting layer which prevents the gold from balling up on the
GaAs surface once heated P!,

A two-terminal resistance of a few kQ at room temperature without illumination is
a good indicator for working Ohmic contacts. Once cooled down to 4 K the resistance
should drop to a few hundred €2 as phonons freeze out.

3.3. Electrostatic Gates

Local metal electrodes on top of the GaAs
surface are used in order to define a quan-
tum dot. Applying a negative bias to these
gates depletes the 2DEG beneath. A dou-
ble well potential for the electrons can
be created by using a suitable pattern for
these gates. As quantization of the elec-
tron energy inside is a crucial require-
ment for the quantum dot to act as a two

level system, the dimension of those gate § g f§ B9 A,

structures needs to be on the order of the Figure 3.3.: Faulty e-beam-lithography.

Fermi wavelength, approximately 50 nm Residual resist due to faulty

for GaAs. development results in a broken
Patterns at this nanometer-scale can pattern of fine e-beam gates.

be reliable realized by standard electron

Ltrust me, you do not want to measure a quantum dot with floating leads
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3. Device fabrication

beam lithography (EBL). A focused electron beam is used to expose a PMMA resist
and break molecular chains inside, which can subsequently be removed by a suitable
developer. To ensure a reliable lift-off process, a two layer resist structure is used. On
top of a PMMA layer with a low solid content another layer of PMMA with a higher
solid content is spun. The bottom layer, being slightly over-exposed, leads to a profile
undercut. This undercut prevents metal deposition on the sides of the pattern and pro-
vides a bigger target for the aceton during lift-off. A more detailed description of this
process can be found in Appendix A.1.

In order to reach the full potential of EBL, a cold development of the resist in addition
to an ultrasonic irradiation has been tested. Standard e-beam developer (MIBK:IPA
1:3) is cooled to 0° C and then used to develop the sample. This cold development will
lead to a higher resist contrast, leading to a minimum pattern width of approximately
20nm. The use of ultrasound during the last five seconds of development helps to
remove residual resist that would lead to broken metallic gates otherwise (see Fig. 3.3).

3.3.1. Optical Gates

As a last step of sample fabrication, standard negative optical lithography is used to
contact the small e-beam pattern with the bond pads by 200 nm thick gold gates (shown
as blue gates in Fig.3.2). A more detailed version of this fabrication step can be found
in the Appendix A.1.

3.3.2. Quantum dot design

The gate pattern design of the sample layout chosen in this thesis for the double quantum
dot is adapted from the Marcus group at Harvard University where it was first used in
Ref.52 and shown in Fig.3.4. It consists of two adjacent double quantum dots, both
connected to a nearby sensing dot. Each double quantum dot is formed by six DC-
gates which confine the electrons. Two RF-gates are used exclusively to manipulate the
double dot potential using voltage pulses on the nanosecond time scale. Typically, these
gates do not contribute in forming the dots, although they may be used as additional
DC-gates when using the 2DEG as a global gate to open the barriers to the leads. This
method was only used in the very first cooldown when I was forced to use transport
measurements through the dot for tuning due to a broken coaxial cable in the read-out
circuit.

3.4. Sample testing

This section explains the methods I used for sample testing. After checking all electrical
connections on the PCB and experimental setup, a very fast and crude room tempera-
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3.4. Sample testing

Figure 3.4.: Fine e-beam gates. High resolution SEM picture of the double dot region, showing
the nomenclature of the gates used to define the double quantum dot and the nearby
sensing dot. Applying static voltages on the white gates confines two electrons
inside a double-well potential. Manipulation of the electrons is done exclusively by
applying fast voltage pulses on the RF-gates, depicted in blue.

ture test is performed deciding wether or not to cool the sample to 4 K. During this 4 K
measurement, which was always performed in a test setup, the functionality of all gates
and Ohmic contacts is checked prior to a full cooldown in the dilution refrigerator. Fur-
thermore, the resonance frequency of the tank circuit was adjusted to fit the bandwidth
of the read-out circuit (see chapters 4 and 5 for further details).

3.4.1. Room temperature checks

In order to decide if a particular sample is worth dipping in liquid helium, the device is
mounted onto the 4K dipstick and the I'V-characteristic of each gate or Ohmic contact
is measured individually with a source-measure-unit. A working gate contact typically
shows very low leakage current of a few nA for negative voltages which increases when
illuminating the sample. Providing a Schottky barrier, this behavior changes when a
positive applied voltage surpasses the work function of GaAs at approximately 0.7V
and a sudden leakage current to ground sets in. To protect the sample it is advisable to
set a compliance of 1 uA. Working Ohmic contacts show a linear, polarity independent
I'V-curve (as expected from their name). Typically a bias voltage of a few mV was used
to measure the two-point resistance between two Ohmics of 2 kQ.
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3. Device fabrication

3.4.2. Gate testing at 4K

It is not advisable (at least I was told so)
to check the gates with a SEM as the
electrons may damage the 2DEG, hence NAB/TAB
the easiest way to verify working gates is ‘ ‘ ‘ ‘ ‘
by determining the pinch-off voltage of
the gates. At this voltage the gates sup- 1401

160

press conductivity between two Ohmic @120,
terminals and its value can be seen as é’ /
. . . 100 |

an indicator for the distance between the § v
. - s’

gates. For a usual distance of a few tens S 8of .
. . ©

of nanometers a typical pinch-off volt- § -

age would range from -0.6 to -1.2'V. An
incomplete pinch-off or a more negative
voltage would therefore indicate missing
e-beam patterns. Furthermore, the shape ‘
of the pinch-off characteristics usually A2 A
contains useful information. A typical

pinch-off curve for the double quantum

dot samples used here comprises three Figure 3.5.: 4K gate test. Characteristic pinch-
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different characteristic kinks, originating off curve for a working, tunable
from different gate regions as shown in gate pair NAB/TAB showing three
Fig.3.5. Broader gate structures far way distinct kinks.

from the small region depicted in Fig.3.4

lead to the first two kinks. As a certain negative voltage threshold is reached, the area
underneath these gate structures becomes insulating all at once, resulting in a steep drop
of conductance that is nearly untunable. Once these voltages are surpassed, the fine e-
beam patterns ideally show a nearly linear response, pinching off the remaining 2DEG.
The flatter this final kink is, the more control for fine tuning of later tunnel rates is
provided (see Ch. 5). The pinch-off characteristic should ideally show no sign of hys-
teresis when sweeping the gates back and forth. Ideally, the pinch-off curves of the left
and right quantum dot of one double quantum dot should be identical. In reality how-
ever, we have to apply negative voltages to the adjacent double quantum dot in order to
measure conductance through the device as some of the Ohmic contacts are shorted due
to a lack of available DC connections (see Ch. A.2 for details). Therefore, the pinch-off
of the BB and SB gates occurs at a slightly more positive voltage (=10 %). Further-
more, some of the gate combination (especially the ones including SAP/SDP) may not
completely pinch off at -1.5 V. But as long as they show an onset of the final kink we
assume a working gate pattern.
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4. Experimental setup

This chapter addresses the set-up of the cryogenic experiment which mostly took place
during my first year at the institute. I will provide detailed information about the modi-
fications we performed on the Ice Oxford dilution refrigerator that allow us to perform
high frequency measurements at the mK-temperature scale. Apart from wiring and fil-
tering, I will further explain the installation of a partly cryogenic RF-read-out circuit.

4.1. Ice Oxford dilution refrigerator

All measurements performed in my thesis were carried out in an Ice Oxford dilution
refrigerator with a base temperature of 20 mK and 200 uW cooling power specified at
100 mK. The system arrived equipped with 96 DC-lines down to the mixing chamber,
8 AC-lines mounted down to the 1 K stage and a 7-3-1 T 3D vector magnet. The insert
was further modified to match our demands by adding filters to the DC-lines, extending
the coaxial lines to the sample, and by installing a sample holder and the high frequency
equipment for the RF-readout (see Fig. 4.1).

4.2. Wiring

In order to probe the quantum mechanical properties of our quantum dot device, the
temperature should be well below 1 K. To reach these kind of temperatures, we use
the above-mentioned dilution refrigerator to cool down the heterostructure to ~ 25 mK.
Although phonons of the host material will reside at a similar temperature, the confined
electrons are typically hotter at ~ 100mK as they are connected to a high frequency
read-out and control circuit. Operating at high frequencies in an ultra-cold environment
is an experimentally challenging undertaking and requires thoughtful design of thermal
anchoring, filtering of electrical connections and choosing the right material. I guess
every group has their own standards and relies on setups that have worked for them.
In the beginning of my thesis I built (and of course added modifications to) a setup
similar to one previously established in the Yacoby lab at Harvard University (see Ref.
37 for further details). I will address the main technical aspects in the following. A
nearly complete overview of the electrical wiring and filtering of the setup is depicted
in Fig.4.2.
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Figure 4.1.: ICE Oxford dilution refrigerator. Installation of the RF-equipment including a
cryogenic circulator at the mixing chamber and a cryogenic amplifier at the 1 K
34 stage, and various semi-rigid coaxial lines.



4.2. Wiring

4.2.1. DC wiring and filtering

The insert of the dilution refrigerator arrived in Aachen with 4 DC looms (3 phosphor-
bronze, 1 copper), each containing 12 twisted pair wires for a total of 96 DC-lines from
room temperature to the mixing chamber. In order to thermalize the wires (and even-
tually the sample), the looms are anchored at various temperature stages by wrapping
them around and gluing them to copper bobbins. As electron temperature and coherence
times are sensitive to electric noise, heavy filtering of the DC-lines is essential for qubit
performance.

Room temperature filtering

At room temperature, we employed low-pass filters (MiniCircuit BLP-1.9) with a cut-
off frequency of 1.9 MHz to minimize coupling of room temperature radiation from our
home-built voltage sources (DecaDAC) to the break-out-boxes, which provide the link
between the cold woven looms and coaxial cables at room temperature. We further
added an optional two-stage low-pass filter with capacitances 0.47 uF and 22 uF on a
printed circuit board (PCB) inside the break-out boxes. In order to exploit the maximum
voltage resolution! (16 bit for a 10V range), an optional 1:11 voltage divider can be
added. Note that some of the voltage dividers were changed to a ratio of 1:6 later, as
some of the gates required a more negative bias. All electrical components were situated
inside an RF-sealed aluminum box to ensure good grounding. A circuit diagram of all
components can be found in Ch. A 4.

48-pin filter box

At the mixing chamber stage, a 48-pin filter box comprising another two-stage RC-filter
was installed. The filter box consists of three RF-sealed chambers, each connected by
either feed-through resistors or feed-through capacitors, to minimize stray capacitance
from the circuit elements. As feed-through resistors are commercially not available, I
glued the bodies of regular 1kQ metal film resistors into a thin copper plate. Making
the hole in the copper as tight as possible and using conductive epoxy hinders the propa-
gation of electrical field lines from one chamber to the other and hence reduces spurious
resonances in the RC-filter. A room temperature transmission measurement?, depicted
in Fig. 4.3, shows a high attenuation of order -80 dB with the absence of high frequency
resonances. A commercial capacitative filter plate was used with capacitances of 4 nF
at room temperature. A schematic wiring of the filter box can be found in the in Ch. A.5

land ensure sample safety
Zalthough it is difficult to test a high impedance filter at high frequencies
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Figure 4.2.: Schematic setup. Wiring scheme and electrical equipment used for the ICE Oxford
dilution refrigerator. Details concerning the DC control part are given in Ch. 4.2.1.
Ch. 4.2.2 discusses the AC-control part and the RF-read-out circuit is addressed in
Ch.4.3.
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4.2. Wiring

Filtering on the PCB

The second capacitor of 10 nF for the two-stage filter mentioned above is soldered onto
the sample PCB, as depicted in Fig.4.5. It is brought as close to the device as possible
to filter out noise, thus preventing coupling of noise into the DC-lines. Note, in order to
guarantee low temperature functionality, temperature stable ceramic capacitors should
be used, usually referred to as NPO (negative positive 0) capacitors.
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Figure 4.3.: Cryogenic filterbox. a A homebuilt feed-through resistor plate minimizes stray
capacitance of the lumped elements. b A capacitive filter plate connects the two
resistor plates. ¢ Transmission through the filterbox employing a two-stage RC
filter of 2 x 1 kQ and 4 nF (an additional 10 nF are directly soldered onto the sample
PCB). The inset shows a wider frequency range.

4.2.2. AC wiring

Compared to the DC-wiring, installation of the semi-rigid coaxial cable is straightfor-
ward once the materials of the inner and outer connector are chosen. Unfortunately,
choosing the right material is quite a dilemma, as good thermal isolation, needed to
reach ultra cold temperatures, usually contradicts good electrical conductivity, which
is required for high bandwidth high frequency lines. There is no real ideal solution at
hand and different groups use different materials. For our fridge, we settled with the
following choices.

From room temperature to the 1 K-pot, we used coaxial cables with a stainless steel
outer conductor and a silver-coated beryllium-copper inner conductor. Stainless steel
and beryllium-copper are bad conductors and hence bad thermal conductors as well
(electrons contribute significantly to thermal conductivity). As high frequencies mostly
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4. Experimental setup

travel inside the dielectric and only penetrate the metal conductors superficially (the
skin depth is inversely proportional to the square root of the frequency), coating the
outer side of the inner conductor with a good electrical conductor, silver in our case,
increases the bandwidth of the cable without adding an unnecessary heat load. From
the 1 K-pot to the mixing chamber, we chose to use niobium semi-rigid cables. At these
temperatures niobium becomes superconducting, resulting in very good electrical con-
ductivity and a high thermal resistivity as low energy electronic excitations are absent
and only cold phonons contribute. Once we reach base temperature at the mixing cham-
ber, we swapped to pure copper semi-rigid cables which are good thermal and electrical
conductors. At this stage we do not apply additional heat loads and are mostly interested
in thermally anchoring the sample.

Some of the AC-control lines are combined with the DC-lines via simple bias-Tees,
soldered onto the PCB, as can be seen in Fig.4.5. In order to minimize resonance
effects, we abandon inductors and only use a 10 nF capacitor (directly soldered between
coaxial cable and the PCB) and a 1 k€2 SMD-resistor.

At room temperature, the control AC-lines are connected to a Tektronix AWGS5014C
via resistive splitters (MiniCircuit ZFRSC-123-S+), providing an additional 10dB at-
tenuation. Optionally, an additional RF-source (Agilent N5183A) can be installed into
the control pathway using a 6 dB attenuator to ensure impedance matching. Using an-
other AWG (Tektronix AWG7002) and an IQ-mixer allows for rapid vector control of
the RF-output.

AC filtering

We do not install any direct filters? in the ac-control lines coming from the Tektronix
AWG 5014c but attenuate the room temperature noise at different temperature stages.
As thermal noise is proportional to kg7', we introduce a 20 dB attenuator into the AC
pathway at the 1 K stage to account for the temperature change (20dB is a factor 100
which equals the temperature ratio). For a similar reason, we further install 10 dB atten-
uation at 100 mK and 3 dB at base temperature. We distribute attenuation over various
cooling stages according to their cooling power.

4.3. RF-readout

In the last couple of years the technique of RF-reflectometry has become the standard
way of measuring qubits>33-41_ In our case, we employ a proximal sensor quantum
dot as the resistive part of an impedance matching LC-tank circuit and measure the
reflected amplitude of a carrier signal that is proportional to the actual resistance of
the quantum dot. There already is a vast variety of excellent work explaining the very

3badly conducting coaxial cables are very effective at filtering high frequencies

38



4.3. RF-readout

details of this method and I doubt I can provide a better job. Hence, in this section I will
only present the basics of this readout technique and motivate the interested reader to
look at Ch. 5 and Refs.37,35 for further information.

In this work, we use a setup based on the designs discussed in Refs.35 with the addi-
tion of a cold circulator at the mixing chamber stage. In order to rapidly* measure the
qubit’s state, the nearby charge sensor is integrated into a LC-tank-circuit (see Fig. 4.5)
to match its impedance of typically 50 kQ to the attached 50 Q impedance of the semi-
rigid coaxial cable. We then sense the impedance of the charge sensor by measuring
the reflected RF-power of this tank circuit, using a home-built high frequency, high
bandwidth lock-in amplifier, that is realized in the following way.

The carrier frequency, usually between 220 and 240 MHz, is generated by a LabBrick
LSG-451 signal generator and set to the resonance frequency of the tank circuit. The
signal passes a Minicircuit ZASWA-2-50-DR switch and is then divided into two path-
ways (sample and local oscillator) using a Minicircuit ZEDC-15-2B directional coupler.
The attenuated signal is then further attenuated by 60 dB at room temperature and 33 dB
inside the fridge and sent to the tank-circuit via a Quinstar VDC1065KCS3 circulator
at a power of approximately -100 dBm. The reflected signal is proportional to the re-
sistance of the quantum dot and is sent to a cryogenic amplifier (Quinstar QCA-U-230)
via the circulator and a sapphire stripline, used to thermalize the inner conductor of
the output readout line. Both components are not quite impedance matched, hence it
is important to have a circulator that redirects direct reflection away from the sample
pathway. At room temperature the signal is further amplified using a low-noise Miteq
AU-1565 amplifier. After the phase of the signal has been corrected for the coaxial lines
using a Pulsar SO-05-411 phase shifter, the signal is down-converted to DC in a Minicir-
cuit ZP-3MH-S+ mixer with the original local oscillator signal. In a final step, the signal
is recorded using an Alazar ATS9440 digitizer. We also added filters for the input and
output signals (Minicircuit SHP-50+ and SHP-450+) and a low-pass filter BBLP-39+
after the mixer to filter out the frequency-doubled signal and other unwanted signals.

4.3.1. Choice of components

The choice of the inductance of the combined RLC-tank circuit defines not only the
resonance frequency s = 1/ /LCitray, but also the impedance at Wyes

L

—_—, 4.1)
RSDCstray

Zric =
where L is the inductance, Rsp the sensor dot resistance and Cyyray the stray capacitance.
On the one hand, we have to match the frequency range of the experimental setup which
is determined by the cryogenic circulator to 220-240 MHz. On the other hand we want

“4sampling frequency is 100 MHz typically down-sampled to 250 kHz
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4. Experimental setup

ZrLc ~ 509, close to the impedance of the RF-equipment. We typically use inductors
from 680-820 nH, depending on the stray capacitance of the PCB and the sample. The
first PCB had higher stray capacitance, hence the 680 nH inductor was used. Stray
capacitances were 0.4 pF from the coil and the PCB and 0.3 pF from wire bonding and
sample design. After removing some parts of the soldering mask for the inductor, I
managed to reduce the stray capacitance and use the 820 nH inductor.

4.4. Cold finger design

To place the sample at the center of the vector magnet a sample holder was constructed,
in the following referred to as cold finger and depicted in Fig.4.4. It was designed to
be RF-sealed and to prevent infrared radiation from the inner vacuum chamber reaching
the actual sample. For that purpose, I designed a screwable® brass can that can be easily
attached to the copper plate which holds the connection to the 48-pin filter box and
the four AC-lines (SMPM connectors). The copper rods mounting the adapter plate to
the mixing chamber are slitted to minimize heating effects due to eddy currents in a
magnetic field.

n

[/
Xoldfinger

48 pin
UR-478u-Ku filter box
sel i-rigid
Kables
adapter plate

inXl. 7 SMPM
Konneltions

auxillary sample
DC sal ple PCB
holder

Figure 4.4.: Cold finger. The cold finger designed to hold the sample (and an auxiliary sample)
in the center of the magnet. A brass can can be screwed to the adapter plate that
holds the DC- and AC-connectors in order to shield the sample from radiation.

Safter loosening roughly 100 screws to reach the sample holder it is actually also nice to just untwist the
cold finger
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4.5. Sample printed circuit board

4.5. Sample printed circuit board

The actual device is glued onto a PCB using temperature resistant GE varnish. The sam-
ple board I used in my thesis was originally designed by David Reilly at Harvard Uni-
versity. The layout and functionality is not optimal for our double quantum dot design
including 4 AC control lines and demands some experimental dexterity in wirebonding
and placing the electrical components for filtering and manipulation (see Fig. 4.5).

Readout biasX AC Xontrol biasX
ACinput " DU ACinput I DUX
1) ] *
1onF W1k 10nF N 1k
DCinput DCinput
DC filter -
W VI ‘
¥ = o &‘

DCinput DUX N — — Tank Kiruit
L - : - DC input DUR
—_L—1OnF B P

- — 820nH S 3

Figure 4.5.: PCB control and filter wiring scheme. The legacy PCB for the final electrical
connection to the sample designed by David Reilly at Harvard University. Using
SMD components, low pass filters and bias-T’s were realized on the PCB in prox-
imity of the sample.

With the lack of a solder mask envisioned for the 10 nF capacitors used for filtering,
the SMD components® were simply soldered to the PCB DC-lines using pieces of cop-
per wire, as can be seen in Fig.4.5. The capacitors needed for the bias-Tees were also
soldered directly between the inner conductor of the coaxial cable and the AC bond pad.
In order to fine-tune the resonance frequency of the tank circuit, a small copper wire is
soldered next to the inductor and adds a certain amount of stray capacitance depending
on its proximity to the other components. Furthermore, bonding the sample is challeng-
ing as especially the AC control lines are quite far away from the PCB connections and
needed to be bonded all across the sample (see Ch. A.2 for further details).

A simple micro D-sub-connector is soldered to the DC-pins using a copper woven
loom. The readout line is connected using a SMPM connector. Having done extensive
research for the best ultra-miniature RF-connectors, we settled for SMPM connectors as

®The 1k SMD resistor used in the first cool-down was replaced by a mini-MELSf version to ensure better
temperature stability.
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4. Experimental setup

they provide excellent impedance matching and offer all connection types and genders
needed for our purposes.

4.6. General data acquisition

Data acquisition for all measurements performed in this work has been done using
special measure, a command line based package for Matlab developed by Hen-
drik Bluhm. This acquisition software on the one hand allows to perform fast two-
dimensional gate voltage sweeps by exploiting hardware ramps and synchronized’
buffered readout of instruments. These types of measurement are predominantly used
while tuning up a quantum dot device. On the other hand, in combination with the
software package pulsecontrol, that provides its own programming language for
defining waveforms on the Tektronix AWG, special measure allows for combining
rapid pulse-based control and fast, high bandwidth data acquisition, as schematically
explained in Fig. 4.6. Being command line based, special measure offers fast proto-
typing of novel experiments.
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Figure 4.6.: Schematic flow of typical data acquisition. Typically, a scanline consists of one
or more pulse groups, each comprising several pulses with different parameters,
i.e. g, repeated to match a certain buffer size of the Alazar digitizer. Between
repetitions of scanlines, DNP pulses are applied to the qubit without measuring.
We always sample with a constant hardware sample rate of 100 MHz and average
over the duration of the readout window, indicated by the white areas; we only
apply readout power during that time. Eventually each 2.5 us measurement window
is downsampled to one measurement point. For a typical pulse length of 4 us the
downsampling frequency is 250 kHz.

7once the driver works properly
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5. Tuning methods for semiconductor
spin qubits

Parts of this chapter are in preparation for publication’.

5.1. Abstract

We present methods and measurements to reliably characterize and tune-up gate-defined
semiconductor spin qubits. Our methods are designed to target the tuning procedures
of semiconductor double quantum dot in GaAs heterostructures and are applicable to
STo- and Loss-DiVincenzo-qubits, but can easily be adapted to other quantum-dot-like
qubit systems. These tuning procedures include characterization of the inter-dot tun-
nel coupling, the tunnel coupling to the surrounding leads and finding the locations
of various fast initialization points for the qubit. As these semiconductor based spin
qubits, being compatible with standard semiconductor processing technology, promise
good prospects of scalability, this challenge will only grow in the near future once the
multi-qubit stage is reached. With the anticipation to be used as the basis for future
automated tuning protocols, all measurements presented here are fast to execute and
easy to analyse characterization methods. They result in quantitative measures of the
relevant qubit parameters within a couple of seconds of measurement time and require
almost no human interference.

5.2. Introduction

The recent development in semiconductor based spin qubits[>3-26->7-8,59.60,61,62,63]
shows their great potential as building blocks of a quantum computer and demonstrates
their promise for scalable architectures. With increasing number of physical qubits,
challenges like device architecture6+6%-%61 Jong-range coupling!®7-%%91  error correc-
tion!!*791 decoherence due to charge noise!”!"?) and scalable implementation!”>74 of

'Molecular-beam-epitaxy growth of the sample was carried out by D. Schuh and D. Bougeard.
T.Botzem fabricated the sample, set-up and conducted the experiment. T. Botzem, M. Shulman,
S. Foletti, S. Harvey, O. Dial and H. Bluhm developed the various tuning methods and fit models, T.
Botzem and H. Bluhm wrote the paper with input from all co-authors.
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5. Tuning methods for semiconductor spin qubits

the control electronics!’>7% play an increasingly important role. One obstacle that has
not received much attention so far is the tuning of the qubit devices. Especially in the
case of gate-defined quantum dots, this procedure itself presents a non-trivial task even
in the case of just two electron spins, as each quantum dot comprises at least three
electrostatic gate electrodes, all capacitively coupled, which all influence the number
of electrons, the tunnel coupling to the adjacent lead, and the inter-dot tunnel coupling.
The current practice of manually tuning the qubits is a time-consuming and non-scalable
procedure.

In this work we present tuning and characterization methods used to realize two-
electron spin qubits in GaAs that have evolved over the course of the experiments in
Refs. 15,13,12,77,32,45,78,55. Complementary to Ref.79 that showed a computer au-
tomation to coarse-tune quantum dots into the single-electron regime, we focus on the
fine-tuning of the spin qubit once this regime has been reached. We exploit the high-
bandwidth readout by radiofrequency (RF)-reflectometry >33 of semiconductor spin
qubits and present fast, easy analyzed and quantitative measurements to characterize
these devices. Contrary to the relatively slow tuning using DC-transport!!!], all neces-
sary scans can be performed within a few seconds of measurement time. Furthermore,
as the tuning parameters of interest are obtained directly as fit parameters and require no
human intervention, these methods are well suited as a basis for full automation of the
complete tuning procedure. Note that all measurements presented here were performed
on two-electron spin qubits in GaAs quantum dots, but the basic tuning principles can
easily be adapted to other quantum-dot-like qubit systems.

The outline of this paper is as follows: In Sec. 5.3 we first introduce the device layout
of the two-electron spin qubit in GaAs and explain the basics of the experimental setup
including the RF-reflectometry circuit.

The first step of tuning the device to either the (2,0)-(1,1) or the (1,1)-(0,2)-charge-
transition (the numbers indicate the occupancy in each dot) will be covered in Sec. 5.4.
Furthermore, the formation of the adjacent quantum dot for readout via charge sensing
is described. These methods have hardly changed compared to legacy quantum trans-
port measurements!' ! and will need further refinement!’! for automation. They are
included here for completeness.

In Sec. 5.5 we present our methods to quantitatively characterize and fine-tune the re-
sulting qubit. We first motivate the use of virtual gates, a linear combination of several
gates that allows changing specific junction parameters individually. We continue by
describing the characterization of the inter-dot tunnel coupling 7. and the tunnel cou-
plings to the left and right electron reservoirs, # and #;, which must be tunable to certain
values. Although these three properties already define the qubit, the gate voltages at
which various qubit operations can be carried out have to be determined. Hence, we
additionally provide routines for locating fast reload points, used to initialize the qubit
in different states, and the ST, anti-crossing, allowing us to set up a hardware feed-
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5.3. Device layout and experimental setup

back loop to polarize and stabilize the surrounding nuclear spin bath in the GaAs host
material.

In the last sections, we provide information on how to set-up the pulsed hardware
feedback to stabilize the hyperfine gradient AB, from Ref.13. Furthermore, we outline
an experiment to measure the detuning dependent energy splitting J(€) of the qubit. At
last, the setup of an automated detection of charge rearrangements is provided.

5.3. Device layout and experimental setup

Figure 5.1.: Device Layout. The figure depicts the device and nomenclature of the gates used
to form the two-electron spin qubit in this work (only left side is used, but same
procedure can be applied to the right double quantum dot, as shown in Ref. 12).
Applying static voltages to the grey gates confines two electrons in a double dot
potential in the 2DEG of a GaAs/Alg 9Gag 31As heterostructure. The blue gates,
RFX and RFY, are used exclusively for fast manipulation and are DC-coupled to a
Tektronix AWGS5014C. A charge sensing dot can be seen next to each qubit.

While very similar tuning methods were employed in Refs. 12,77,32,45, the par-
ticular data shown in this paper is obtained from the qubit in Refs. 78,55. The two-
electron STy spin qubit is defined by the m, = 0 subspace S= (|1]) — |{1)) /v/2 and
To = ([14) +]41)) /V2 of two electron spins?>!, where 1 or | describes the spin state
of the electrons. These electrons are confined in a GaAs double quantum dot formed by
electrostatic gates on top of a two-dimensional electron gas (2DEG), shown in Fig. 5.1.

The legacy quantum dot layout, for example from Refs. 9,80, uses a single gate for
high and low frequency control combined with a (home-built or commercial) bias tee.
Home built, on-chip bias tee’s, as used in Refs. 13,11 have the advantage of avoiding
difficult-to-model additional inductances in the DC-arm, but still show pulse distortion
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5. Tuning methods for semiconductor spin qubits

that need to be corrected for in order to achieve optimal fidelity between intended and
actual pulses.!'3. To avoid this complication and the resulting pulse imperfections,
we exploit dedicated all DC-coupled static and high frequency control gates. Static
voltages of order 1 V, provided by a home-built voltage source, are applied to the heavily
filtered static gates (depicted in grey in Fig. 5.1) and are used to define and tune the
quantum dots into the single-electron regime. The control gates (depicted in blue in
Fig. 5.1), used for qubit manipulation by applying mV-scale signals, are DC-coupled
to an arbitrary waveform generator Tektronix AWG5014C, operated at 1 GS/s. Using
separated static and control gates eliminates the need for bias tee’s and results in a nearly
flat frequency response of the control gates from DC to a few hundred MHz at a cost
of one additional gate electrode. The control gates are attenuated by 33 dB to reduce
thermal noise from room temperature.

To directly measure the conductance through the double dot and the sensing dot, a
voltage bias of typically 100 uV is applied across the device. The current through the
sample, converted to a voltage Vsp or Vp for the sensing dot and double dot, respectively,
using a home-built IV-converter, is measured with a Standford Research SR830 lock-in
amplifier. This measurement technique is only used in the initial coarse tuning of the
quantum dots and later omitted.

To enable readout via spin-to-charge conversion due to Pauli-spin-blockade, a sens-
ing dot is placed next to the qubit. It is embedded as the resistive component in an
impedance matching circuit so that the conductance through the dot can also be mon-
itored using RF-reflectometry °333341 A similar setup to Ref. 35 is used, with the ad-
dition of a cryogenic circulator at base temperature. The demodulated signal Vi is
recorded using an Alazar ATS9440 digitizer board. We typically use a hardware sample
rate of 100 MS/s which we downsample on the fly at full data rate to typically 250 kHz
using a multithreaded, high throughput C++-based driver for the Alazar card. This
downsampled rate arises from a typical length of 4 us for experiments which usually
comprises a 2.5 us long measurement window during which we power the RF-circuit.
A standard probe cycle, used in the tuning protocol but also the actual qubit experi-
ments, consist of initialization, manipulation at different voltages or for different times,
and measurement of the final state of the qubit. The triplet return probability P(T) is
proportional to V;r and the readout circuit is tuned such that a low value of the signal
corresponds to the singlet and a higher value to the triplet states. Effects of 1/f-like
noise are eliminated from the data by changing the swept pulse parameter after each
single cycle and then averaging over many repetitions of the parameter sweep to elude
slow drifts in the sensor or gate voltage configuration. For a typical tuning dataset, the
sweep comprises 100 values and is repeated 1536 times for a total measurement time
of 1536 x 4us ~ 600ms and then averaged again over 5 — 10 repetitions, if necessary.
Note that these acquisition parameters are not optimized for speed and we expect that a
speed-up of at least a factor 10 is possible while still maintaining an adequate accuracy
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of the parameters to be extracted.

5.4. Coarse tuning of the quantum dots

5.4.1. Tuning of the RF-read-out circuit

In order to exploit the remarkable properties concerning response time and charge sen-
sitivity of the sensing dot, the single electron transistor is embedded in an impedance
matching circuit!>333>4] that transforms its high resistance of approximately 50 kQ to
match the 50 Q transmission line impedance. Otherwise, most of the RF probing signal
would be completely reflected independently of the actual resistance of the quantum
dot. The two tuning parameters of the read-out circuit are the frequency, set to reso-
nance with the LC-tank circuit, and the phase of the carrier signal. To ensure that the
carrier frequency lies in the relatively narrow frequency window of the RF-components,
mostly determined by the 20 MHz bandwidth of the cryogenic amplifier and circulator
(Quinstar QCA-U-230 and VDC1065K3), a newly assembled sample holder PCB in-
cluding the tank circuit components is usually first tested at room temperature without
the sample by measuring the reflected power using a vector network analyzer. Typically,
the resonance frequency without a bonded sample is 40 to 60 MHz higher than the res-
onance frequency with the sample, due to lower stray capacitance. After bonding, the
sample is cooled to 4 K and the resonance frequency is measured again to determine if
it fits into the frequency window. Adding or removing stray capacitance by bending a
small copper wire soldered next to the inductor, allows for fine tuning of the resonance
condition in a limited range of approximately =20 MHz. Once the resonance frequency
is known, the phase of the carrier, controlled by a voltage Vpnase Of a phase shifter, can be
coarsely adjusted by comparing two-dimensional phase-frequency scans of the read-out
circuit output with an open and a closed sensing quantum dot, as shown in Fig 5.2a, b,
respectively. The resonance of the non-linear output which is predominantly given by
the frequency response of the phase shifter (Pulsar SO-06-411) can be seen in the indi-
cated region in Figs. 5.2b. Typically, the phase is set to a value close to the zero-crossing
allowing maximum sensitivity.

Optimization of these parameters is usually done simultaneously with the tuning of
the actual quantum dots which will be described in the next two sections. For conve-
nience, we report here how to fine-tune the readout circuit and assume working quan-
tum dots. Finding the optimal values is done by measuring Coulomb oscillations of the
sensing dot (Figs. 5.2¢,d) and sweeps across a lead transition of the double-quantum
dot (Figs. 5.2e,f) as a function of phase and frequency. Typically, values that yield
maximum contrast are chosen (see indicated areas in Figs. 5.2c-f). Note that this is an
iterative process and usually needs a couple of iteration to find the optimum phase and
frequency combination.
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Figure 5.2.: Tuning of the RF-read-out circuit. Output of the RF-reflectrometry circuit as
a function of the phase and frequency of the local oscillator. a An open sensing
dot shows the inherent, non-linear response of the read-out circuit. b Pinching off
the quantum dot shows the resonance of the tank circuit attached, indicated by the
black circle. Coarse tuning of the read-out circuit is done by measuring Coulomb
oscillations through the sensing dot as a function of phase (¢) and frequency (d).
Sweeps across one of the lead transitions of the double quantum dot as a function
phase (e) and frequency (f) determine the final values for maximum sensitivity of
the read-out tuning.
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5.4. Coarse tuning of the quantum dots

In a last step the power of the local oscillator needs to be set. We usually strive for a
power of -90 to -100 dBm at the sensing dot. We set the power to a value that maximizes
signal while still maintaining a decent temperature broadening of the Coulomb peaks of
the sensing dot. In the beginning of the tune-up procedure it might be advantageous
to go to higher RF-power and exploit the higher dynamic range of slightly temperature
broadened sensing dot peaks. For very high local oscillator powers we found that a
ringing of the tank circuit is visible in the readout of the qubit probably mediated by
phonons. Such high excitations should be avoided. Although not ideal as the mixer
might work sub-optimally, it is convenient to first adjust the power of the RF-source and
test the effect on the Coulomb peaks. The manual attenuators on the RF input line can
be adjusted afterwards.

5.4.2. Tuning of the sensing dot

The next two sections describe how to tune the sensing dot and the actual qubit double
dot and do not include novel methods!”! but are included for completeness. A nearby
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Figure 5.3.: Charge sensor tuning. The characteristic charge stability diagram of the sensing
dot shows Coulomb oscillations once tunnelling to the source and drain is slowed
down at negative gate voltages, but not too slow. Tuning the sensor to a sensitive
position allows for charge sensing of the nearby double quantum dot.

quantum dot is used to sense the charge distribution in the double quantum dot and al-
lows to monitor its occupancy once transport through the qubit dot is limited by opaque
tunnel contacts %), We perform a two-dimensional scan with the sensing dot gates SB2
vs. SB1 and SP (gate names are defined in Fig. 5.1), measuring the conductance through
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the dot. Upon making the gates more negative, Coulomb oscillations show up once the
barriers to the source and the drain are opaque enough. Fig. 5.3 shows a region in gate
voltage space that shows the typical pattern of a single quantum dot!3!. Note, in this par-
ticular sample SP and SB1 were shorted and thus had to be kept on the same potential.
Usually, SP can be used to fine tune the dot and shift it closer to the double quantum
dot, but is not very relevant. Typically, the charge sensor is tuned to a position where
the slope of the Coulomb peak is steepest to maximize sensor sensitivity.

5.4.3. Locating the (2,0)-(1,1) or (0,2)-(1,1) charge transition

As a first step to tune the double quantum dot, the depletion and pinch-off voltages of
the different dot-defining gates have to be determined. The conductance through the
dot is measured while applying a negative voltage on the gates pairwise (i.e. N12 and
T12, S1 and B1, S2 and B2, see Fig. 5.1 for gate nomenclature). Knowing the depletion
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Figure 5.4.: Charge sensing and transport through a double dot. a Monitoring the differen-
tial conductance through a nearby sensing dot tuned to a sensitive position shows
the electron occupancy of the double dot in a typical honeycomb pattern. Back-
ground oscillations are caused by an imperfect compensation of the sensing dot
gates relative to B1 and B2. b When measuring transport through the lateral quan-
tum dots, conduction only occurs at the triple-points. Since B1 and B2 also influ-
ence the coupling to source and drain, Coulomb peaks become only faintly visible
for negative voltages.
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5.4. Coarse tuning of the quantum dots

voltages, the device is tuned close to complete pinch-off. We initially perform a two-
dimensional scan over a couple of tens of mV with the barrier gates B1 and B2, which
have less influence on the tunnel barriers to the leads located beneath the RF-gates (see
Fig. 5.4). Usually we start by forming one, big quantum dot and continue by separating
it by applying more negative voltage on the T12 and N12 gates. Once the tunnel barriers
between the dot and the source and the dot and the drain are almost pinched off and have
similar transmission probabilities, Coulomb blockade peaks should appear, showing
the characteristic honeycomb pattern of a lateral double quantum dot"!, as shown in
Fig. 5.4b.
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Figure 5.5.: Charge sensing with QPC compensation. Electron occupancy of the double dot
detected by a nearby charge sensor. A linear interpolation was used to adjust the
voltage on the sensing dot gate SB2 to compensate any influence of the stepping
gate S1. Notice how the side-gates S1 and S2 influence the width of the tunnel
barriers to the leads at different charge transition.

Even though applying more negative voltages on the barrier gates (B1 and B2) pri-
marily empties the dot, they will eventually close the tunnel barriers to the reservoirs
resulting in hardly detectable Coulomb peaks unless other gates are carefully tuned.
When this region in gate space is approached, it is useful to tune the sensing dot to a
sensitive position (see section 5.4.2 and Fig. 5.3) and simultaneously monitor its con-
ductance as a function of gate voltages, as depicted in Fig. 5.4. A change in electron

51



5. Tuning methods for semiconductor spin qubits

occupancy in the double dot changes the potential in the sensing dot due to their capac-
itive coupling and results in a step in the sensing dot conductance. To compensate the
unintentional influence of the stepping gate B2 on the sensing dot potential, the voltage
on SB2 is adjusted accordingly when performing a two-dimensional scan. As the bar-
rier gates in general have a stronger influence on the sensing dot, using the side gates
S1 and S2 reduces the background oscillation, as seen in Fig. 5.5. Shifting the field
of view towards more negative voltages eventually locates either the (2,0)-(1,1) or the
(0,2)-(1,1) charge transition. Once a suitable transition has been found, S1 and S2 are
centered around this junction and a charge stability diagram using the RF-gates, RFX
and RFY, with higher resolution is recorded (see Fig. 5.6). Tuning of the qubit can now
begin.
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Figure 5.6.: Charge stability diagram. (a) High resolution charge stability diagram of the
important gate space of the (2,0)-(1,1)-junction used to define the two-electron spin
qubit. Important points in gate-space near this transition, which is used to initialize
the qubit in different states and for measurement, are marked by dots and further
explained in the main text. Ground state and excited state transitions are labeled in
white. (b) This diagram shows the energy relaxation cascade used to initialize the
(1,1) ground state |171) at point T, in (a). SL® | (1) denotes the state of a singlet
state in the left quantum dot and an down (up)-state in the right dot.
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5.5. Fine tuning of the qubit

5.5.1. Setting up virtual gates

Once the (2,0)-(1,1) (or (0,2)-(1,1)) charge transition has been located and the gate volt-
ages have been adjusted to center the charge stability scan using the RF-gates, it is advis-
able to switch to virtual gates, a linear combination of three actual gates (see Tab.5.1).
These virtual gates allow tuning of dot parameters while leaving the RF-gate voltages
at which charge transitions occur unaffected. They are chosen such that each virtual
gate primarily affects one specific dot parameter. In addition to changing the gate which
most strongly influences the desired parameter, a compensating voltage is applied to
the B1 and B2 gates to cancel out any cross-capacitance. LeadY and LeadX primarily
change the tunnel coupling to the respective lead. The tunnel coupling between the dot
is manipulated by the T and N virtual gates. X and Y only change B1 and B2 to shift
the features of the charge stability diagram.

In order to obtain the virtual gate coefficients, the effect of all gates on the position
of the charge stability diagram is measured by successively stepping the individual gate
voltages between two different values, typically differing by 2-6 mV. The dot’s response
with respect to these gate changes is measured by sweeping across both lead transitions
as exemplarily shown in Fig. 5.7d for the Y-lead. By fitting the different traces using a
phenomenological fit model corresponding to a Fermi distribution,

1 _
Vie(v) = Vigo + 8Virv — 2A (1 +tanh <W)> , (5.1)

w

the exact influence of the stepping gate on the location of the transition can be extracted.
Here, v is the voltage on either the RFX or RFY sweeping gate. The first term Vi in
Eq. 5.1 represents the background value of the charge sensing signal V;¢. The linear term
dV,¢v accounts for the direct influence of the sweeping gate on the conductance through
the sensor. The third term accounts for the excess charge once an electron tunnels into
or out of the quantum dot and includes a finite electron temperature via w. The location
of the lead transition is given by vieaq. We use Vir, 0Vif, Viead,A and w as fit parameters.

The shift of the transition in RFX and RFY direction due to different voltages on
the surrounding gates is extracted from the fits and the values are used to construct the
cross-capacitance matrix. Inverting appropriate sub-matrices of this 2 x n matrix leads
to the virtual gate coefficients, with typical values shown in Tab. 5.1, that compensates
any changes in S1, T12, N12 or S2 by applying an additional voltage on the B1 and B2
gate.

A similar concept is used in Ref.56 to perform orthogonal charge stability diagrams
in a three-electron quantum dot and in Refs.12,81.
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Virtual gate

LeadY | LeadX T N X Y

S1 1 0 0 0 0 0

Tg B1 | -0.76 0.5 -052 | -05| 1.5 | -2.1
Ze TI2| 0 0 I o[ 0o
S & NI2| 0 0 0 | 1] 0 |0
S2 0 1 0 0 0 0

B2 0.26 -1.1 | -1.25 | -0.5 | -3.68 | 1.03

Table 5.1.: Virtual gates. Typical values for the coefficients of the virtual gates that either leave
certain dot parameters or the dot position unaffected. Changes in S1, T12, N12 or S2
are compensated by simultaneously adjusting the voltages on B1 and B2. The values
correspond to the ratio of change in physical gate voltages to that of the virtual gate.

5.5.2. Tunnel coupling to the leads

The double quantum dot is tunnel coupled to two grounded leads (Ohmic contacts next
to the RF-gates) acting as electron reservoirs. On the one hand, the tunnel rates, mostly
controlled by the virtual gates LeadY and LeadX, should be slow to prevent excess
T relaxation due to cotunneling or thermal activation. On the other hand, at least the
lead to the (1,0) charge configuration should be transparent enough to allow fast qubit
initialization within tens of nanoseconds. In order to reliably measure the two tunnelling
rates #; and ¢, of the left and right leads, we apply 25 MHz square wave pulses across both
lead transitions. This forces an electron to tunnel to and from the dot, and the charge
sensor signal is measured. To measure the time dependent charge occupation we exploit
repetitive signal averaging over approximately 1500 periods recorded at a hardware
sampling rate of 100 MS/s. Typical time traces are shown in Fig. 5.7a, b. Applying the
square wave pulses to regions without a lead transition allows for a subtraction of the
background due to direct sensor coupling. The tunnelling time through the leads can
be extracted from the rise times of the recorded square pulses, with a lower sensitivity
bound of about 25 ns determined by the bandwidth of the tank circuit attached to the
sensing dot. The fit model used in Fig. 5.7a, b is given by

( cosh (2%) —exp (lg;?l)
Vito + %A : . : fort <ty
Vie(t,10) = " <T) (5.2)
cosh<2&) —exp <t(2)72[)
1 1
Vo — ZA 12 - 12 fort > 1y,
sinh (%)
\ ,
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where 7o = 2 us is the half-period. The prefactors and offsets of the exponential rise and
decay are chosen such that the curve is continuous. Typical target values for #; range
from 25 ns to 50 ns. Note that faster tunneling times can be resolved with the reload
sweep discussed in Sec. 5.5.5. All initialization methods addressed here (see Sec.5.5.4
for more detail) only require one lead to be tuned, hence the other lead transition can be
made less transparent to avoid excess relaxation.

5.5.3. Inter-dot tunnel coupling

Tunnel coupling #. between the two dots is mostly controlled by the N and T virtual gates
and determines the strength of the exchange interaction J (&) between the two electrons.
In order to characterize the tunnel coupling, we measure the broadening of the inter-
dot transition between the (2,0)-(1,1) charge configuration by sweeping the (2,0)-(1,1)
detuning € orthogonally across the junction and recording the average charge state!3%,
as shown in Fig. 5.7c. Using pulses from the AWG we typically measure each detuning
step for 1 us and average over 4000 scans for a total measurement time of 0.4s. For
simplicity we extract the broadening of the transition by fitting Eq. 5.1 to the data rather
than using the physically correct model of an avoided crossing as we find the difference
between these models to be marginal. Typical values for 7. range from 18 ueV to 24 ueV,
using an estimated lever arm of 9.8 V/eV. A smaller value for the tunnel coupling leads
to Zener-tunnelling when separating the electrons and should be avoided. Temperature
broadening provides a lower limit of around 9 ueV for this characterization method in
our setup. An alternative approach for determining the inter-dot tunnel coupling based
on time-resolved charge sensing is given in Ref.83. Furthermore, the tunnel coupling
can also by extracted by photon assisted tunneling spectroscopy®*. Compared to the
presented method, both alternatives are time-consuming and thus less attractive for our
purpose.

5.5.4. Locating the measurement point

The operation of a qubit heavily relies on the ability to reliably initialize the qubit in a
well known state and to accurately measure the qubit’s final state[6]. These procedures
should be readily available with high fidelity. Here, we present our methods to load
the qubit in the ground state S(2,0) using only the lead to the (1,0) charge configuration
and our method to set-up the measurement readout area of the qubit via Pauli spin
blockade. Historically motivated, the standard approach for singlet initialization uses
spin blockade 33!, Via the transition cycle T(1,1)—(0, 1)—S(0,2) both electrons relax in
the ground state by electron exchange with both lead transitions. We present a modified
version which only relies on one open lead transition. This procedure requires less
tuning and enables simpler future device layouts. Closing one lead transition also allows
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Figure 5.7.: Tuning parameters. (a, b) Measuring the tunnelling rates to the leads by apply-
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ing MHz voltage pulses across the respective lead transition, forcing an electron
exchange with the respective reservoir. The tunnelling time can be extracted by
the rise time of the response. (c¢) The inter-dot tunnelling rate can be extracted by
sweeping along the detuning €, recording the average charge occupancy and mea-
suring the broadening of the transition. (d) Measuring the influence of various gates
on the location of the vertical lead transition by stepping each channel between two
voltages and sweeping across the transition. (e) Shifting point S along the detuning
d locates the optimum singlet reload position located between the (2,0)-singlet and
-triplet transition. f Varying the wait time at point S (see Fig. 5.6) shows a singlet
reload time of 22 ns. (g) Sweeping along the detuning € locates the ST transition.
(h) Sweeping along the detuning & around point T locates the triplet T reload
point.
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for an enhanced charge detection!®! readout scheme to counter visibility loss at high
magnetic field gradients3®),

In order to set-up the Pauli spin blockade-technique to distinguish between spin sin-
glet and triplet states!1%33] we first need to locate the region of metastable (1,1) triplets
within the (2,0) ground state charge configuration (highlighted area in Fig. 5.6). We
perform a regular charge scan by sweeping the DC-offset on the RF-gate voltages while
simultaneously applying a pulse scheme M-R{-R;-M repeatedly. By stepping to point
Ry, deep into (1,0), one electron is discarded. We initialize a random (2,0) spin con-
figuration within a couple of 100 ns when we step back into (2,0), to point R,, far
away from the anticipated read-out area and well above the singlet-triplet energy split-
ting. As the transition into the (1,1) charge configuration occurs earlier for the triplet
(2,0) states, stepping back to M maps out the region of the metastable triplet states (see
Fig.5.8). During the manipulation of the electrons acquisition is masked out and we
only apply RF-power at point M. The resulting charge signal contains a mixture of sin-
glet (2,0) and triplet (1,1) states and the so-called measurement triangle (or trapezoid for
a singlet-triplet splitting smaller than the inter-dot charge coupling) becomes visible.

By extending the pulse scheme to M-R;-R>-M-S-M, including an additional 100 ns
wait at point S, we are able to roughly determine the singlet reload point S. Having
initialized a random (2,0) spin configuration at point R, we pulse to point S, close to
the (2,0)-(1,0)-transition. Staying energetically below the singlet-triplet-splitting and
above the (1,1)-T(2,0) transition (see Fig. 5.6), one electron is exchanged with the lead
and we initialize a (2,0) singlet state. In regions where this sequence is possible, the
signal is set back to the (2,0) level instead of the mixture seen in Fig.5.8. Performing
scans with both pulse sequences and subtracting them maps out a region within the
measurement triangle that allows for Pauli spin blockade and singlet initialization. This
initialization procedure requires only one lead to be tuned and the initialization time is
given by the tunnel coupling to this lead (see section 5.5.2) and can be as fast as a few
nanoseconds. Note that exchanging an electron with the (1,0) lead allows for a much
faster initialization compared to the 7] relaxation time at the operating point for qubit
manipulation.

5.5.5. Locating the singlet reload point

To further tune the voltages for singlet initialization, we sweep the position of point S in
the M-R;-R,-M-S-M pulse sequence introduced above perpendicular to the (2,0)-(1,0)
lead transition while keeping point M fixed. For an optimal point S, the (2,0)-triplet
states must be energetically inaccessible while exchanging one electron with the lead is
still allowed. We measure the triplet return probability which is proportional to Vi, by
pulsing back to point M. Ideally point S should lie symmetrically in the middle between
the (2,0)-singlet and -triplet transitions to (1,0) (see Figs. 5.7(e) and 5.6).
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Figure 5.8.: Measurement triangle. Recording a regular charge stability diagram while si-
multaneously reloading a random (2,0)-spin configuration maps out the region of
metastable triplet states within the (2,0)-charge-configuration due to Pauli spin
blockade. The visible boundaries of the readout triangle reflect a failure of the
random load pulse sequence rather than instabilities.

In a last characterization scan we vary the wait time ¢ at the optimal point S and again
measure the triplet probability P(T). Fitting a simple exponential decay

Vie(t) = Vig o+ Ae o (5.3)

to the data provides the singlet reload time #4,4, Which typically lies in the range of
10 to 50 ns for a well-tuned dot, as can be seen in Fig.5.7f. Again, Vir,A and fjp4q
are fit parameters. This characterization scan is complementary to determining the lead
tunnel time from Sec. 5.5.2 but allows the usage of the full time resolution of 1 ns of the
AWG as it is not limited by the bandwidth of the readout tank circuit.

5.5.6. Locating the triplet T reload point

The pulsed dynamical nuclear polarization (DNP) scheme from Ref.13 which is used to
stabilize the surrounding nuclear spins of the host material GaAs, relies on the ability to
additionally initialize the (1,1) ground state T.. This is done at point T in the charge
stability diagram (Fig. 5.6), using only the transition to the (2,1) charge configuration,
i.e., tunneling through the left lead. For a large Bey; this transition is spin split and the
left quantum dot will always occupy a singlet state in (2,1). The transition between (2,1)
and the excited (1,1) states, S, To and T_, occurs at a more negative voltage compared
to the transition to the (1, 1) ground state T (see Fig. 5.6a). Ideally, point T should lie
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between these two transitions. For sufficiently open tunnel barriers, the excited T_ state
rapidly relaxes to the S or Ty state by exchanging the left electron with the reservoir.
Repeatedly exchanging the two electrons in the (1,1) configuration using an exchange
interaction J(€) > AB;, while still maintaining J(€) — Bex; < k7, further ensures mixing
of [1}) and |}1), so that the system will subsequently relax into the desired T4 by
another exchange with the left reservoir. This relaxation cascade into the ground state
is schematically depicted in Fig. 5.6b. Alternatively, the T could be initialized using
both the (2,1)-(1,1) and the (1,0)-(1,1) leads, relaxing both electrons individually, as
originally introduced in Ref.11. In this case, both tunnel barriers need to be open.

In order to find the optimal T reload point in the charge stability diagram, the follow-
ing sweep is performed. The qubit is first initialized in a S(2,0) state and subsequently
voltages are set to point T without crossing the upper triple point to avoid measure-
ment artefacts. After a wait time of 100 ns to allow energy relaxation we switch back
to the measurement point M and measure the triplet return probability. The location
of point T is shifted perpendicular to the y-lead by a voltage 8. To fulfill the energy
requirement Bext > J(€) > AB., the distance from the upper triple point in Fig. 5.6 is
set by hand, depending on the actual value of the inter-dot tunnel coupling. Once this
point is set correctly, a maximum can be seen in the triplet return probability which
indicates the T reload point, as shown in Fig. 5.7h. We use a phenomenological model
motivated by Eq. 5.1 and given by

Vie(8) = Vrf,O‘f‘%Al (1 + tanh (6 —Su. )>

w

LR (1 { tanh (6 — 6”’2) > (5.4)
2 w

to fit the data to extract the exact reload point. Here, the position of the T, point is
given by (8y,1 + 6u.2)/2.

5.5.7. Locating the ST -transition

For locating the S-T-anti-crossing, we follow Ref.9 and initialize the qubit in the
singlet state at point S, change the detuning €, followed by a 100 ns wait time at a
given detuning and read out the final qubit state at point M. Due to hyperfine and spin-
orbit interaction, the S state can evolve to a Ty state once the detuning hits the S-
T transition and its location becomes visible as a peak in the measured triplet return
probability P(T)(€). As the exact location of this transition strongly depends on the
local magnetic field that splits the T states, any unintentional polarization, for example
due to hyperfine mediated spin flips at the ST transition, shifts the precise position
of the anti-crossing. To avoid excessive polarization, we perform fast €-sweeps and
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include pauses of a few milliseconds between averaging steps to allow any unintentional
polarization to relax. We fit a Gaussian model

(a_sstp)z

Vrf<£> = ‘/1~f70 + 0V +Ae 2 (5.5

to the data (see Fig. 5.6e) and extract the position &gy of the ST transition.

Not only is this position crucial for the pulsed DNP scheme (see next section) but in
combination with the T, reload point it is also used as an anchor point in the charge
stability diagram. Shifting the dot using the X and Y virtual gates to obtain the same
values for the ST, and T scan after a small charge switching event usually restores all
junction parameters, and results in the same J(€) relation. Furthermore, the position of
the ST crossing is used to automatically determine switching events!21:71:20] that shift
the whole transition by several mV.

5.5.8. Tuning workflow

The typical fine-tuning workflow of the (2,0)-(1,1) charge transition starts by defining
the virtual gates. The next step is to bring the tunnel couplings to the leads in the right
regime. As initialization and readout is part of any further pulse sequence (and any
experiment in general), tuning the singlet reload point S and the measurement triangle
is done in a next step, once the tunnel barriers to the (1,0) lead is set. The energy splitting
of the qubit is subsequently tuned by adjusting the inter-dot tunnel coupling. A working
scan of the S-T+ transition as described in Sec.5.5.7 is a good indicator for a suitable
tunnel coupling. Usually, this is an iterative procedure as adjusting the T and N virtual
gates also affects the lead tunneling rates a little. Finally, the position of the T reload
point is tuned. Generally, manual retuning to restore previous junction parameters once
a charge rearrangement in the heterostructure has occurred takes a few iterations of
performing the various characterization scans and adjusting the gate voltages. It can
usually be completed in about one hour.

5.5.9. Setting up the pulsed AB, feedback scheme

Universal control of a qubit generally requires two orthogonal control axes. For STy-
qubits in GaAs, these are the exchange interaction J(€) and a gradient in local magnetic
fields AB, between the two dots!'!l. While J(¢) can be electrically controlled by ap-
plying voltage pulses on the ns-timescale that change the detuning €, controlling AB; is
more challenging. There are various approaches to provide different magnetic fields in
the dots that include using micro- or nanomagnets [87:60:88:8% op top of the heterostruc-
ture. Here, we exclusively use the pulsed dynamical nuclear polarization scheme from
Ref. 13 that relies on bidirectional Landau-Zener sweeps across the ST -anticrossing.
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Sweeping adiabatically over this transition allows the controlled flipping of the elec-
tron spin between spin singlet S and triplet T, mediated by either hyperfine or spin-
orbit interaction. Electron spin flips due to the hyperfine interaction are accompanied by
a nuclear spin flop, thus changing the local magnetic field gradient. Controlled electron
spin flips from S—T and T —S in a feedback loop allows a stabilization of AB,.

20 40 60 80 100 40 50 60

separation time 1 (ns) A Bz (MHZ)

Figure 5.9.: Averaged AB, oscillations. a Using the qubit as a hardware feedback loop, DNP
between different scanlines is used to stabilize the hyperfine gradient AB,. A feed-
back time of 15 ns results in AB, ~ 54 MHz. The coherence time for this specific
measurement is 7,° ~ 165ns. b A histogram of the instantaneous values of AB,
of each scanline before ensemble averaging shows the distribution with standard
deviation of a few MHz.

Once the position of the ST transition, the singlet and triplet reload points are
known, we construct three polarizing pulses comprising a S-, a T, - and a conditional S-
pulse!'3!. For the S (T )-polarizer we first initialize a S (T..) state using the respective
reload points and then perform a sweep across the ST -transition, which is typically
100 ns long and 100 4V wide. We add a wait time of Tf, at maximum detuning in the
(1,1) charge configuration between the reload and ST sweep for the conditional S po-
larizing pulse that probes the current value of AB,. As the pump rate dAB;/dt of this
pulse is proportional to the triplet return probability P(T)!!3], every zero crossing with
period h/g*up s is a stable point of the feedback. As the conditional S pump pulse only
polarizes in one direction, we interleave the unconditional T -pump pulse to maintain
bidirectional pumping. The pump rates of the different pump pulses may vary over time
for an unknown reason, hence we typically try different ratios of conditional S- and T -
pump pulses until a stable gradient is found. Fig.5.9a shows a typical averaged time
trace of AB; oscillation at 4 mV detuning with an enhanced coherence time 75* ~ 165 ns
compared to the unpolarized case with 75" ~ 10 ns (1. The corresponding distribution of
instantaneous AB; values is shown in Fig. 5.9b.
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5.5.10. Measurement of the exchange interaction J(¢)

Characterization of the dependence of the exchange interaction J on the detuning €
is necessary to define, for example, non-trivial high-fidelity gates®*>3 or native -
and 1/2-pulses about the J(€)-axis, used to decouple the qubit from the nuclear spin
bath fluctuations'>78!. In order to measure the strength of the exchange interaction we
perform Ramsey-type measurements, similar to Refs.9,72.

P(S) 1

300 0.9

0.8
250
10.7
200 10.6

10.5
150 |

gchange i €) (MHz)

10.4

detunng & (mV)

100 | 103

0.2

50

0.1

0

08 1 12 14 0 20 40 60 80
detuning & (mV) separation time T (ns)

Figure 5.10.: Exchange interaction J(€). a A phenomenological model J = Jyexp (€/€) is fit-
ted to the extracted values for J as a function of the detuning €. We experimentally
find that typically € ~ 0.3 mV, independent of the tunnel coupling, whereas the
amplitude Jy depends on the inter-dot coupling. b Normalized Ramsey oscilla-
tions as a function of separation time T for different detunings used to extract the
values for J(€) in a.

To guarantee maximum contrast even in the case where J(€) ~ AB., the qubit is first
initialized in a S-state, rotated into the |1 )/|]1)-plane using a /2-pulse about the AB,-
axis (see section 5.5.9) and let it evolve for a variable time at detuning €. The qubit state
is read-out after another /2 pulse. The normalized triplet return probability P(T) as a
function of separation time T for different detunings € is shown in Fig. 5.10b. Simultane-
ous recordings of the hyperfine gradient AB,, allow to extract the exchange interaction
by fitting the oscillations with a damped sine wave. The frequency of this oscillation
is given by @ = \/ABZ?+J(€)?/h and shown in Fig.5.10a. We further fit J(€) to a
phenomenological model J = Jyexp (€/€p) and find that the € dependence is nearly in-
dependent of the inter-dot tunnel coupling with a typical value of €y ~ 0.3 mV.
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5.5.11. Setting up an automated detection for charge switching
events

Charge noise, whether originating from the heterostructure itself>!:71291 or the electri-
cal setup, is a major challenge in all kinds of semiconductor qubits. While electrical
noise from the setup can be mitigated, removing the origin of charge noise from the
sample is more complicated. To current understanding, charge traps in the doping layer
as well as so-called DX-centers!?1-?9 are believed to be the origin. For ST qubits,
charge noise affects the exchange interaction J(€), being most problematic in regions of
high dJ/de!"?1. Due to the nonlinearity of J(), a small change in detuning results in a
big change of J. Hence, coherence is decreased in this region.

Not only does charge noise affect the coherence of the system, but if the charge trap
sits in direct vicinity of the quantum dot, it may shift the whole position of the (2,0)-
(1,1)-transition in gate space, once an electron tunnels in or out. If such a switching
events occurs, the virtual gates may be used to restore the original position, but usually
such a retuning takes a long time and is not always deterministic. As some of these
charge rearrangements occur at distinct timescales, another alternative is to simply wait
for the dot to jump back. In between measurements, we automatically detect switching
events by monitoring the position of the ST transition and the conductance level of
the sensing dot. If either of these values change too much in between measurements,
we conclude that a switching events has occurred and execute the jump detection in an
continuous loop until the original values are restored. By monitoring the position of
the ST crossing as well as the DC level of the charge sensor the success rate of this
detection is very high.

5.6. Conclusion

This paper provides a detailed description of tuning and characterization routines that
we use to realize a STy qubit in a GaAs double quantum dot. We describe efficient
methods to determine the different inter-dot and lead tunnel couplings and methods
how to locate several reload points in the charge stability diagram needed for the qubit
itself or the pulsed feedback DNP.

While all relevant, quantitative double dot parameters are already obtained automat-
ically, the decision of how to adjust the gate voltages is currently made by the opera-
tor, based on experience. So far, sample stability and resulting frequent charge rear-
rangements leading to unreliable fits when unsupervised have made a fully automated,
gradient-based tune-up procedure too cumbersome to make its development worthwhile.
We also find that the effect of the T and N gates on the inter-dot tunnel coupling changes
substantially in different regions of gate voltage space or when charge rearrangements
in the vicinity of the dot occur, including even sign changes.
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This behavior will likely render algorithms to fully automate the tuning that are based
on pre-calibrated gradient information ineffective. Nevertheless, we are optimistic that
the procedures described here could be used as a starting point for reaching that goal.
Improved sample designs!”®! and lower disorder which make the response to gate volt-
age changes more predictable would greatly simplify the task. Complementary to that,
self-calibrating approaches such as the use of a Kalman®!! filter to track the response
tensor over the recent tuning history appear promising. Such advances will be indis-
pensable as soon as the number of qubits increases substantially.
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6. Quadrupolar effects and anisotropy
on dephasing in two-electron spin
qubits in GaAs

The following chapter is adapted from Ref.78!.

6.1. Abstract

Understanding the decoherence of electron spins in semiconductors due to their interac-
tion with nuclear spins is of fundamental interest as they realize the central spin model
and of practical importance for using them as qubits. Interesting effects arise from the
quadrupolar interaction of nuclear spins with electric field gradients, which have been
shown to suppress diffusive nuclear spin dynamics and might thus enhance electron
spin coherence. We show experimentally that for gate-defined GaAs quantum dots,
quadrupolar broadening of the nuclear Larmor precession reduces electron spin coher-
ence via faster decorrelation of transverse nuclear fields. However, this effect disappears
for appropriate field directions. Furthermore, we observe an additional modulation of
coherence attributed to an anisotropic electronic g-tensor. These results complete our
understanding of dephasing in gated quantum dots and point to mitigation strategies.
They may also help to unravel unexplained behaviour in self-assembled quantum dots
and III-V nanowires.

6.2. Introduction

Electron spin qubits in GaAs quantum dots have played a central role in demonstrat-
ing the key operations of semiconductor spin qubits!*!%11-121 A prominent and often
dominant dephasing mechanism in these devices as well as other semiconductor spin
qubits®>?3] is the interaction of the electron spin with 10* — 10° nuclear spins of the

"'Molecular beam epitaxy growth of the sample was carried out by D. Schuh and D. Bougeard. T.Botzem
and R. McNeil set-up the experiment. J.-M. Mol extended the data acquisition protocol. T. Botzem
fabricated the sample and conducted the experiment. T.Botzem and H. Bluhm developed the theoret-
ical model, analysed the data and wrote the paper.
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Figure 6.1.: Device Layout and quadrupole broadening. a Gates used for pulsed qubit con-
trol are depicted in blue; the energy of the conduction band edge Ecg is shown on
the left. b Nuclear spins 3/2 with magnetic moment u in the proximity of the quan-
tum dot experience quadrupolar coupling to electric field gradients Vv induced by
crystal distortion due to the electric field of the triangular quantum well. ¢ While
the center transition, with splitting @y, stays unchanged, the satellite transitions,
distorted by the electron’s own charge, exhibit a quadrupolar shift by wg. d The
resulting frequency distribution F (®) consists of two Gaussians with different vari-
ances, one showing an excess quadrupolar broadening of ®¢. e Echo amplitude
for magnetic fields along the [110] axis, showing oscillations with the relative Lar-
mor frequencies of the three nuclear spins. A semi-classical model (solid line) is
used to fit the data (dots, offset for clarity).

host lattice. While the fundamentals of this interaction have been studied quite ex-
tensively [°+9340-38.39] "and theory and experiments are in reasonable agreement!!>421,
theory predicts a potential for much longer dephasing times[®! than observed so far
and it remains an open question as to what ultimately limits electron spin coherence.
Remarkable progress has also been made in eliminating dephasing from nuclear spins
by using Si-based systems %! that can be isotopically purified, but this route is not open
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for III-V semiconductor systems, where all isotopes carry nuclear spin. Nevertheless,
the latter remain of practical interest because of their lower effective mass, single con-
duction band valley and potential for optical coupling.

The role of quadrupolar coupling of nuclear spins to electric field gradients (EFGs)
from charged impurities or strain has been investigated, both experimentally and theo-
retically °7:98.99.100,10L,102] " otly in self-assembled quantum dots, which exhibit large
quadrupolar splittings due to strain intrinsic to their epitaxial growth. But its influence
on electron spin coherence was unclear and it was first thought to enhance coherence
due to quadrupolar suppression of nuclear spin flip-flops.

In contrast to this prediction, we find that Hahn echo coherence of our gate-defined
quantum dots deteriorates when the magnetic field is rotated to maximize quadrupo-
lar broadening of nuclear levels. This degradation of coherence is similar to very re-
cent findings in self-assembled quantum dots 1931041 although in our case, quadrupolar
splittings arise from local electric fields rather than strain and are orders of magnitude
weaker. In addition, we find a complex pattern of collapses and revivals of the echo
signal unless the magnetic field is aligned with specific crystal axes, which we explain
with an anisotropic g-tensor causing a coupling of the nuclear Larmor precession to the
electron spin.

6.3. Results

6.3.1. S-T, qubit

The qubit studied here is a two-electron spin qubit!>>%], using the m_ = 0 subspace of the
spin singlet S and spin triplet 7y of two electron spins. These electrons are confined in a
GaAs double quantum dot formed by electrostatic gating (Fig. 1a) of a two-dimensional
electron gas (2DEG). The effects explored in this work apply equally to single electron
spins.

A random configuration of the nuclear spins introduces an effective magnetic field
of a few mT, the Overhauser field, whose dynamics cause qubit dephasing. Hahn echo
measurements that eliminate dephasing from slow fluctuations allow studying these dy-
namics, as they become the dominant dephasing mechanism.

We follow the experimental procedure from Ref. 15 (see also Methods), implement-
ing the required 7-pulse to invert the state of the qubit halfway through the evolution
time T using the exchange interaction between the two spins. Fig. 1¢ shows the spin
echo signals as a function of separation time for magnetic fields aligned along the [110)]
crystal axis. (Note that we experimentally cannot distinguish between the [110] and
[110] axes, but refer to the direction parallel to the dot connection line as the [110] axis
throughout the paper for ease of reading.) Similar results to Refs. [1>195] are obtained,
but with approximately a factor two shorter coherence times (see Supplementary Note
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1). At fields below 500mT, a second order coupling to the oscillating, transverse nuclear
field (i.e., its component perpendicular to the external field) leads to periodic collapses
and revivals of the echo amplitude 38313421 Revivals occur at times corresponding to
the periods of the relative Larmor precession of the three species °Ga, 7'Ga and > As.
The overall envelope decay can be modeled by assuming a phenomenological broaden-
ing OB of the nuclear Larmor frequencies. Because of this variation of the precession
rates, the total transverse hyperfine field of each species decorrelates on the time scale
of 1/8B. Due to the above mentioned quadratic contribution of the transverse hyperfine
field to the electronic Zeeman splitting, these fluctuations contribute to the dephasing of
the electrons.
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Figure 6.2.: B-field direction dependence. Echo amplitude at 300mT as a function of separa-
tion time for different in-plane magnetic field directions 6, with 0° corresponding
to the [110] direction. Curves are offset for clarity. At 45°, parallel to the crys-
tallographic [100] axis, the coherence time is enhanced as quadrupolar couplings
are suppressed. When rotating the field a g-factor anisotropy leads to oscillations,
associated with the three different nuclear Larmor frequencies. A semi-classical
model (solid line) is used to fit the data (dots).

6.3.2. Quadrupolar interaction

While such a broadening is expected from dipolar interaction between nuclei, fitting the
current and earlier!'>! data requires a value of 8B = 1.4mT and 8B = 0.3mT respec-
tively, at least a factor three larger than the intrinsic dipolar nuclear linewidth of 0.1 mT

68



6.3. Results

obtained from nuclear magnetic resonance (NMR) measurements in pure GaAs 1061,

More direct measurements of the nuclear dynamics based on correlation of rapid single
shot measurements 7! are consistent with these values.

NMR experiments on GaAs samples with impurities as well as studies in single self-
assembled quantum dots[102.108] yevealed a similar excess line broadening, which was
found to depend on the field direction and explained by quadrupolar effects!!96:1091
Strain as well as electric fields from charged impurities or the triangular quantum well,
used here to confine electrons (see Fig. 1a), distort the valence orbitals and crystal lattice,
thus creating EFGs at nuclear sites (see Fig. 1b). These EFGs couple to the quadrupolar
momentum of the nuclei with spin 7 = 3/2 and (to lowest order) modify the splitting of
the I, = +£3/2 <+ +1/2 satellite Larmor transitions by!!°!

eQ
Qo = Tanw, 6.1)

where Q, is the quadrupolar moment of nuclear species Q. e the elementary charge and
Ve denotes the component of the electric field gradient tensor in the direction of the
external field (Fig 1b). For in-plane fields as considered here, the relevant longitudinal
local field gradient induced by an electric field is given by %! (see also Supplementary
Note 2)

Vx/x/ = R1470(EZ COS (29) . (6.2)

R4, 1s the species dependent response tensor component relating electric fields to elec-
tric field gradients at the nuclear site due to lattice and orbital distortions and 0 is the
angle between the magnetic field and the [110] axis. The angular dependence and the
fact that only the z-component of the electric field, E,, contributes, arise from the crys-
tal symmetry of the host material. Hence, the local electric field E; and its variation
across the electronic wave function due to the electron’s own charge density introduces
a broadening of the precession frequencies. The dependence of wg o on 6, implies a
suppression of the effect for a field along the [100] and [010] axis.

The Hahn echo amplitude as a function of separation time is shown in Fig.2 for dif-
ferent in-plane field directions @ between the [110] and the [110] axes (see Methods).
Indeed a factor two longer coherence is seen for 8 = 45°, parallel to the [100] (or [010])
direction. Apart from this enhancement, another oscillatory modulation appears, reach-
ing a maximum at the same angle.

6.3.3. g-factor anisotropy

To further investigate the origin of these oscillations we aligned Bex along the [100]-axis
and varied its magnitude in Fig.3. With decreasing Bex the frequency of the modula-
tion decreases, until at 100mT only a very fast decay of the echo amplitude followed
by a revival at T~ 13 us occurs. This envelope modulation can be explained by an elec-
tronic g-factor anisotropy, arising from an asymmetric confinement of the electron in the
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2DEG and spin-orbit coupling!!'®!11-112] " The main axes of the g-tensor are expected

to be the [110] and [110] crystal axis, consistent with the absence of a fast echo modu-
lation with B along these directions. For other field directions, the quantization axis of
the electron differs from the external field around which the nuclear spins precess. A
linear coupling to the transverse nuclear magnetic field By, thus appears in the effective
magnetic field determining the electronic Zeeman splitting (see Fig.4a, Supplementary

Fig. 1 and Supplementary Note 3):

Betr = g Bext + 81 Bnuc (1), (6.3)

where g (g1 ) denotes the (off-)diagonal entries of the g-tensor. During the free evolu-
tion part of the spin echo, the qubit acquires a phase arising from B.- (7). Due to the
dynamics of By .(¢) that phase is not eliminated by the echo pulse and hence leads to
dephasing. But whenever the evolution time T/2 is a multiple of all three Larmor fre-
quencies, the net phase accumulated vanishes and the echo amplitude recovers. Partial
recovery occurs if the evolution time only matches a multiple of the Larmor period of
two or one species.
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Figure 6.3.: B-field magnitude dependence. Echo amplitude for magnetic field magnitudes
along the [100] axis. A g-factor anisotropy causing different quantization axes
for electron and nuclei spins leads to oscillations with the three nuclear Larmor
frequencies. For small magnetic fields the echo signal is strongly suppressed in the
first hundreds of nanoseconds, but revives at later times. A semi-classical model
(solid line) is used to fit the data (dots).
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6.3.4. Semiclassical fit model
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Figure 6.4.: g-factor anisotropy and fit parameters. a Due to an anisotropic g-tensor electron
and nuclear spins have different quantization axes, Begr and Bey;, respectively. This
leads to a linear contribution of the transverse Overhauser field to the electronic
Zeeman splitting, oscillating with the Larmor frequencies of the nuclear spins. b, ¢
Fit parameters extracted for different in-plane magnetic field directions 6. The
quadrupolar contribution to nuclear broadening 8By, = hdWg o/Ya, expressed in
terms of an equivalent line width for the three isotopes using equation (6.1), van-
ishes at 45° along the [100] direction. At the same angle, the sin(260) dependence
of the coupling g, to the transverse hyperfine field reaches a maximum.

To obtain a quantitative description of quadrupolar and anisotropy effects, we adapt
the semiclassical model of Ref. 15, based on computing the total electronic phase ac-
cumulated due to the precessing nuclear spins and averaging!“?! over the initial nuclear
state. The transverse hyperfine field is modeled as the vector sum of Gaussian dis-
tributed contributions arising from the three nuclear species and the spread of quadrupo-
lar shifts. The distribution of nuclear precession frequencies F(®) is chosen such that
the correlation function of the transverse field is that obtained from an ensemble of in-
dependent nuclear spins 3/2 subjected to a Gaussian distribution of quadrupolar shifts
(see Supplementary Note 4). F () is taken as the weighted sum of two Gaussians cen-
tered on the Larmor frequency, reflecting the contributions from the unperturbed center
transition and the quadrupole broadened satellite transitions as schematically depicted
in Fig.1d. The rms-width of the quadrupolar broadened distribution is given by the
variation of electric fields via equation (6.1) and (6.2).

Using this model we fit the data (Fig. 1-3) with most free parameters being indepen-
dent of the magnetic field (see Supplementary Note 4). Most relevant for this work
are the quadrupolar broadenings of nuclear transition and the linear coupling to trans-
verse hyperfine fields g, (both depending on field direction only) shown in Fig.4b and
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c. As predicted, the quadrupolar broadening approximately vanishes at 6 = 45° and is
maximal at 8 = 0° and 6 = 90°.

The maximum magnitude of B, is consistent with the electric field variation gener-
ated by the electron in the dot (see Supplementary Note 4). The off-diagonal g-tensor
element g, shows the predicted sin (20) dependence, and its maximum anisotropy of
5% is comparable with that found in quantum wells!'1,

6.4. Discussion

One of our key results is that quadrupole broadening of nuclear spins can contribute
to electronic dephasing by increasing the nuclear linewidth and hence leading to faster
decorrelation of the transverse nuclear polarization, which contributes to the electronic
Zeeman splitting to second order. While in principle another source of anisotropy with
the same angular dependence could explain the observed variation of the coherence
time, we are not aware of any other plausible mechanism. Anisotropic diffusion!!!3!
shows a different angular dependence with the longest coherence times along the [110)]
direction. Our interpretation is further supported by the good quantitative agreement
with the model and NMR measurements 10191 This result does not contradict the
reported suppression of nuclear spin diffusion!!°!! by quadrupole effects!1% as spin
diffusion mostly affects electron coherence via the longitudinal polarization, whereas
in our case the transverse coupling is dominant. An isotropic g-factor in combination
with an anisotropic hyperfine interaction would lead to the same echo modulation when
rotating Bex¢, but the anisotropy of the hyperfine interaction is usually assumed to be
negligible as the conduction band wavefunction of GaAs is predominantly s-type.

While in the present sample g-factor anisotropy and quadrupolar effects cannot be
eliminated simultaneously, symmetric, possibly back-gated quantum wells!''!! should
allow the elimination of any g-factor anisotropy. The back gate could also be used to
tune quadrupolar interaction, as it depends on the electric field, thus allowing further
studies.

Given that the strain-induced quadrupole broadening in self-assembled dots was
found to be 3-4 orders of magnitudes larger!10%190.108] "j¢ Jikely also has pronounced
effects on the coherence!!%! of this type of quantum dot, which is currently less well
understood than that of gated dots. In addition to the above-mentioned second order
coupling to the transverse Overhauser fields a linear coupling of the parallel field com-
ponents to the effective spin splitting due to the very large and non-uniformly distributed
quadrupole splitting in these systems results in a similar, but more complex echo enve-
lope modulation %41,

Furthermore, the echo modulation due to an anisotropic g-factor may also play an
important role in III-V nanowire qubits, where strong g-factor anisotropies and short
coherence times have been measured!!1416],
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6.5. Methods

6.5.1. Qubit system and experimental setup

The quantum dots used in this work were fabricated on a GaAs/Alyg9Gap31As het-
erostructure with Si-8-doping 50nm below the surface and a spacer thickness of 40nm,
leaving the 2DEG at 90 nm depth, as shown in Fig. 1a.

Using fast voltage pulses provided by a Tektronix AWG5014C to detune the qubit for
manipulation requires thoughtful RF-engineering of the experimental setup. To avoid
any excess pulse distortion, apart from attenuation and skin-effect of coaxial cables, we
abandon bias-Ts and use separate DC-coupled static and control gates. Static voltages
of order 1V are applied to the heavily filtered static gates in order to define and tune the
quantum dots. The control-gates are used exclusively to apply the mV-scale signals for
qubit manipulation. This separation eliminates the need for bias T’s and thus provides
a nearly flat frequency response of the control gates from DC to a few hundred MHz
(discussed in Supplementary Note 5 and shown in Supplementary Fig. 2). The control
gates are DC-coupled to the AWG outputs, although heavily attenuated by —33 dB to
reduce thermal noise from room temperature.

6.5.2. Echo sequence

Following the experimental procedure for Hahn spin echo measurements from Ref. 15
we first initialize the qubit system in the spin singlet groundstate S by pulsing both
electrons into one dot. Rapidly separating the electrons into both dots lets them evolve
in different Zeeman fields arising from the external magnetic field Bex; and the fluc-
tuating local Overhauser field By g) of the left (right) dot for a time T. A gradient
AB; = |BL, — Br|/2 in the hyperfine field of the two dots leads to coherent rotations be-
tween S and 7 and fluctuations in AB; cause dephasing. An exchange splitting between
the spin singlet S and triplet state 7y arises from inter-dot tunnel-coupling. This ex-
change allows electric control of the qubit by varying the difference in electrostatic po-
tential between the two dots, on the nanosecond time scale with an arbitrary waveform
generator. Using this exchange interaction to perform a m-pulse by driving rotations
between the eigenstates |1J) and |/ 1), we swap the two electrons halfway through the
evolution time 7. Lastly, we read out the final qubit state by pulsing the electrons into
one dot. Using Pauli-spin-blockade we distinguish between singlet and triplet states by
measuring the resistance of a nearby sensing dot via RF-reflectometry®>!. Such a pulse
cycle with varying evolution times is repeated several million times and the average
echo amplitude is recorded. Simultaneous histogramming of individual measurement
outcomes is used for normalization!!% (see Supplementary Figs. 2 and 3 and Supple-
mentary Note 6 for details). The fine tuning of the pulses that was necessary in Ref. 15
to avoid artifacts from shifts of the wave function has been eliminated due to improved
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Figure 6.5.: Pulse sequence for Hahn Echo. We first initialize the qubit system in the spin
singlet S(0,2) ground state by pulsing to a large positive detuning, where both
electrons remain in one dot. Pulsing rapidly to large negative detuning separate
the electrons in two dots and they evolve for a time 7 in different Zeeman fields,
built up from the external magnetic field Bex; and the individual fluctuating local
Overhauser field By (r). A gradient AB; = |Br, — Br|/2 in the hyperfine field of the
two dots, leads to coherent rotations between S and 7 and fluctuations in AB, cause
dephasing of the latter. Using the exchange interaction driving rotations between
the eigenstates | 1)) and | /1) of AB; at intermediate detuning to perform a 7-pulse
we swap the two electrons halfway through the evolution time t. We lastly read out
the final qubit state by pulsing back to positive detuning.

RF-engineering.

6.6. Supplementary information

This document provides supplementary information to the main text. We first explain
the experimental setup, the characterization of the pulse hardware and our approach to
data normalization. We continue by deriving the influence of a g-factor anisotropy and
quadrupolar coupling to the nuclear bath on electron coherence. In the last section we
describe the derivation of the semi-classical fit model used to fit all measurements.

6.6.1. Experimental setup

Using fast voltage pulses provided by a Tektronix AWG5014C to detune the qubit for
manipulation requires thoughtful RF-engineering of the experimental setup. To avoid
any excess pulse distortion, apart from attenuation and skin-effect of coaxial cables, we
abandon bias-Ts and use separate DC-coupled static and control gates. Static voltages
of order 1V are applied to the heavily filtered static gates in order to define and tune the
quantum dots. The control-gates are used exclusively to apply the mV-scale signals for
qubit manipulation. This separation eliminates the need for bias T’s and thus provides
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Figure 6.6.: Wavefunction shifts. Repetitions of the echo amplitude as a function of a echo
pulse time delay At for total evolution time T = 10us at 500 mT. Due to improved
high-frequency engineering the position of the maximum echo amplitude does not
shift over time, even for stabilized magnetic field gradient AB_, indicating a stable
spatial electronic wavefunction over the pulse cycle (compare Ref.15).

a nearly flat frequency response of the control gates from DC to a few hundred MHz.
The control gates are DC-coupled to the AWG outputs, although heavily attenuated by
—33 dBm to reduce thermal noise from room temperature.

To check for slow drifts in the control pulses, which would lead to spatial shifts of
the electronic wavefunction (compare Ref. 15), we shift the t-pulse by a time At and
track the echo amplitude as a function of At of the m-pulse for the whole measurement
time. For At = 0 the evolution time before and after the m-pulse is exactly the same and
should yield the best refocusing. A drift of the maximum of the echo amplitude would
indicate that the electrons sample different nuclear spins before and after the m-pulse,
caused for example by a change in gate voltages. In Fig. 6.6 one can clearly see that
the position of the echo amplitude is stable over the whole measurement time, even for
intentionally stabilized AB. which showed to increase the shift in position >, reflecting
a stable control voltage over the duration of the separation time. Nonetheless we tested
the effect of the pulse optimization procedure from Ref. 15 by adding a slope to the
detuning once the electrons are separated but are not able to obtain longer coherence
times. This test confirms that the pulses already have the optimal shape without further
compensation.
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6.6.2. Data normalization and stitching

norm. count
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Figure 6.7.: Single-shot histogram. Individual measurement outcomes are histogrammed si-
multaneously with recording the average. By fitting the resulting histogram, we
obtain the voltage expectation values E(S) and E(T), representing spin singlet or
triplet states. Theses expectation values are used to normalize the averaged mea-
surement data.

In order to link measured RF sensor 133 voltages to the actual qubit states |S) and
|To) we simultaneously record histograms of the single shot readout voltage, averaged
over the measurement window after each pulse. As seen in Fig. 6.7 these histograms
typically show two Gaussian distributions, corresponding to |S) and |7p), which are
smeared out due to 7} relaxation from |Tp) to |S) and excitation from |S) to |Tp). Us-
ing a fit model similar to Ref. 10 and a measured relaxation time of ~ 16us for the
metastable (1,1) charge configuration, we are able to obtain the distributions for sin-
glet and triplet states. (Note that this relaxation occurs at the measurement point and
is different from the relaxation rate of the qubit at its operating point with separated
electrons.) We then use the mean voltages E(S) and E(T), corresponding to S and T
values, respectively, to normalize our measurement data. While this procedure should
largely eliminate readout-related visibility losses, mt-pulse errors still contribute to the
visibility being less than 0.5. As the relaxation time shows a strong dependence on the
magnetic field gradient AB,, we restrict our measurements to gradients below 60 MHz
by using Dynamic Nuclear Polarization (DNP)!3!. Simultaneously recorded values for
AB, allow for post-selection in case DNP failed (only used for measurements performed
at high external magnetic fields along the [110]-axis).
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To resolve the fast oscillations of the echo amplitude when rotating the external mag-
netic field, it is necessary to increase the resolution of the evolution time T to 20 ns,
exceeding AWG memory for T = 36us if all pulses were uploaded simultaneously. We
therefore consecutively record four different time intervals, each overlapping by 2 us,
and stitch them back together post measurement. Recording individual single shot his-
tograms and normalizing data before stitching allows the removal of slow 1/ f-noise
and individual time traces fit well, as depicted in Fig. 6.8. Within each interval, a low-
noise, high data quality is obtained by recording different evolution times consecutively
and then averaging over many repetitions to elude slow drifts in the sensor or gate volt-
age configuration. For a typical dataset the evolution time was rapidly swept 101 times
for a total measurement time of 101 x 36us ~ 3.6ms and then averaged over > 250
repetitions.
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Figure 6.8.: Data stitching. Due to limited AWG memory we recorded four individual time
traces (different colors) in order to resolve the fast envelope modulation.

6.6.3. g-factor anisotropy in asymmetric GaAs heterostructure

In this section we will show that a g-factor anisotropy leads to a linear coupling to
the transverse Overhauser-field, as illustrated in Supp. Fig.6.10, causing additional
dephasing (see Sec.6.6.5).

In the main axes coordinate system with x || [110], y || [110] and z || [001], the elec-
tronic g-tensor is of diagonal form:

gx 0 O
8= 0 gyy 0 1. (6.4)
0 0 gz
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Figure 6.9.: g-factor anisotropy. An electron captured in an asymmetric quantum well or dot
experiences a g-factor anisotropy via spin orbit coupling!'!!. Moving along the
z-direction in Fig. 6.9 the electron acquires a Lorentz momentum along the y-
direction 8p, o Hy - (z), due to a non-vanishing averaged position probability along
Z, yielding a new quantization axis 8H§O o p, - dp, via Rashba-Spin-Orbit interac-
tion. On average the effective quantization axis now also shows a component along
the y-direction of (8H3,) =< H,(p;)(z) correspondent to a g-factor anisotropy gxy.
For symmetric quantum wells (z) = 0 and hence anisotropy is suppressed in first
order.

When rotating the external B-field by a rotation angle 6 about the [001]-axis we define
a new coordinate system, such that x’ || Bexi, ¥’ L X" and 7/ = z. To calculate the g-tensor
dependence on the rotation angle, we express the g-tensor in the rotated basis using the
rotation matrix Dg

go = DogDy, (6.5)

For an anisotropic g-factor gy # gyy, the resulting tensor has both diagonal and off-
diagonal components:

e

8xx COS(9)2 + 8yy Sin(e)2 % Sin(ze) (gxx - gyy) 0

% $in(20) (g —8&yy)  &ueSin(8)* +gyycos(0)* 0

0 0 8z
g & O
fd gL gy/y/ 0 . (6.6)
0 0 gz
In the last step we have defined the components parallel and perpendicular to Bey; as
g” - gx/x/ :gxxcos(e)2+gyy Sin(e)z %gxx, (6.7)
L.
81 = 8xy = 8yx = B SIH(ZG) (gxx - gyy) ) (6.8)
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and find that the perpendicular components show a sin(20) dependence. With this g-

yi10]

e Boam Bon(l)
>

zZ xf10]

Figure 6.10.: B-field directions. This figure visualizes the two different coordinate systems,
one is fixed and one rotates with By, and the nomenclature for the relevant field
components.

factor anisotropy the Hamiltonian of the system now states

H = upgoBex - S+ 182 Bouc - S (6.9)

= up (@BextOT) -OS + g Buc - 0T OS. (6.10)

Note that the choice of g to convert the hyperfine coupling to an effective magnetic
field is a matter of convention. In the second step we have defined

cos(0) —sin(0) O
O=|sin(¢) cos(dp) O], (6.11)
0 0 1

such that the vector @BextOT only has one nonzero component along the effective

quantization direction of the electron. ¢ is the angle between By and the electron
quantization axis ggBext and S denotes the spin operator. With OS =S = (S, 5y,S)

'L pZ, L .. .
and By = (Bﬂuc,BﬁuC ,Bhic ) we write, ignoring non-secular terms

H = g\ /8] + &7 BexSx

THBE| (Bﬂuc cos(9) + By Sin(¢)) Sx. (6.12)
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We further include the second-order coupling to the hyperfine field component perpen-
dicular to the quantization axis ggBex, derived in Refs. [1>42] and obtain for the total

Hamiltonian

H= uB gﬁ +83_Bext§x

+ g (Bluccos(d) — By sin(0)) S,

Byl>J~ levL _BH 3 2
nuc COS(¢) + Bhnic nuc Sln(¢) 5 (6.13)
S
2Bext !

+UBE|

PR
-~ I 8Lty Bue()”) &
~ HBS| (BeXt+Bnuc - g—HBﬁuc (f)+Tm Sy

In the last step we assumed the anisotropy to be small such that sin¢ ~ tan¢ = g, / 8|
and cos(¢) ~ 1. Furthermore, we have defined (B,.)> = (Bﬁ/ucL )2+ (Bflluﬁ)2 We thus

nuc
find that an anisotropy in the electronic g-factor leads to linear coupling to the trans-
verse hyperfine-field. However, note that an anisotropic hyperfine coupling tensor in
the second term of equation (7.11) would lead to the same Hamiltonian and could not
be distinguished from a g-factor anisotropy based on our data. We interpret our results
in terms of the latter as such an anisotropy is known to exist, whereas we are not aware
of any known corrections to the isotropic contact hyperfine interaction for the s-type

GaAs conduction band.

6.6.4. Quadrupolar interaction

In this subsection we derive the broadening of the Larmor frequencies due to dipolar
and quadrupolar interaction of a spin 3/2 particle in the presence of a magnetic field and
an electric field gradient (EFG) that shifts the normally equidistant Zeeman levels to
create three distinct transition frequencies. A distribution of these quadrupolar broad-
ened frequencies leads to dephasing of the qubit. The quadrupole terms are considered
to first order in g /W < 1, where g, is the Zeeman splitting of species . Our
approach is to first compute the two-point time correlator of the transverse Overhauser
field from the Zeeman and quadrupole Hamiltonian. We then construct a frequency dis-
tribution for the precession of classical Overhauser field contributions resulting in the
same correlator.

Following Ref. 116 the Hamiltonian for a spin 3/2 including quadrupolar interaction
is
I+2 +I_2

2 Y

N equ

Hq = 3217
CTapi—n P

(6.14)
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where Q is the quadrupolar moment, I the spin operator and N = (V,; — Vysyy) /Vyry the
asymmetry parameter of the electric field gradient tensor V, with spatial derivatives
Vi; = 0°V/(dridry). Neglecting the non-secular terms because of the large Zeeman
splitting, the m = £3/2 <» m = £1/2 satellite-transitions frequency shift wq ¢ only
depends on the local EFG Vv = eq in the direction of the externally applied magnetic
field and we obtain for species o,!1%6]

e
0Q,a = %Vxlxl. (6.15)

In order to relate electric fields E in the sample to EFGs, we use the general tensor
relation:

Vij =Y RijiEx, (6.16)
3

where R;ji is the third rank response tensor. The secular component of V in the x'-
direction can be written as

Viy =0-V-A=—-2R4q- (l’lxnyEZ) (6.17)
— 2Ri4.0- (cos(y) sin(y)E,)
= RigoE-sin (2y) (6.18)
= Ri4,0E,co0s(26) (6.19)

with the species dependent response tensor component R4 o and fi being a unit vector
in the direction of Bex. In the last step the angle y, measured from the [100]-direction,
is transformed to the angle 0, introduced in the last section. We find that the EFG only
depends on the electric fields in z-direction, which predominantly originates from the
triangular quantum well potential of the heterostructure. Nuclear spins in the proximity
of the electron quantum dot additionally experience a spatial variation of these EFGs due
to the electron’s own charge density, which translates into a distribution of quadrupolar
frequency shifts.

To obtain the frequency spectrum arising from these shifts we start by deriving the
quantum-mechanical correlator of the angular momentum operator. Without loss of gen-
erality and consistent with the chosen coordinate system, we consider the y'-component
of the angular momentum operator of a single spin 3/2

V3
N 0
Jy/—; —\/Z
0

0 0 0

1| -3 V4 0
N VAL (6.20)
0 V3 0
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Using the time evolution operator of the system

01

en 0 0 0

ﬂ
g | O e 00 6.21)
0 0 en 0
i0)4f

0 0 0 en

to transform into the Heisenberg picture, one obtains

Fy(t) = M fye it = (6.22)
0 V3 0 0
i(l]23f
o 0 deh 0 | +hee, (6.23)
0 0 0 V3e h
0 0 0 0

where we introduced the transition frequencies ®;; = ®; — ;.
Using the infinite temperature density matrix p = }11 for the spin, we obtain for the
two-point correlator

(Jy () y(t=0)) =tr (f (t)Jy(t =0)p) (6.24)
= %cos(mlzt) + — cos(ma3t) + g cos(m34t). (6.25)

We continue by calculating the correlator for the y’-component of the hyperfine mag-
netic field operator appearing in the nuclear part of the effective Zeeman Hamiltonian

Hnuc = gHIJBBnuCS

Bl =Y AL (), (6.26)
i

where 7 runs over all nuclear spins. Hence

(Bhic (1)Bhic (1 = 0))

= ZA,'A]' ¥ I)Jy/ (t = 0)) (6.27)
ij

= ZA%U}, (1)F(t =0)) (6.28)

= ZAZ ( cos (1) + ;Cos(mBI) + z cos((;)34t)) (6.29)

where A; is the hyperfine coupling parameter for spin i and we have used that different
spins i # j are uncorrelated. The transition frequencies 053 = ®y;) +A®; and ©, 3, =
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O () + Aw; = Mq,; are composed of the species-dependent Larmor frequency ® ;) =
You(i)Bext With Yo, being the gyromagnetic ratio of species ., a site dependent frequency
shift Aw; = ya(i)ABi arising from an effective field variations AB; ~ 0.1 mT due to
interactions between nuclear spins, and the quadrupole shifts g ;. The latter depend
on the local electric field via equations (6.15) and (6.19) and on the species o via the
quadrupole moment Q. In consideration of the large number of spins, we model these
variations by species-dependent continuous frequency distributions

2

Fal®) = 226(0) + 226(0) 630)

with A7 and A being Gaussian distributions representing the interaction broadened
center transition and the quadrupole broadened satellite transitions, respectively. Their
prefactors follow from the relative weights in equation (6.29). Af and Ag are both
assumed to be centered around @, The standard deviation of Aj is chosen to correspond
to an interaction strength 8B = 0.1 mT and that of A is parametrized in terms of the
species independent parameter dwQ o/ (QuR14,a). It determines the rms strength of the
distribution of local electric field gradients via equation 6.19, added in quadrature to 0B.

To arrive at a classical description of the dynamics of the nuclear ensemble, we in-
troduce giant effective classical spins k whose contributions to B.. . are described by
uncorrelated Gaussian variables, each representing a narrow range of frequencies of
width A®w. We thus express the transverse nuclear field as a sum of complex-valued
classical fields Bl> (t) + iBIyllljcL (t) = YuBi(r) = L Bj(t) +iB}(t). The complex nota-
tion was introduced for convenience so that the time-dependence of the By (t) terms can
be written as

By(1) = Bi(0)e™ (6.31)

We further write the initial conditions By (0) = Bz for the kth spin in terms of their
rms values By and random variables z; = x; + iy; following a Gaussian probability dis-
tribution p(z,z*) = ;= exp (—zz*/2) with unit variance. The By reflect both the number
of spins with a corresponding level splitting in one of the three transition as well as the
strength of that transition. Hence, one can loosely think of each effective spin as repre-
senting a group of nuclei with approximately the same transition frequency ®',,, with
the latter depending on the quadrupolar splitting, the local field arising from dipolar
coupling to neighbouring nuclei, and the state of each nucleus determining the available
transition.

Equation (6.31) leads to a correlator

Bl (B (1 =0)) = Y B} cos(ant). (6.32)
k
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For this correlator to approximate that of equation (6.29), the By have to be chosen
according to

By = Fa (000, (6.33)

Here N is the number of unit cells overlapping with the quantum dot, ngy) is the num-
ber of nuclei of species a per unit cell and Ay is the hyperfine coupling strength. We
neglect a variation of A; depending on the position of the nuclear spin relative to the
electronic wave function as this inhomogeneity of the coupling was found to be neg-
ligible in Ref. 15, thus setting A; = Ay, /N. We found that discretizing the frequency
distribution of each species into seven equidistant intervals A® was sufficient to suppress
any numerical artifacts.

6.6.5. Semiclassical fit model
Derivation

In this subsection we derive the fitmodel used to fit all data sets in the main text. The
model is a generalization of the semi-classical approach used in Refs. 15,42 as it ac-
counts for a linear coupling to the transverse field component via a g-factor anisotropy
from Sec. 6.6.3 and quadrupolar broadening of the individual Larmor frequencies from
Sec. 6.6.4.

Following equation (7.15), the effective Zeeman splitting is given by

BrJl_uc(l‘)2 8L ply
Ez(t) = §||UB Bext + ——— + — B¢ (t) ) (6.34)
2Bext 8|

including both quadratic and linear coupling to the perpendicular nuclear magnetic
fields arising from the three species ®*Ga, 7'Ga and 7> As.

Introducing the giant spin model from equation (6.31), the relative phase pickup ®
for a separation time T, given initial conditions By (0) and for one quantum dot for the
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Hahn echo (¢(z) =1 (—1) fort <t/2 (t > 1/2)) is

’C

e O/ (2;2[“ L5 <r>87<r>+gl;9%<8k<r>>> dr

T

_ gH,UB ZBkBleZ?/C(t)eimkltdt—’_
ZhBext k.l 0
T
g =8 Zkak / c(t)R (") dt (6.35)
0
Z"Z (6.36)
k,l k

In the second step we replaced the initial conditions by the random numbers z; and the
rms-values from equation (6.33). Furthermore wy; = @ — ®; and by = g | ’%Bk. The
definition of 7j; follows from the last equality and is consistent with Ref.15.

To perform the ensemble average (¢~'®) we have to integrate over the distribution of
initial nuclear fields. This integral is solved for one single electron dot by applying the
T-matrix approach, similar to Ref. 15, extended by a linear coupling term byxy.

(e~ ®) /(Hdz]dz]p(z,,z])>
exp (—zZTkl——l—Zbkxk> (6.37)
kil
—H/dz]dz] p(zj,27) exp( Tl bx j>

— 2] 6.38
_I;I1+ixjeXp 1tk ) (638)

where A ; are the eigenvalues from Ty ; = UDy ;U T for group j, with D being the diagonal
matrix of eigenvalues A ;. For b = Ub the same basis transformation is performed.

As the nuclei sampled by the electron spins in the left and right dot can be as-
sumed to be statistically independent, the total decoherence function for dephasing of
the two electron spins in a double dot can be written as the product of two identical
dots |(e~"®)[>. While for an ideal Hahn echo measurement the echo response is given
by equation (6.38), we also included a visibility factor Al and an overall offset o in
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our fit model to account for imperfect m-pulses in the refocusing part of the Hahn echo
sequence, loss of measurement contrast at higher magnetic fields and possible leakage.
The final fit function of the Hahn echo amplitude states

1 2w\ (-2) "
P = J e Isp
5(7) NI;[ <1+ikj exp <1+ixj>)

+o+Ae T, (6.39)

Here we also introduced a multiplicative term to account for dephasing due to spec-

tral diffusion, which according to theory 33! shows a e~ (v/Tsp) dependence (see
Sec. 6.6.5). Furthermore, we add an additional exponential decay with a fixed time
constant of 1.5us (see Sec. 6.6.5).

Using this model we perform a global fit of all measurement data (Fig. 1-3 of the
main text) with the following free parameters: the number of unit cells N, the spec-
tral diffusion time constant Tsp (see Sec.6.6.5), the species independent parameter
00q 0/ (QuR14,0) related to the distribution of EFGs (see Sec. 6.6.4 and 6.6.5), the linear
coupling to transverse hyperfine fields g | and the scaling and offset parameter (allowed
to vary for each data set). The value for N was kept unchanged for all data sets and
the best fit yields a value of 2.4 x 10° nuclear spins, with two electrons per unit cell for
GaAs.

Variance of electric field

Modeling the electron as a two-dimensional 25 x 25 nm charge density we estimate
a maximal change of the EFG of §(dE/dz) = Ri4qe/(€0€,25 nm?) across the wave
function according to the Poisson equation and equation (6.19). Expressing this EFG
as equivalent Larmor line width using equation (6.15) and using literature values, we
obtain broadenings reaching from 0.34 to 1.86 mT for the different species, in good
agreement with the fitted values. Even though we can reproduce the line width quite
well, other effects, such as strain, electrical field from charged impurities and the lateral
confining gates may also contribute to quadrupolar interaction.

Spectral diffusion time constant

The spectral diffusion term introduced in equation (6.39) accounts for additional de-
phasing from fluctuations of Brlluc due to spin diffusion. The multiplicative form can

be justified with the assumption that By, and Biufc are uncorrelated, with i being either
y' or 7. The value of Tgp is difficult to extract independently without going to very
large magnetic fields. We obtain good fits by fixing it at Tsp = 30us for all data sets,
consistent with earlier measurements!!>! and theory. As the resulting decay sets in at
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larger times than that seen in the experimental traces, this value corresponds to a very
small effect on the fitted curves and indicates that spectral diffusion has a very small
contribution compared with dephasing from transverse fields. However, the quality of
the fits is not very sensitive to Tsp so that the above value is not very reliable.

Deviation of first data points

Similar to Ref.15 we find that the first data points deviate from our fit model and our best
fits show an exponential time dependency with a time constant of 1.5us with varying
amplitude. This additional decay is most visible for high values of the external magnetic
field and also more pronounced with a high Overhauser field AB_, i.e. the echo time trace
at 750 mT in Fig. 1c of the main text. While the origin of this behaviour is currently not
understood, it was phenomenologically added to the fit model to ensure that deviations
at short times do not affect the quality of the overall fit.

Discussion of lower coherence times

The size of the quantum dot determines the overlap of the electron wavefunction with
the nuclear spins in the vicinity and hence has a strong influence on coherence times.
Fitting all our data, we find that the number of overlapping nuclei is a factor of two
smaller compared with Ref. 15, leading to shorter coherence times, that are more com-
parable with Ref. 105. Note that a smaller electronic wavefunction directly translates
into an increased quadrupolar broadening 8B, via equation 6.15 and 6.19, further con-
tributing to lower coherence time. The smaller wavefunction may be caused by the thin-
ner spacer layer of the heterostructure and possibly more disorder in the heterostructure
used in this work, compared with the one used in Ref.15.

Loss of visibility

The m-pulse used to invert the qubit state is realized by detuning the electrons for a
typical time of 5 — 7ns to a finite exchange splitting J, which was adjusted to show
maximal contrast before each measurement run. Ideally, the 7-pulse should rotate about
a Bloch sphere axis perpendicular to that of AB, which is only achieved for J > AB..
As we cannot set the gradient AB, to zero, the two rotation axes are in practice not
perfectly orthogonal. We typically used an exchange value of J ~ 160 MHz and limited
AB, < 60MHz, limiting the typical contrast of the Hahn echo to a value of around 0.3.
The gradient AB, is induced unintentionally and for unknown reasons by the pulses
applied to the qubit. For measurements performed at magnetic fields above 500 mT
the induced polarization increased, for an unknown reason so far, further reducing the
visibility due to faster relaxation during the readout of the qubit state (6],
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7. Dephasing of electron spins in InAs
nanowires

This chapter is in preparation for publication.

7.1. Abstract

Spin qubits in InAs nanowires allow for very fast single qubit control due to the strong
spin-orbit coupling. Albeit, experimental realization of such a qubit system shows short
coherence times of approximately 50 ns. The underlying dynamics causing decoherence
remain unexplained, although recent measurements of electron dephasing in GaAs two-
electron spin qubits may provide new insights. Here, a g-factor anisotropy occurring
at certain B-field directions causes the electron spin and the nuclear spins of the host
material GaAs to precess around different quantization axes, leading to an echo envelope
modulation. Motivated by experiments that show a strong g-factor anisotropy in InAs
nanowires, we apply the theory of echo modulation due to an anisotropic g-factor to this
system and find excellent agreement with Hahn echo measurements. We further show
that this dephasing channel can be suppressed by rotating the in-plane external magnetic
field parallel to the nanowire axis.

7.2. Introduction

The search for an effective mechanism for driving single spin rotations has motivated
the study of strong spin-orbit (SO) materials, such as InAs nanowires. The SO inter-
action which couples the spin and orbital degrees of freedom of the confined electrons
promises efficient all-electrical qubit control and has proven promising for coherent spin
rotations in lateral gate defined quantum dots!'!8]. As the g-factor strongly depends on
the confinement potential it can be used to selectively address individual electron spins.
Strong SO interaction, asymmetric confinement and the wurtzite crystal symmetry give
rise to a large g-factor anisotropy in these nanowires devices. Controlling the electronic
g-factor in quantum dots allows for selective control of spins via a modulation of the
g—tensor[119].
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Figure 7.1.: Nanowire device and measurements of coherence and g-factor. (a) The
nanowire is connected to source (S) and drain (D) contacts and is situated on top of
five narrow gates (1-5) and two broad gates (B1, B2). (b) Free induction decay of
the Ramsey fringe. The dephasing time is on the same order as in GaAs quantum
dots. (c¢) The Hahn echo decay curve reveals relatively short coherence times of
50ns. This particular measurement is performed at Bexy = 102mT at an in-plane
angle of 45 ° with respect to the nanowire. (d,e) The electric g-factor of the con-
fined electron in a similar device shows a strong angular dependence. The strength
of the g-factor anisotropy further depends on the dot size ((d) small dot and (e)
large dot). Figures adapted from Refs. 16,117

Ref. 16 demonstrated universal coherent control by electric dipole spin resonance
(EDSR) of a spin-orbit quantum bit implemented in an double quantum dot in InAs
nanowire . They showed that the two confined electrons had different g-factors and
that they could be addressed selectively. Surprisingly, the Hahn echo experiment only
showed a coherence time of approximately 50 ns that could not be extended much fur-
ther using more advanced dynamical decoupling techniques. This short coherence time
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was unsuspected as it did not fit well with the dephasing mechanisms known at the time
for gate defined quantum dot and the origin of this effect was unknown.

From studies of electron coherence in gate defined quantum dot in GaAs, it is known
that the coupling to the transverse hyperfine field, built up from the three nuclear iso-
topes of the host material, plays an important role. In Ref78 which investigated electron
coherence as a function of the direction of the external magnetic field, it is shown that
coherence is limited by quadrupolar broadening of the nuclear Larmor frequencies and
an anisotropic g-factor. Broadening of the nuclear Larmor precession reduces elec-
tron spin coherence due to faster decorrelation of transverse nuclear fields but can be
eliminated for appropriate B-field directions. Along these directions an additional mod-
ulation of spin coherence that can be attributed to an anisotropic electronic g-tensor is
observed. If the external magnetic field is not aligned to the a main axis of the g-tensor,
this g-factor anisotropy causes different quantization axes for the electron and the nuclei
spins and leads to an additional linear coupling to the transverse nuclear magnetic field.
Hence, the Larmor precessions of the three types of nuclei becomes visible as an echo
envelope modulation in the Hahn echo decay.

The remainder of this document is structured as follows. In Sec.7.3 we introduce
the qubit system from Ref.16, and review the experimental setup and the measurements
regarding the anisotropic g-factor and qubit coherence. The theory of a Hahn echo
envelope modulation from Ref.78 is summarized and adapted for the nanowire system
in Sec. 7.4. We fit the data provided in Sec. 7.3 and compare it to measurements of the
g-factor anisotropy!!!”!. We continue to investigate different mitigations strategies in
Sec.7.5. Lastly, we conclude our findings in Sec. 7.6

7.3. Qubit system

Fig.7.1a shows an image of the InAs nanowire device of wurtzite structure used in Refs.
114,16,117. The device is connected to the source and drain contacts, which are used to
measure the conductance through the nanowire. By applying a negative voltage to the
five closely spaced narrow gates underneath the nanowire, a double well potential for
two tunnel-coupled electrons is realized.

Operated in the (1,1)-charge configuration (one electron in the left quantum dot,
one electron in the right quantum dot) this device incorporates two so-called spin-orbit
qubits. In the presence of strong SO coupling from the host material InAs, neither spin
nor orbit are good quantum numbers. The qubit groundstate and first excited state are
instead SO doublets, {} and {}. Nevertheless, the energy splitting between the two states
is still given by the Zeeman energy Ez = gugB, with the Landé g-factor g and Bohr
magnetron ug (161,

Qubit initialization and readout can be achieved by Pauli spin blockade!>1201, A
transition is spin-blocked when electron transfer is energetically allowed, but forbid-
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den by spin conservation [16]. Current through the double quantum dot transfers one
electron from the left to right dot as follow: (0,1)—(1,1)—(0,2)—(0,1). The transition
(1,1)—(0,2) is spin blocked (energetically allowed, but forbidden by conservation of
spin) if the (1,1) state is a triplet and only the singlet (0,2) state is accessible. When
in spin blockade, current through the quantum dots is suppressed. The qubit is manip-
ulated by applying a microwave frequency electric field on one of the gates to drive
EDSR. The electric field causes an oscillating displacement of the electron and it expe-
riences an additional field related to the SO effect along certain B-field directions which
can induce resonant transitions between the qubit states. Such transitions are expected
for driving frequencies close to the Larmor frequency of the electron wp, = gugB/h.
This so-called Rabi-driving is a standard manipulation technique for single spin qubits
and allows for universal control of the qubit.

Fig.7.1b shows a free induction decay measurement of the Ramsey fringes. The in-
homogenous dephasing time is determined to 7;* = 8 £ 1 ns, similar to the values found
in lateral quantum dots in GaAs!®!. This short dephasing time reflects the interaction
of the confined electron interacting with approximately 1.4 x 10° overlapping nuclear
spins (estimated from an EDSR peak width of 0.66 mT!1),

Dephasing from slow nuclear spin fluctuations can be recovered by the Hahn echo
technique*!! (applying a m-pulse halfway through the evolution time). Such a measure-
ment at an external magnetic field of Bexy = 102mT at a 45° angle with respect to the
nanowire [0001] axis is reproduced from Ref. 16 in Fig.7.1c. Surprisingly, the echo
only increases the coherence time to T¢cho = 5S0ns. Compared to echo times of a few
microseconds 7813491051 determined in GaAs devices at comparable fields, this Techo 1S
two orders of magnitudes shorter. Even more advanced decoupling techniques such as
CPMG could not extend the qubit coherence beyond 200 ns!'®! and the origin of this
fast dephasing was not understood.

In a further study, the dependence of the electronic g-factor on the magnetic field
direction is investigated (see Ref. 117 for details). For wurtzite materials which lack
inversion symmetry, an anisotropy is expected. These materials are best described by
two g-factors along perpendicular crystallographic axes. In the main axes coordinate
system with x || [0001], y in-plane (plane of the substrate) perpendicular to [0001] and
z out-of-plane perpendicular to [0001], g, denotes the g-factor along the nanowire axis
and gy, the one perpendicular and in-plane to this direction, with g, < gyy. Fig.7.1d
shows the g-factor extracted from measurements of the Zeeman splitting for a full 360 °
rotation of the in-plane magnetic field Bex;. The g-factor shows a strong anisotropy
of (gxx — &yy)/(8xx + &yy) =~ 0.155 with regard to the field orientation with extrema at
around 171° and 81°, respectively. The offset of approximately 10° off the nanowire
axis most likely originates from the confinement of the electron as it was shown in
Ref. 117 to depend on the gate-tunable confinement potential of the double quantum
dots. Nevertheless, the anisotropy of the g-factor is not dominated by theses changes in
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confinement potential for the electrons. Similar g-factor anisotropies are found in Ref.
121.

7.4. Echo envelope modulation due to a g-factor
anisotropy

Motivated by the similar qualitative situation of a g-factor anisotropy, an in-plane mag-
netic field at 45° and a finding of short coherence times compared to the GaAs sys-
tem!’8], we apply the theory of an echo envelope modulation which was found to suc-
cessfully describes the experiments to the nanowire system. In this section we review
the theory from Ref.78 and adapt it to the nanowire system. First, we outline hoe a
g-factor anisotropy causes a linear coupling term to the transverse hyperfine field in the
electronic Zeeman splitting. We will then see that this term causes an envelope modu-
lation of the Hahn echo decay which leads to the short coherence times. We continue to
fit and reproduce the experimental datal'®! and will discuss the results.

Following the nomenclature from Sec.7.2 the electronic g-tensor for the InAs
nanowire in the main axis coordinate system is of diagonal form:

gx O 0
8= 0 gy 01, (7.1)
0 0 gz

with g, = g... When rotating the external B-field by a rotation angle 6 about the z-axis,
we introduce a new coordinate system, where x || Bex, ¥ L X’ and 7/ = z. Anisotropic
entries g 7 gyy lead to off-diagonal elements in the g-tensor in the new coordinate
system (see Appendix for more detail)

g & O
@ =\|18L gy/y/ 0 . (72)
0 0 g

Here, we have defined the components parallel and perpendicular to Bex for small
anisotropies as

8| A &xxs (7.3)
I .
gL = 5 sin(20) (gxx — &yy) » (7.4)

and find that the perpendicular components show a sin(26) dependence.
When calculating the effective Zeeman splitting of the electron along the new quan-
tization axis ggBext we find that the off-diagonal element g, leads to linear coupling
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to the transverse component of the Overhauser field By, which is built up from the
three spin-carrying isotopes !!'*In, '"In and 7>As. Intuitively speaking, the electron
precesses around a slightly tilted quantization axis compared to the nuclei caused by the
anisotropic g-factor and experiences the transverse nuclear field, which oscillates with
the three Larmor frequencies of the nuclei. Including this g-factor anisotropy and the
second-order coupling!'>#?! to the perpendicular hyperfine field component, the Hamil-
tonian of the system states!”8!

H = ppgoBext - S + 1B g Bouc - S (7.5)
’ BL (1)? -
~ :uBgH Bext "‘Bﬂuc - g_J_B%)uicL (t) + L() Sx- (76)
8 2Bext

Here, S denotes the spin operator we have defined (BL )% = (BﬁlucL )2+ (Bflluﬁ )2. The
last term in Eq. 7.6 results from including the contribution of the Overhauser field per-
pendicular to the electronic quantization axis to second order. The third times results
from projecting the component orthogonal to the applied field onto the electronic quan-
tization axis, and arises due to the g-tensor anisotropy. The detailed deduction leading
to the second step can be found in App.7.7.1. The impact on the Hahn echo experi-
ment can be summarized as follows. During the free evolution part of the Hahn echo,
the qubit acquires a phase arising from the transverse components. Due to the Larmor
precession of these fields, the acquired phase is not eliminated by the echo pulse and
causes dephasing. Whenever the evolution time t/2 is a multiple of all three Larmor
frequencies, the net phase vanishes and the echo amplitude recovers. Partial recovery
occurs if the evolution time only matches a multiple of the Larmor period of two or
one species. Any broadening of the nuclear Larmor frequencies which is expected for
dipolar interaction between nuclei and quadrupolar effects leads to an overall envelope
decay. This effect can be modeled by assuming a phenomenological broadening 0By
of the Larmor frequencies that causes fluctuations and inhomogeneities of the transverse
hyperfine field of each species.

To obtain a quantitative description of broadening and anisotropy effects, we adapt
the semiclassical model of Ref. 15,78, based on computing the total electronic phase
accumulated due to the precessing nuclear spins and averaging over the initial nuclear
states (a detailed derivation is given in App.7.7.2). The transverse hyperfine field is
modeled as the vector sum of Gaussian distributed contributions arising from the three
nuclear species and the spread of quadrupolar shifts with width. For simplicity, we
assume a Gaussian distribution of resulting local nuclear field with width 8By, centered
on the Larmor frequency, comprising dipolar and quadrupolar broadening.
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7.4. Echo envelope modulation due to a g-factor anisotropy
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Figure 7.2.: Hahn echo decay. Fit and theory prediction for the Hahn echo decay based on the
measured g-factor anisotropy to the data from Ref.16, show excellent agreement.
Here, the number of unit cells is fixed at 3.5 x10° and the quadrupolar broaden-
ing is set to match 8By, = 0.1 mT. The fit (blue curve) corresponds to a g-factor
anisotropy of 0.11 and lies between the largest and lowest measured values (red and
green curve). The theoretical predictions are corrected for an offset in the g-factor
anisotropy.

7.4.1. Fit to experimental data

We use the above mentioned model to fit the Hahn echo data provided in Ref.16. The
result is shown in Fig. 7.2. The experimental data was extracted using an online digitizer
and normalized. The blue curve corresponds to a fit to the data and results in a g-factor
anisotropy of 11 %. The only free parameters for this fit are a visibility factor to ac-
count for pulse errors and the g-factor anisotropy. The number of overlapping spins was
calculated from the approximate dot size to be 1.4x10° and the broadening of nuclear
Larmor frequencies is set to dBpyc = 0.1 mT. We justify using the lower dipole broad-
ened limit measured in comparable GaAs structures as this value will not have a huge
impact on the coherence at short evolution times which is dominated by the anisotropic
g-factor (see Sec.7.5 for more details). To check the extracted value for the g-factor
anisotropy we further provide theoretical curves for the minimum and maximum mea-
sured anisotropies from Ref. 117 (red and green curve) which have been corrected for
the offset angle of the g-factor anisotropy, discussed in the last section. We find excel-
lent agreement between theory and experiment and the fitted value lies between the two
extrema. We can therefore reproduce and explain the relatively short coherence time in
InAs nanowires by an electronic g-factor anisotropy.
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Figure 7.3.: Hahn Echo decay for different B-fields and nuclear spins. (a) The initial col-
lapse of the Hahn echo amplitude including a g-factor anisotropy of 0.11 shifts
towards shorter timescales as the Larmor frequency of the nuclei increases with in-
creasing B-field. (b) Same plot as (a) over a larger time scale. Later revivals become
visible once overall coherence increases with increasing B-field demonstrating that
the coupling to the transverse Overhauser field components does not lead to an un-
recoverable loss of coherence. The insert shows a more detailed picture of one of
the revivals at 0.4 T and reveals a structure similar to (a).

7.5. Mitigation strategies

Fig.7.3a,b investigates the scaling behavior of the Hahn echo amplitude with magnetic
field strength at an in-plane angle of 45 °. For increasing Larmor frequencies the initial
collapse of the echo amplitude shifts towards shorter timescale (Fig.7.3a). The linear
coupling term in Eq.7.16 only causes an envelope modulation and does not lead to an
unrecoverable loss of coherence. Hence, when the overall coherence is increased with
increasing Bex; (the quadratic coupling terms scales with 1/Bey;), revivals of the echo
amplitude occurring at later timescales become visible. These revivals can be seen as
sharp peaks in the echo amplitude in Fig. 7.3b. As Ref.16 uses transport measurement
through the double quantum dot device which require a high repetition rate, these re-
vivals occurring at much later times were not measurable.

In order to suppress decoherence due to an anisotropic g-factor the external magnetic
field simply has to be rotated as the perpendicular component of the g-factor shows a
sin(20) dependence (see Eq. 7.10). Fig. 7.4a shows the Hahn echo decay for various lin-
ear coupling strengths g | / g||» corresponding to different B-field directions. A g-factor
anisotropy of 0 reflects Bex; parallel or perpendicular to the [0001] axis. Even a small
values of the g-factor anisotropy at a rotation angle 8 = 0.3° (red line in Fig. 7.4a) intro-
duces a very strong envelope modulation and quenches the visibility of the Hahn echo
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Figure 7.4.: Hahn echo decay for different magnetic field directions. a Hahn echo ampli-
tude plotted for different directions of the externel B-field, representing different
coupling strengths g, /g| to the transverse field. Even a very small misalignment
of 8 = 0.3° leads to a strong modulation of the echo envelope at 100 mT. b Align-
ing By parallel to the nanowire suppresses the linear coupling term. The remain-
ing quadratic coupling term scales inversely with Bey; and shows less influence at
higher field. The remaining echo envelope decay is determined by the broadening
of 0Bpyc = 0.1mT.

amplitude. Once the linear coupling is sufficiently suppressed, collapses and revivals
of the echo amplitude at the relative Larmor frequencies of the nuclei originating from
the quadratic coupling term in Eq.7.16 become visible, similar to Refs. 15,78. Note
that a potential field-dependence of quadrupolar broadening of the nuclear Larmor fre-
quencies is not taken into account and all curves shown so far correspond to a nuclear
broadening of 6By, = 0.1 mT. Neglecting this potential additional dephasing channel,
coherence times exceeding 1 us for an magnetic field of Beyxy = 102mT are expected.

Even longer Hahn echo coherence times should be achievable by increasing the mag-
netic field. Theoretical predictions for the Hahn echo decay are shown in Fig. 7.4b. For
an increasing field, the quadratic coupling term in Eq. 7.16 becomes less dominant and
adds less to dephasing. Dephasing due to spin diffusion is not taken into account and all
dephasing still results from broadening of the Larmor frequencies..

In a last step, we investigate the dependence of the Hahn echo amplitude as a func-
tion of quadrupolar broadening for two different external magnetic fields. Electric fields
or lattice strain distort the valence orbitals and crystal lattice and result in electric field
gradients at nuclear sites!’819! These gradients couple to the quadrupolar momentum
of the nuclei with spin > 3/2 and modify the Larmor frequencies. A inhomogeneity
of the field gradients introduces an excess broadening of the precession frequencies and

97



7. Dephasing of electron spins in InAs nanowires

a 1000 b 3000K

—0.1X
——0.3K
13N
S

o
o0

o
(o)}
o
o)

eloalptude
L
eloalpiude
o
N

o
N
o
N

0 0

0 10 20 30 0 10 20 30
separation time (s) separation time (ps)

Figure 7.5.: Hahn Echo decay for different quadrupolar broadenings. (a) This graph shows
the Hahn echo decay for different broadening of the nuclear Larmor frequencies
with values motivates by measurement performed in GaAs structures. The fast,
initial decay from Fig. 7.2 can not be reconstructed by this effect. (b) Same as (a)
for Bexy = 300mT.

leads to additional dephasing that strongly depends on the crystal symmetry and the di-
rection of the external magnetic field. Contrary to Refs.78,122 who treat quadrupolar
broadening in , we only assume an excess broadening of 8By, similar to Ref.15. Due
to the comparable wave function size we expect quadrupolar effect of the same order as
measured in GaAs samples which could successfully be described by a phenomenolog-
ical broadening dBpyc.

Fig. 7.5 shows the Hahn echo decay at 100 and 300 mT for different nuclear broad-
ening. We chose values that represent purely dipolar broadened frequency distributions
(0Bpuc = 0.1 mT) and measured values 0B, = 0.3mT and 8B,y = 1.3mT from Refs.
15,78, respectively. To show that the very fast decay within 50 ns shown in Fig.7.2
can not be caused by quadrupolar interaction alone, we also included a broadening of
OB = 0.5mT, exceeding all measured values in GaAs structures.

7.6. Summary

In this work, we have applied the theory of echo envelope modulation due to an elec-
tronic g-factor anisotropy, originally developed and validated for gate defined GaAs
quantum dots, to Hahn echo measurement in InAs nanowires from Ref.16. We find a g-
factor anisotropy of 0.11, in excellent agreement with measured values for the g-factor
anisotropy [!!”1. We therefore provide an explanation for the relatively short coherence
times observed so far in this system. In order to suppress this dephasing mechanism
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and prolong coherence, the external magnetic field simply needs to be aligned with one
of the main crystallographic axes (perhaps accounting for offset). To reduce anisotropy
of the electron’s g-factor, InAs nanowires with zinc-blende structure can be used 1231,
However, we find that the alignment needs to be accurate to within a fraction of a de-
gree. Compared to the wurtzite crystal structure used in Ref. 16, zinc-blende shows
inversion-symmetry and reduces any anisotropy resulting from the crystal itself. Of
course, anisotropy due to electron confinement and SO interaction is still present.

Ultimately, the maximum achievable electron coherence will likely be limited by
broadening effects, similar to the findings in GaAs samples. We expect to find that
quadrupolar broadening and g-factor anisotropy cannot both be minimized at the same
time as the optimal axes are different.(checkme)

7.77. Appendix

In this section we derive how the g-factor anisotropy leads to a linear coupling to the
transverse hyperfine field and the impact on qubit coherence. We continue by reviewing
the deduction of the semi-classical fit model adapted from Refs.78,15,42.

7.7.1. g-factor anisotropy

Following the nomenclature from Sec. 7.2 the electronic g-tensor for the InAs nanowire
in the main axis coordinate system is of diagonal form:

gx O 0
8= 0 gy 0], (7.7)
0 0 gz

where typically all g-tensor components are different!!?!). When rotating the external

B-field by a rotation angle 6 about the out-of-plane axis, we introduce a new coordinate
system, where x’ || Bex, ' L ¥’ and z’ = z. For anisotropic entries gy, # gyy, the g-tensor
in this coordinate system can be expressed in terms of the rotation matrix Dy

8 c08(0)2 + gyysin(0)?  1sin(20) (gx—g&y) O
15in(26) (gec — 8)  gursin(8)* + gy cos(8)? 0
0 0 8z
g & O
gL &y 0 ]. (7.8)
0 0 &
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7. Dephasing of electron spins in InAs nanowires

Here, we have defined the components parallel and perpendicular to Bey; as

8| = 8vv = 8xxc08(0)” + gy, 8in()* ~ g, (7.9)

1.
81 = 8xy = 8yx = 5 51n<29) (gxx - gyy> ) (7.10)

and find that the perpendicular components show a sin(26) dependence.

Including this g-factor anisotropy, the Hamiltonian of the system now states

H = pgoBex-S + g Bouc - S (7.11)

= up (@BmOT) +OS + upg|Bouc - O' OS. (7.12)

Here, the Overhauser field By, is the vector sum of all contributions from the three
nuclear species '’In, '>In and 7> As, whose properties are summarized in Tab.7.1. S
denotes the spin operator.

Note that the choice of g|| to convert the hyperfine coupling to an effective magnetic
field is a matter of convention. In the second step we have defined

cos(¢) —sin(p) O
O=|[sin(¢p) cos(d) O], (7.13)
0 0 1

such that the vector &BextOT only has one nonzero component along the effective

quantization direction of the electron. ¢ is the angle between Bey and the electron
A ~ ~ ~ ~ / /
quantization axis ggBex.. With OS =8 = (S,,5y,S5;) and By = (Bﬂuc,Bfuch ,Bfu’é) we

write, ignoring non-secular terms

H= HB 1/ gﬁ +giBeXtS~x

T uBg|| (Bﬂuc cos(0) + Blir sin((b)) Se. (7.14)

We further include the second-order coupling!!3#?! to the hyperfine field component
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perpendicular to the quantization axis ggBex and obtain for the total Hamiltonian

H= UB A/ gﬁ "‘giBextgx

+ug)| <Bﬂuc cos(0) — Bls Sin(¢)) Sx

By/7J- BZ/7J— o B” : 2
nuc COS(¢) + Bhic nuc 51n(¢) - (7.15)
S
2Bext '

+UuBg|

1 2
gL /oL B (t) ~
~ 1B (Bext + Bhue - g—HBﬁdc (1) + —g‘gm Si.

In the last step we assumed the anisotropy to be small such that sin¢ ~ tan¢ = g, / g

and cos(¢) ~ 1. Furthermore, we have defined (B .)> = (BryllucL )2+ (Bfl/uCL)2 We thus
find that an anisotropy in the electronic g-factor leads to linear coupling to the transverse
hyperfine-field.

7.7.2. Semiclassical fit model

In this section we derive the semi-classical model that will be used to fit and reproduce
the experiments from Ref. 16. It accounts for a linear coupling to the transverse field
component via a g-factor anisotropy from the last section and quadrupolar broadening
of the individual Larmor frequencies!’813:421,

Following equation (7.15), the effective Zeeman splitting is given by

L (4)2
Ez(t) = g)p (Bm+ ng(” + g—LB#l;z‘(o) : (7.16)
ext 8|

including both quadratic and linear coupling to the perpendicular nuclear magnetic
fields arising from the three species 310, 1510 and P As.

The Larmor frequencies of the nuclei are broadened by nuclear dipole interaction
and quadrupolar coupling to electric field gradients in the sample!’8. To capture the
Larmor precession and statistics of this nuclear ensemble semi-classically, we introduce

I | y(@ad/Ts) | A(ueV)
BAs | 32 4.6x107 86
B1n | 972 | 5.88% 107 110
In [ 922 | 5.9x107 110

Table 7.1.: Properties of InAs isotopes. Nuclear spins /, gyromagnetic ratios ¥ and contact
hyperfine coupling strengths A. Table adapted from Ref.117.
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giant effective classical spins k. Their contributions to By . are described by uncorre-

lated Gaussian variables, each representing a narrow range of Larmor frequencies. We

thus express the transverse nuclear field as a sum of complex-valued classical fields
/ /

Blic (1) + iBhie (1) = Y Bi(t) = Y Bi(t) + iBy(t). The complex notation was intro-

duced for convenience so that the time-dependence of the Bi(r) terms can be written

as

Bi(t) = B (0)e'. (7.17)

Here, 0y = o x + 60y describes the time evolution of the nuclear field given by the
species dependent Larmor frequency Op x = Yo k) Bext, Where Yo (k) is the gyromagnetic
ratio of species a(k), and a change in frequency dw; due to dipolar or quadrupolar
interaction.

We further write the initial conditions By (0) = Bz for the kth spin in terms of their
rms ValuesB% = %ﬂé( KMau(k) /N and random variables z; = x; + iy;. We assume a Gaus-

sian probability distribution p(z,z*) = 4= exp (—zz*/2) with unit variance for these ran-
dom variables. The By reflect both the number of spins with a corresponding level
splitting in one of the three transition as well as the strength of that transition.

During the Hahn echo experiment, the relative phase pickup ® for a separation time T,
given initial conditions B (0) and for one quantum dot for the Hahn echo (c¢(¢) =1 (—1)
fort <1/2 (t > t/2)) using Eq.7.15 is

d(1) =

2B ext ,

= c<r>( - ZBk<r>B;ﬁ<r>+gL29t<Bk<t>>) di
0 k.l k

T

S i [t
thext k,l 0
T
gL% Zkak/c(t)SK (eimkt) dt (7.18)
k 0
%4
:ZTM 21 +Zbkxk. (7.19)
Kl 3

Here, N is the number of unit cells overlapping with the quantum dot, rq ) 18 the num-
ber of nuclei of species o per unit cell and Ay is the hyperfine coupling strength.
Furthermore, we introduced ®y; = 0 — ®; and by = g L“—,?Ek. The definition of T
follows from the last equality and is consistent with Refs.78,15.

To perform the ensemble average (e '®) we have to integrate over the distribution of
initial nuclear fields. This integral is solved for one single electron dot by applying the
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T-matrix approach, similar to Ref. 15, extended by a linear coupling term byxy.

(e=®) /(Hdz,dzj (z,,z])>
exp <—zZTkl 5 +Zbkxk> (7.20)
2
_H/dz,dz] (zj,2;) -exp (—zk LI +bjx ,)

i 721
_I;IHmjeXp 1+ik; )’ (7.21)

where A ; are the eigenvalues from 7y ; = UDy ;U T for group j, with D being the diagonal
matrix of eigenvalues A ;. For b = Ub the same basis transformation is performed.

As the nuclei sampled by the electron spins in the left and right dot can be as-
sumed to be statistically independent, the total decoherence function for dephasing of
the two electron spins in a double dot can be written as the product of two identical
dots |(e~"®)|>. While for an ideal Hahn echo measurement the echo response is given
by Eq.7.21, we also included a visibility factor A to account for imperfect 7-pulses in
the refocusing part of the Hahn echo sequence, loss of measurement contrast at higher
magnetic fields and possible leakage.

The final fit function of the Hahn echo amplitude states

~ 2
et (2
_NH<1+ixjeXp<1+ixj)> ‘ (7.22)

Note that we neglect dephasing due to spectral diffusion, which according to theory in
GaAs 3839 would lead to a much longer coherence time.
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8. Feedback-tuned high-fidelity gates
for encoded spin qubits

The following chapter is adapted from Ref.55!.

8.1. Abstract

Two level quantum mechanical systems like spin 1/2 particles lend themselves as a natu-
ral qubit implementation?*!. However, encoding a single qubit in several spins reduces
the resources necessary for qubit control and can protect from decoherence channels!?.
While several varieties of such encoded spin qubits have been implemented, accurate
control remains challenging, and leakage out of the subspace of valid qubit states is
a potential issue. Here, we realize high-fidelity single qubit operations for a qubit en-
coded in two electron spins in GaAs quantum dots by iterative tuning of the all-electrical
control pulses. Using randomized benchmarking!!?*, we find an average gate fidelity
of F = (98.5+0.1) % and determine the sum of gate leakage out of and back into the
computational subspace to £ = (0.440.1) %!12512] These results also demonstrate
that high fidelity gates can be realized even in the presence of nuclear spins as in [II-V
semiconductors.

8.2. Introduction

Spins captured in semiconductor nanostructures provide a solid-state approach to quan-
tum computation which leverages current semiconductor production technology for de-
vice fabrication. While the two spin states of an isolated electron form a natural qubit,
the microwave signals required for manipulation impose certain drawbacks. Hence, all-
electrical control is an attractive alternative that can be achieved by encoding a qubit in
multi-electron states. Most of the basic operations required for quantum computation

'D.Schuh and D. Bougeard carried out molecular-beam-epitaxy growth of the sample used in this work.
T. Botzem fabricated the sample and set-up the experiment. S. Humpohl developed the driver for the
digitizer hardware used for data acquisition. T. Botzem and P. Cerfontaine developed the feedback
software and conducted the experiment. H. Bluhm, T. Botzem and P. Cerfontaine analyzed the data
and co-wrote the paper. H. Bluhm and P. Cerfontaine developed the theoretical models.
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8. Feedback-tuned high-fidelity gates for encoded spin qubits

have already been demonstrated experimentally for qubits using one8%118] two[®:11.12]
and three spins[!127-128.1291,

A key requirement for quantum computation is that qubit manipulations, so-called
gates, are highly accurate. Corresponding figures of merit are the gate error rate r or
the gate fidelity # o 1 — r. Fidelities well above 99 % are expected to be needed for
scalable quantum computing !4,

Recent works have demonstrated 99 %1391 99 6 %[62] and in one case 99.95 % 8!
using AC-controlled single-spin qubits in Si-based systems. Furthermore, fidelities of
93 — 96 % have been demonstrated for a spin-charge hybrid qubit in Si!'?°! and about
96 % for a single spin in GaAs!31,

However, for purely spin-encoded multi-electron qubits recent theoretical gate con-
structions[132133] have not yet been complemented by a systematic experimental effort
to achieve high fidelities. Doing so entails a number of difficulties: The large pulse
amplitudes required for fast control are prone to systematic errors and render standard
Rabi driving inappropriate. Furthermore, nonlinearities in the electric control and a
dependence of the noise sensitivity on the qubit control signal make optimal gate con-
structions nontrivial. In addition to charge noise present in all spin qubit variants!”?!,
magnetic field fluctuations from nuclear spins are a major challenge in GaAs!!34,

In this work, we develop high-fidelity baseband control for a two-spin qubit in a gate-
defined GaAs double quantum dot encoded in the subspace with zero net spin (s, = 0).
We address the aforementioned difficulties by numerically tailoring control pulses to
our experiment!®”). Remaining inaccuracies in these pulses are removed by a con-
trol loop termed GAMBIT (Gate Adjustment by Iterative Tomography) which allows
the iterative tune-up of gates using feedback®!. In contrast to control loops based on
randomized benchmarking (RB)!'?#!, which have already been applied to superconduct-
ing qubits [133-136] GAMBIT extracts tomographic information to improve convergence.
Additionally, we optimize about half an order of magnitude more parameters than re-
lated work on superconducting qubits'!3¢! to fully leverage the degrees of freedom pro-
vided by our hardware.

Using RB, we demonstrate fidelities of 98.5 %. We find the fidelity to be limited
more by charge noise than by nuclear spin fluctuations, which are often considered a
major hurdle for GaAs qubits. The relatively weak effect of nuclear spins is due to a
noise-canceling character of our optimized gates. In addition, we use RB to characterize
leakage[1?>126] out of and back into the s, = O subspace, an important figure of merit
for the performance of any encoded qubit.
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Figure 8.1.: S — Ty qubit energy diagram and Bloch sphere. The eigenenergies change as a
function of detuning €, which is used to control the exchange coupling J(€). The €
pulses presented in this work start and finish at a baseline and pulse to higher ampli-
tudes for short periods. The maximum amplitude is constrained to below the S-T
anticrossing at large €. For ease of understanding we choose the convention that
J(€) points along the y-axis of the Bloch sphere (see supplementary information).
For low € amplitudes, the qubit rotates about AB_, the z-axis of the Bloch sphere.
Large amplitude € pulses rotate the qubit about the y-axis and thus enable arbitrary
single-qubit gates.

8.3. Results

8.3.1. S-T( Qubit

Our S-Ty spin qubit!>! (see methods and Fig. 8.2b) can be described by the Hamiltonian
H= th(e) G+ hAzB <o, in the {|1}) =10),|{1) = |1)} basis, where arrows denote elec-
tron spin up and down states. J(€) denotes the exchange splitting between the singlet
IS) = ([11) — |[41))/V/2 and s, = O triplet state |To) = (|1)) + [11))/v/2, while AB is
the magnetic field gradient across both dots from different nuclear spin polarizations*).
The remaining triplet states, |T+) = [11) and |T_) = ||]), represent undesirable leak-
age states. J(€) is manipulated by the detuning €, the potential difference between both
dots. We use standard state initialization and readout (see methods). For single qubit
operations, € is pulsed on a nanosecond timescale using an arbitrary waveform genera-
tor (AWG) whereas AB; is typically stabilized at 21 - 61.6(25) MHz by dynamic nuclear
polarization!3]. The resulting dynamics are illustrated in Fig. 8.1, using the convention
that J(€) points along the Bloch sphere’s y-axis for ease of understanding (see supple-
mentary information). A perfect gate implementation is hindered by decoherence due
to fluctuations in both AB, and €. Moreover, an imperfectly known nonlinear transfer
function J(€) and finite bandwidth of the voltage pulses can be the source of system-
atic errors whose elimination requires careful calibration. In our simulations we use the
experimentally motivated model J(€) = Jyexp (€/g9) "2
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8.3.2. GAMBIT

To experimentally implement accurate single qubit 7t/2 rotations around the x- and y-
axis (denoted by 7/2, and /2,), we use a control loop adapted from Ref.90 (Fig. 8.2a-
b). To obtain a reasonably accurate system model, we measure the step response of
our electrical setup, Jy, €9 and AB, as well as the coherence properties of the qubit (see
supplementary information). We then use this model to numerically optimize pulses
consisting of Ngeg piece-wise constant nominal detuning values €, j = 1...Ngeg to be
programmed into the AWG with a segment duration of 1ns. The last four to five seg-
ments are set to the same baseline level €, for all gates to minimize errors arising from
pulse transients of previous pulses. We choose €pin such that J(€nin) < AB,. Typical
optimized pulse profiles £§, J=1...Nyg for two gates g =7/2, and g = /2, are shown
in Fig. 8.2a.

Since our control model does not capture all effects to sufficient accuracy, these pulses
need to be refined using experimental feedback. Hence, error information about the gate
set is extracted in every iteration of our control loop. Standard quantum process tomog-
raphy cannot be applied to extract this information as it requires well-calibrated gates,
which are not available before completion of the control loop. We solve this bootstrap
problem with a self-consistent method that extracts 8 error syndromes S;,i = 1...8 in
each iteration[®?]. S; i =1...6 is primarily related to over-rotation and off-axis errors
while S;,i € {7,8} are proxies for decoherence. A syndrome S; is measured by prepar-
ing |0), applying the corresponding sequence U; of gates from Tab. 8.1, and determining
the probability p(|0)) of obtaining the state |0) by measuring the sequence 103...10%
times. For perfect gates, the first six syndromes!'3” should yield p(|0)) = 0.5, corre-
sponding to S; = (o) = 0. The last two syndromes should yield p(|0)) =0 (S; = —1).
Deviations of S; from expectation indicate decoherence and systematic errors in the gate
set. To make our method insensitive to state preparation and measurement (SPAM) er-
rors, we also prepare and read out a completely mixed state with measurement result
Sum, and a triple state |Tg), which yields the measurement result St after correcting for
the approximate contrast loss of the triplet preparation (see supplementary information).
GAMBIT then minimizes the modified error syndromes Si= |S; —Sm| fori=1...6 and
S,’ = ’Si—ST| fori e {7,8}.

For swift convergence, we start the control loop with pulses 8§ which theoretically
implement the desired operations perfectly with minimal decoherence. First, GAMBIT
scales these pulses by +20 % in 4 % increments and measures which scaling achieves
the lowest S;. GAMBIT then optimizes the best pulses by minimizing S; with the
Levenberg-Marquardt algorithm (LMA). In each LMA iteration, we use finite differ-
ences to experimentally estimate derivatives dS;/de®, which are subsequently used to

calculate updated pulse amplitudes ef-.

Pulses with Nz > 24 lead to reliable convergence, typically within 5 iterations
(Fig. 8.2e). To demonstrate that our approach is reproducible for different initial gates,
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Figure 8.2.: Gate adjustment by iterative tomography. a Numerical pulse optimization based
on a realistic but inaccurate qubit model provides initial optimal control pulses
(blue) for /2, and ®/2, gates (24 ns long gates shown here). According to the
model, the pulses shown in red are actually seen by the qubit. b Next, these pulses
are optimized on the experiment using GAMBIT. 8 error syndromes S; are extracted
in each iteration by applying the gate sequences from Tab. 8.1. In order to remove
gate errors, the S; are minimized by adjusting the pulse segments’ amplitudes Sf- .
After a few iterations, the predicted Bloch sphere trajectories ¢ can be reproduced
in the experiment d as confirmed by self-consistent state tomography >*!. A major
portion of the remaining deviation can be attributed to concatenation errors with
the measurement pulses, specifically when the states following large J pulses are
determined. e Typically, GAMBIT converges within 5 iterations and can recover
from charge rearrangements in the quantum dot (indicated by red squares, see sup-
plementary information). For a given noise level, better gates can be achieved by
using modified gate sequences which amplify gate errors and lead to larger S; for the
same errors. In this specific run, randomized benchmarking'?#! (RB) confirms that
F of the gate set was first improved to 97 % and then to 97.8 % by using amplifying
gate sequences. Other optimization runs are shown in light blue for comparison.

24 ns gates were used in Fig. 8.2 while the experiments in Fig. 8.3 were performed us-
ing 30 ns gates. GAMBIT usually only adjusts those segments 8‘5 which are not at the
baseline, resulting in 14 (24) free parameters for the 30 ns 7t/2, (7w/ 2y) gate shown in
Fig. 8.3. When convergence eventually slows, we apply the sequences from Tab. 8.1
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8. Feedback-tuned high-fidelity gates for encoded spin qubits

multiple times to amplify certain systematic gate errors (see supplementary informa-
tion). Thus, further improvement (shaded region in Fig. 8.2e) is possible without in-
creasing the averaging time per iteration.

Unfortunately, frequent charge rearrangements in our sample lead to a deterioration of
optimized gates within minutes to hours. As a remedy we run GAMBIT again, resulting
in slightly different gates than before. For this reason, the experiments in Fig. 8.3a and
Fig. 8.3b were performed with gates from different GAMBIT runs.

8.3.3. Tomography and randomized benchmarking

To visualize the experimental gates, we perform self-consistent quantum state tomogra-
phy (QST)[?! and extract state information after each segment 85. As seen in Fig. 8.2c-
d, the qubit state trajectories for model and experiment closely resemble each other,
indicating that the GAMBIT-tuned pulses remain close to the optimum found in simu-
lations.

In order to rigorously determine #, we apply RB after completion of GAMBIT. In
RB, ¥ is obtained by applying sequences of randomly chosen Clifford gates, composed
of /2, and m/2, gates, to the initial state |0). The last Clifford operation of each
sequence is chosen such that |0) would be recovered if the gates were perfect!!?*. For
imperfect gates, the return probability p(|0)) decays as a function of sequence length
and the decay rate indicates the average error per gate.

We find that the measured decay curve shown in red in Fig. 8.3 is best fitted by a
double exponential, with the slow time constant describing the decay beyond ~ 100
gates. In some cases, such a deviation from a single exponential decay can arise from
non-Markovian noise %! or inhomogeneous broadening of the control'33!. In our case,
we attribute the second decay rate to gate leakage out of the computational subspace!!2]

Sequences U; (right to left) Parametrization S;
/2, 20 = S

TC/2y =2X = 5

n/2y0om/2¢ —ny—n;—vi—v, = 53

n/2c0om/2y, —ny+n,—vi+v, = 54

/2 om/2¢0om/2c0m/2y,  ny+n.+vi—v, = Ss
n/2com/2yom/2y0om/2y  ny—n;+vi+v, = Se
/2. 0m)2 de = 8

n/2,0m/2, d, = Ss

Table 8.1.: Tomographic gate sequences. To first order, the outcome of the measurement
Tr(c.U; |0)(0|U;") = S; depends linearly on the gates’ rotation-angle errors 2¢ (2)),
the axis-errors ny,n; (vy,v;) and decoherence d, (d,) of the T/2,-gate (1/ 2,-gate).
Parametrization defined as in Refs.90 and 137 (see supplementary information).
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Figure 8.3.: Characterization of optimized gate sets. a The overall fidelity of a gate set con-
sisting of 30ns long m/2, and ©/2, gates is determined using RB (red). Each
red data point is an average over 50 randomly chosen sequences of the respec-
tive length. In order to determine gate leakage we supplement the standard pro-
tocol (red) by a variant which omits the last inversion pulse (blue) 1261, Fitting
both curves simultaneously with a double (red)!'?>! and a single exponential (blue)
yields F =98.5(1) % and a leakage rate L = 0.4(1)%. b In order to determine
systematic errors, we measure multiple repetitions of ©/2,, ©/2, and ©/2,0m/2,,
using gates obtained in another GAMBIT run. The fit shown in blue estimates
systematic errors of 0.7 %. Since we use a depolarizing channel for a simplified de-
coherence model, we only fit the first 12 data points. Afterwards other decoherence
processes like 7" effects become dominant.

To confirm this hypothesis, we apply an extended RB protocol which omits the last
Clifford from each RB sequence!'?6!. Without leakage, averaging over many randomly
chosen sequences should yield p(|0)) = 50 %. However, for nonzero leakage we expect
a single exponential decay of p(|0)) as a function of increasing sequence length since
the additional leakage states have the same readout signature as |1) (see methods). We
indeed find such a decay law, indicated in blue in Fig. 8.3a. A joint fit of the standard
(red) and leakage detection (blue) RB data yields F = 98.5(1) % and a gate leakage rate
L =0.4(1) % (the sum of leakage out of and back into the computational subspace [1261)
Both fitted decay curves asymptotically approach p(|0)) = 0.36 for long gate sequences,
close to % as expected for a single leakage state!!2>126]_ Since our pulses operate close
to the S — T transition while |T_) is far away in energy, leakage should predominantly
occur into the |T4) level.

As RB does not reveal whether our gates are limited by systematic errors or deco-
herence, we perform an independent test by measuring repetitions of m/2,, ®/2, and
T/2,o7/2, as shown in Fig. 8.3b. By fitting this data (see supplementary information)
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8. Feedback-tuned high-fidelity gates for encoded spin qubits

we retrieve Fgys = 99.3 %, excluding decoherence. RB yields F = 98.1(2) % for this
gate set, indicating that decoherence and systematic errors contribute roughly equally.
Note that even for a bare T time of less than 100ns along either J or AB;, the de-
cay time for both gates exceeds 500 ns. This behavior is expected since the numerically
optimized gates exhibit a reduced sensitivity to quasistatic noise sources*°l, which con-
tribute significantly to decoherence. In addition, the numerical optimization minimizes
the use of large J to increase the resilience to slow and fast charge noise.

8.4. Discussion

We previously predicted fidelities approaching 99.9 % for GaAs based S-T qubits[*°]

with the best reported noise levels!”%!3]. To determine why our gates perform worse, we
measure 7, and TZeChO for both exchange and hyperfine driven oscillations. We find that
our sample suffers from much larger charge noise than reported in Ref.72, which shows
up as a shorter 75M° = 183 ns for exchange oscillations at J(€) = 21t- 61 MHz, compared
to Tze°h° a2 7.5 us at comparable charge noise sensitivity dJ/de ~ 2r- 150 MHz/mV 721,
Using a noise model based on these measurements, we predict fidelities of 98.6 % and
99.0 % for the numerically optimized gates used as a starting point for GAMBIT (see
supplementary information). These are close to the experimental value of 98.5(1) %
which supports the validity of our noise model and the predictions of Ref.90 that a sub-
stantial improvement is possible with previously measured lower charge noise levels.
Enhanced suppression of hyperfine fluctuations!!3°! would enable further improvement.
Reducing one noise source, either charge or hyperfine noise, generally also allows mak-
ing gates less sensitive to the other noise source since optimal gates will exploit tradeoffs
between the sensitivity to different types of decohering noise.

Our results also indicate that the unavoidable presence of nuclear spins in GaAs spin
qubits, which is often thought of as prohibitive for their technological prospects, actually
does not preclude the fidelities required for fault-tolerant quantum computing. This
could allow leveraging other strengths of GaAs compared to Si, such as a small effective
mass leading to relaxed fabrication requirements, the absence of near-degenerate valleys
and a direct band gap potentially enabling optical interfacing. Although driven by the
needs of GaAs based S-T( qubits, we expect that our approach is equally viable for other
encoded spin qubits facing similar difficulties, and can be adapted for implementing
exchange-mediated two-qubit gates.
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8.5. Methods

8.5.1. Qubit system

We work in a dilution refrigerator at an electron temperature of about 130 mK using the
same sample as Ref.78. A lateral double quantum dot is defined in the two-dimensional
electron gas of a doped, molecular-beam epitaxy-grown GaAs/AlGaAs-heterostructure
by applying voltages to metallic surface gates. We use the same gate layout as Ref. 12
shown in Fig. 8.2b with two dedicated RF gates (yellow) for controlling the detuning.
As we only apply RF pulses to these gates and no DC bias, we can perform all qubit
operations without the need for bias tees which reduces pulse distortions.

Quantum gates are performed in the (1,1) charge configuration, where one electron is
confined in the left and one in the right quantum dot. In this regime, the computational
subspace is defined by the s, = O triplet state |Tp) and the spin singlet state |S). The
other s, = +1 (1,1) triplet states |11) and ||.|) are split off energetically via the Zeeman
effect by applying an external magnetic field of 500 mT.

We always readout and initialize the dot in the {|1]),|{1)} basis by pulsing slowly
from (0,2) to (1,1) and thus adiabatically mapping singlet |S) and triplet |Tp) to |1]) and
[11) (see supplementary information).

8.5.2. Readout calibration

For measuring the quantum state, we discriminate between singlet and triplet states by
Pauli spin blockade. Using spin to charge conversion!®), the resistance of an adjacent
sensing dot depends on the spin state and can be determined by RF-reflectometry. In
this manner, we obtain different readout voltages for singlet and triplet states but cannot
distinguish between |Tp) and the triplet states |T4.).

The measured voltages are processed in two ways. First, binning on the order of
10* consecutive single shot measurements yields bimodal histograms where the two
peak voltages roughly correspond to the singlet and triplet state. Second, the measured
voltages are averaged over many repetitions of a pulse to reduce noise.

For self-consistent state tomography, we linearly convert the averaged voltages to
probabilities p(|0)). The parameters of the linear transformation are obtained by fitting
the histograms!'®! with a model that takes the decay and excitation of |S) and |To)
during the readout phase into account.

Due to the long gate sequences, the benchmarking experiments in Fig. 8.3 are ex-
pected to produce a sizable leakage state population |[T.). We have attempted to in-
clude | T, ) explicitly in the histogram fit model but found that this introduces too many
additional parameters. In order to achieve an approximate calibration, we prepare and
readout a completely mixed state once in about 10> measurements as an additional refer-
ence. We then enforce p(|0)) = 0.5 for the mixed state voltage Uy in the histogram fits.
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8. Feedback-tuned high-fidelity gates for encoded spin qubits

While we have not quantitatively analyzed the error from this approximate procedure,
we suspect that the suboptimal contrast in Fig. 8.3 might be related.

For GAMBIT, the averaged voltages U; corresponding to the error syndromes S; do
not need to be explicitly converted to probabilities p(|0)). Since mixed and triplet state
reference voltages Uy and Ut are measured alongside the error syndromes, it is attrac-
tive to directly minimize U; = |U; — Uy| for i = 1...6 and U; = |U; — Ur| fori € {7,8}.
Adjusting the contrast of U; with the aid of histograms can improve convergence and
yields the expressions for S; from the main text.

Note that GAMBIT, RB and all other fits used in this work are insensitive to state
preparation and measurement (SPAM) errors. Therefore, our readout calibration does
not need to be especially accurate or precise. The only figure which is sensitive to SPAM
errors is the singlet probability of the asymptote in Fig. 8.3a. However, the measured
value p(]0)) = 0.36 deviates significantly from 0.5 so that leakage is the most plausible
explanation for the observed second decay rate, irrespective of SPAM errors.

Further information regarding readout can be found in the supplementary informa-
tion.

8.6. Supplementary Information

8.6.1. Experimental setup

Our sample and electrical setup are the same as in Ref.78.

Hence, the S-T( qubit is defined in a GaAs/Alg g9Gap 31 As heterostructure with Si-
d-doping 50 nm below the surface. Since a spacer layer of 40 nm is added on top, the
2DEQG is located 90 nm below the surface. The gate layout (Fig. 8.2b) is the same as
in Ref. 12 with two dedicated RF gates for high-frequency qubit operations like initial-
ization, readout and gate operations while DC gates are used for static tuning of the
qubits.

In our electrical setup, we use separate DC and RF control gates to avoid pulse distor-
tions from bias tees, resulting in a nearly flat frequency response of the RF gates from
DC to beyond 100 MHz. The qubit is defined and tuned by applying static voltages on
the order of 1V to the DC gates, while we use RF pulses from a Tektronix AWG5014C
arbitrary waveform generator (AWG) on the order of 1 mV (after attenuation) for qubit
manipulation. The RF gates are DC-coupled to the AWG with 43 dB attenuation.

8.6.2. System characterization
Exchange pulses

For system characterization we measure the AWG response through coaxial cables and
attenuators. We use the AWG to apply a long, nominally rectangular pulse to the RF
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lines, and measure the signal that arrives just before the printed circuit board (PCB),
where the sample is mounted. The measured step response includes the effect of at-
tenuators and coaxial cables but no signal distortions due to the PCB and the sample
itself. From the step response we obtain a filter describing the behavior of our system.
Applying this filter to arbitrary piece-wise constant pulses reproduces the actual signal
very accurately as shown in Fig. 8.4.

Parameters for the experimentally motivated model J(€) = Jyexp(€/¢ep) from Ref.72
are fitted from the oscillation frequencies of free induction decay (FID) experiments at
different € as in Ref.72, where € describes the voltage change on each RF gate. We
fix Jo = 2n- 159MHz so that € = 0 is always defined as the point where J(€) = 27 -
159MHz. This is convenient for describing gate operations as these depend primarily
on the magnitude of J, but the exact gate voltages where J has a certain value can vary
with dot tuning.

To describe this variation, we define a second frame of reference & = €y — €. Here,
€m is the position of the measurement point in the (2,0) charge configuration as shown
in Fig. 8.5 and corresponds to = 0. Even if the distance of the measurement point
from the (2,0) — (1,1) charge transition remains the same, typically around 0.25 mV,
the exact value of €\ depends on dot tuning since € = 0 is defined as the point where
J(€) =2m- 159MHz. This leads to shifts of the € coordinate system when the point
where J = 21t - 159 MHz moves. We find that €y varies between 0.7mV and 1.1 mV.
Likewise, €g can take on values between 0.2 mV and 0.5 mV.

Ideal pulse —— Measured Model

0 10 20 30 40
t (ns)

Figure 8.4.: Pulse model. A filter based on the step response of our system is applied to nomi-
nally piece-wise constant pulses (dashed line) to predict the actual signal arriving at
the PCB where the GaAs sample is mounted. Except for long-time transients (not
shown) the actual signal (solid line) is accurately reproduced by the model (shaded
area).

Noise

In addition to the characterization of J(€) and the step response of our setup, we extract
approximate hyperfine and charge noise levels from free induction decay (FID) and spin
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8. Feedback-tuned high-fidelity gates for encoded spin qubits

Figure 8.5.: Charge stability diagram. Different charge occupations are indicated as a function
of both RF gate voltages by (n,m) with n (m) electrons in the left (right) dot. 8 =
em — € (white) denotes the distance between the measurement point at €y and the
point given by the detuning € (black). € = 0 is defined as the point where J(€) =
21- 159 MHz. For large € (low 9) the exchange interaction is turned on, as indicated
in the orange energy diagram. The approximate position of the S-T_ transition is
indicated by a dashed line.

echo (SE) experiments. For hyperfine noise, we find 7," = 80ns and TfCho = 13ps as in
Ref.78, with AB, stabilized at 21t 61.6 MHz by dynamic nuclear polarization!!3!. These
values are smaller than 75 = 94ns and T2eChO = 30ps reported in Ref. 13. Instead of
measuring 75, we can also measure the fluctuations in AB; directly. For a variety of dot
tunings, which affect the effectiveness of the dynamic nuclear polarization pulses!!3],
we find standard deviations between Gpp, = 27+ 2.2MHz and 6pp, = 21+ 3.4 MHz (af-
ter removing jumps away from the set point of AB;). In consideration of TzeCho > Ty
and the slow initial decay of the Hahn echo coherence, we treat hyperfine noise as qua-
sistatic '3 throughout this work.

For charge noise, we similarly perform FID and SE experiments at J(€) = 2m -
61 MHz, yielding 7, = 90ns and TfChO = 183ns. For these FID and SE experi-
ments we also determined €y = 0.4mV and &y = 1.0mV so that we can approxi-
mately calculate the charge noise sensitivity in our device at J(€) = 2n- 61 MHz to
dJ/de =2mn-151MHz/mV. Based on these measurements we estimate that our sam-
ple suffers from much larger charge noise compared to Ref.72, where 7, =~ 100ns and
TzeChO ~ 7.5 us were measured for J ~ 27- 85 MHz, which corresponds to a similar charge
noise sensitivity dJ/de ~ 2n- 150 MHz/mV.

We use the relation

V2

= ——
2 cedJ/de

(8.1)
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given in Ref. 140 to calculate our sample’s charge noise standard deviation to Gz =
1.66 x 107> V. To deduce the amplitude S¥ of the high-frequency noise spectrum from
T$"°| we assume that the noise spectrum can be described by Se(f) = SO/ fP with B =
0.7 as measured in Ref. 72 for frequencies S0kHz < f < 1MHz. For the purpose of
calculating gate fidelities in Sec. 8.6.3, we extrapolate the spectrum to follow the same
power law for f > 1 MHz. Due to the proportionality

d7\ 2/ (B+1)
T5h0 o (%) (8.2)

given in Ref. 140, we can estimate the amplitude of the high-frequency charge noise
spectrum by relating our measurements of T2eChO and dJ/de to those from Ref.

72, which were given as T5"° ~ 7.5us, dJ/de ~ 2n- 150MHz/mV and +/S? =

2.8 x 1078V /+v/Hz. For our sample, we then find /S = 6.6 x 10~7V //Hz.
These noise estimates are used in Sec. 8.6.3 to calculate the gate fidelities we expect
to reach theoretically, which we then compare to our experimental results.

8.6.3. Optimal pulses
Bloch sphere convention

Throughout this work, we use the convention that J(€) coincides with the Bloch sphere’s
y-axis and AB; with the z-axis.

If J(e) would point along the x-axis of the Bloch sphere, our /2, (/2,) gate would
actually correspond to a /2 rotation around the negative y-axis (positive x-axis). For
ease of understanding, we thus apply a coordinate system transformation so that that
J(€) points along the y-axis. In this frame, the ®/2, (7/2,) gate rotates around the
x-axis (y-axis) as expected.

Numerical pulse optimization

The pulse optimization we perform for this work is similar to the one in Ref.90. For
completeness, we now provide a short summary and highlight any differences.

First, we characterize the step response of our electrical setup and measure Jy, €
and AB, as described in Sec. 8.6.2. We also determine the coherence of our qubit as
described in Sec. 8.6.2. Consequently, we use this information as a model for the nu-
merical pulse optimization of piece-wise constant detuning pulses with Ny, segments.
Each pulse segment is 1 ns long, corresponding to the sampling rate of our AWG. In
the following, €; with j = 1... Ny, denotes the detuning in the 7™ segment. The actual
control pulse arriving at the qubit is determined by applying a filter to the piece-wise
constant pulse €; (see Sec. 8.6.2). This is even more realistic than the procedure outlined
in Ref.90 where a purely exponential model was used to account for finite rise times.
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We also choose slightly different bounds than Ref.90 and constrain the detuning to
0.26mV < 8 <4.00mV. The upper bound of d corresponds to the (1, 1) charge regime
with separated electrons. At this point J < AB; is essentially turned off and € is at
the baseline €,;, mentioned in the main text. The lower bound was chosen to avoid
the anticrossing of the singlet state with the |T,) state during gate operation. This
anticrossing occurs at large detunings €, typically at a distance 8 ~ 0.22mV from the
measurement point M. The crossing is also indicated in Fig. 8.1 and Fig. 8.5. We avoid
pulsing across this anticrossing as it would lead to a significant portion of the singlet
state being converted to |T) and as such increase the gate leakage rate. For future
experiments, it would be helpful to further examine the process driving leakage so that
it can be captured and minimized directly in the numerical pulse optimization.

Furthermore the last 4ns (5ns) of each gate were set to €y, (Which corresponds
to 8 = 4.00mV) for the 24 ns long gates in Fig. 8.2 (30ns long gates in Fig.8.3) to
ensure that the pulse has decayed to €., before another gate is applied. If the decay
is not perfect, transients from the previous gate will affect the next gate. Since such
gate bleedthrough!!3¢! causes additional errors which depend on the sequence of gates
and not just the gates themselves, it is harder to detect and correct than purely gate-
dependent errors. Thus, it is best to minimize gate transients whenever possible.

For the pulse optimization, explicitly time-dependent Hamiltonians
H(J(g(t)),AB;) = wcx + %Gz are approximated as piecewise constant
on 0.2ns intervals. This discretization greatly simplifies the calculation of

Ul(t,tg) = Texp (—% fti)H (¢') dt’ ) and incurs only small systematic errors on the

order of 1073 (in fidelity). These can be calibrated in experiments by using GAMBIT
(Gate Adjustment by Iterative Tomography). Using this approximation, we can also
calculate the effect of quasistatic noise in € and AB,. All we have to do is to repeat
the calculation several times using H(J(€(¢) + d€),AB; + dAB;), where de (dAB;) is
sampled discretely from a Gaussian distribution with standard deviation o¢ (Gap,). It is
a little bit more involved to include fast noise with an arbitrary noise spectral density
in a computationally efficient manner. We choose to use a first-order perturbative
approach based on filter functions!'*!! which is fast enough for numerical optimization.
We then combine these methods with the Levenberg-Marquardt algorithm (LMA)
to search for /2, and ©/2, pulses with maximal fidelity ¥, taking systematic errors
and the major decoherence sources into account. Further details regarding the exact
implementation of the optimization are given in Ref.90. An example of the resulting
pulses 8§,j = 1... Ny, for two gates g = /2, and g = /2, can be found in Fig. 8.2a.

Fidelity estimation

Using the noise model described in Sec. 8.6.2, we use Monte Carlo simulations as in
Ref.90 to determine the average gate fidelity of the gate set used in Fig. 8.3a. For hyper-
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fine noise we use 6pp, = 21+ 2.5MHz. We find an average gate fidelity of 98.8 % which
is in good agreement with the fidelity of 98.5(1) % from randomized benchmarking,
given that the charge noise model for the high frequencies relevant for nanosecond gates
is not known and was extrapolated. The noise contributions to the infidelity I =1 — F
listed in Tab. 8.2 indicate that charge noise is the dominant factor for decoherence.

To assess the potential for further improvement with the same noise characteristics, it
is instructive to consider the effect of stretching or compressing one of our numerically
optimized pulses in time. Doing so results in distinct scaling laws of the contributions
to I from different noise types. For fast charge noise, the scaling law also depends on
the spectral noise density Sg(f) o< 1/f B When we change the total duration T of a pulse
and accordingly adjust J(€) and AB; so that the same unitary is still realized, we find

Ie,fast o< TB_17 (8.3)
Ig slow ~ const, (8.4)
Ing, o T2, (8.5)

assuming I < 1. Ipp, increases with T since AB; decreases with T while the stan-
dard deviation of AB; remains the same. Thus, the error of the phase acquired due to
AB; increases with 7. For slow charge noise we need to additionally consider dJ/de
which decreases with J. Consequently, the standard deviation of J(€) decreases with
T and I 50w is approximately constant. For high-frequency charge noise the form of
the noise spectrum given by the exponent [ needs to be taken into account since the
frequency range most relevant for the gate changes with 1/7. Using the filter function
formalism! 141 I, g o< TB~1 can be derived.

Combining the noise contributions in Tab. 8.2 with Egs. (8.3-8.5) allows us to calcu-
late which duration T is optimal for our /2, and 7/2, gate. We find that the 7t/2, and
/2, gate could be improved by decreasing T' by 20 % and 30 %, respectively. However,
doing so would only increase the gate fidelity by about 1 x 10™* (3 x 10~#). Thus, the
original gates are already close to optimal and no further modification is needed.

8.6.4. Readout and initialization
Pulses

The FID and SE experiments used for measuring hyperfine noise (see Sec. 8.6.2) are
performed with singlet initialization and readout.

For all other experiments, we prepare the state | 1) adiabatically. To this end, we first
decrease € quickly and diabatically jump over the S-T; transition to avoid mixing with
the |T4) level. Then, we slowly ramp € down to €ui,. In this way, J(€) is turned off
adiabatically since J(€pnin) < AB;. For readout, we slowly sweep € from €p;i, up to a
point before the S-T. transition. Then, we jump directly to the measurement point €y;.

119



8. Feedback-tuned high-fidelity gates for encoded spin qubits

/2, /2,
Lt 64x1073  51x1073
Is,slow 53x1073 3.9%x 1073
I, 16x107°  1.8x1073
Iy 6.3x10719 0.5x%x 10710
I 1.4%x1072  1.0x1072

Table 8.2.: Theoretical infidelity contributions. The different noise contributionsto I =1— F
are obtained using Monte Carlo simulations (1000 time traces)°°! for the gates
used in Fig. 8.3a. All charge noise below 1 MHz is included in I 0w, using noise
strengths from Sec. 8.6.2. Faster charge noise is taken into account in Ig foc. The
infidelity due to hyperfine noise, Ixp, is much smaller than the charge noise contri-
butions. In the simulation, the gate was implemented perfectly as indicated by the
low unitary infidelity, I.

Since we cross the S-T- transition diabatically we avoid mixing with the |T4) level.
Since J(€) is turned back on adiabatically we measure in the basis {|1]),[{ 1)}

Data acquisition

Data is acquired in buffers with a duration of approximately 100 ms. Each buffer con-
tains ~ 20 repetitions of N ~ 1000 pulse sequences, and we typically measure between
10 to 1000 buffers in order to ensure good averaging over the slowly decorrelating AB;.
Every pulse sequence consists of an adiabatic initialization pulse to prepare |1]), qubit
manipulation pulses and adiabatic readout, which maps singlet and triplet probabilities
to [1)) and |]1) probabilities. In the following we refer to singlet probabilities p(|0))
whenever we mean the probability of measuring |1).

After each buffer, polarization pulses 3! are applied to stabilize the hyperfine gradient
AB.. Once in about 10° measurements we also read out a completely mixed state and
a triplet state as additional references. While the mixed state is prepared by rotating
around various axes with different J(€) for times on the order of a us, much longer than
the coherence time 75 of the qubit, the triplet state is prepared by precession of a singlet
state in the stabilized hyperfine field AB;.

We discriminate between singlet and triplet states by Pauli spin blockade. Using spin
to charge conversion!®), the resistance of an adjacent sensing dot depends on the spin
state and can be determined by RF-reflectometry?31. In this manner, we obtain different
readout voltages for singlet and triplets states, Ujsy and U, but cannot distinguish
between |Ty) and the triplet states |T).

We only switch the RF readout power on during measurements while leaving it off
during manipulation. The timing of this switching is chosen carefully to minimize the
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influence of transients on the measured voltages.
The voltages measured in a buffer, which contains about 20 repetitions of a sequence
of N ~ 1000 pulses, are processed in two ways:

1. All measured voltages are binned, irrespective of the pulse sequence or repetition
they are associated with, to obtain histograms of the readout values.

2. Measured voltages corresponding to repetitions of the same pulse sequence are
averaged, yielding N averaged voltages U.

Since data requirements differ between the various experiments, details about further
data processing and our readout calibration are given in separate sections, specifically
in Sec. 8.6.5, Sec. 8.6.5 and Sec. 8.6.5.

Data postselection

For all measurements, we automatically detect switching events due to charge traps and
remove the affected data points.

Furthermore we discard data where dynamic nuclear polarization (DNP) was not sta-
ble and deviated by more than +Gxp, ~ £271-2.5 MHz from the set point of AB; at about
2n-61.6 MHz.

While AB, postselection is performed to remove datasets with unstable DNP, this
procedure might also lead to increased gate fidelities. However, due to the relatively
weak influence of hyperfine noise on gate performance (see Tab. 8.2) we do not expect
this effect to be significant.

Mapping state preparation to measurement errors

In this section, we argue that state preparation errors can be mapped to measurement
errors. Hence, we only need to consider the latter in following discussions.

By definition, state preparation does not suffer from systematic errors as it defines
the computational basis states |0) and |1). However, the purity of the initial state can
be finite due to stochastic errors from incomplete relaxation to the ground state!?®! or
from a combination of imperfect adiabaticity and dephasing. As a check, we prepare
[11), let it evolve for varying times (between O ns and 24 ns in 1 ns increments) and read
out along different axes than z using diabatic pulses before the adiabatic readout. Since
the resulting readout voltages do not show sinusoidal oscillations, we conclude that
imperfect adiabaticity is not a problem for our initialization (dephasing should occur on
a timescale of 7, > 80ns).

Since we use the same sweep speed for the adiabatic ramps used for state initializa-
tion and readout, our readout should be along the same axis as the state preparation. We
check whether this assumption is justified by preparing different initial states than |1])
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(using diabatic pulses after the adiabatic initialization) and letting them evolve in the
hyperfine field at J(€p;,) for varying times (between 0 ns and 24 ns in 1 ns increments)
before adiabatic readout. The resulting readout voltages do not show sinusoidal oscilla-
tions. Thus, we can deduce that readout and initialization axes coincide with the rotation
axis at J(epin) since in neither case oscillations could be observed. Thus, readout and
initialization are performed along the same axis (up to measurement noise, which could
have been larger than a small sinusoidal signal). Note that readout and initialization can
still suffer from different stochastic errors.

Since it is impossible to discriminate stochastic state preparation errors from readout
errors, the state preparation can be treated as perfect and all state preparation errors can
be mapped to our adiabatic measurement?”). Adiabatic state preparation and adiabatic
measurement are performed along the same axis as explained above.

8.6.5. Readout calibration

In this section, we discuss how readout signals are processed for the different type of
data sets presented.

Self-consistent state tomography

For self-consistent state tomography (see Sec. 8.6.7 and Fig. 8.2d), we convert measured
voltages to singlet probabilities p(|0)) by fitting the bimodal histogram!!?! obtained
from binning the measurement data (see Sec. 8.6.4).

In contrast to Ref. 10, we observe excitation from |S) to |Tp) as well as relaxation
from |To) to |S). Since the standard model!%! does not fit our data well, we extend it
by including an excitation rate e from |S) to |Tp) in addition to the relaxation rate r. In
separate experiments we measure 7] decays in the (2,0) charge region where readout is
performed. From this data, we determine 77 and the steady state voltage Vss to which
states decay after long times in the (2,0) charge region. 7; and Vss are then used as
additional fixed parameters in the fit of the histograms. The resulting fits typically look
like the one in Fig. 8.6. Ujs) and Ut can then be calculated from the fit parameters and
correspond to singlet probabilities of p(|0)) = 1 and p(|0)) = 0.

We can now convert the averaged voltages to singlet probabilities p(|0)) € [0, 1] using
a linear transformation p(|0)) = 3(c.) + 3 = $(U +s) + 5 with coefficients ¢ and s
obtained from the fit. Inaccuracies from fitting of the single shot histogram do not
affect the tomography results as self-consistent state tomography is insensitive to state
preparation and measurement (SPAM) errors.
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Figure 8.6.: Readout calibration. We fit a readout model (light red)!'! to the binned readout
voltages of an entire buffer (dark red). The fitted underlying distributions of singlet
and triplet voltages are shown in blue and green, respectively. The 50th percentile
of each distribution is indicated by a dashed line. Extending previous work !, re-
laxation (from triplet to singlet) and excitation (from singlet to triplet) are taken into
account. The voltages corresponding to singlet Ujs), triplet Uy, and the completely
mixed state Uy are indicated.

Benchmarking

For our benchmarking experiments (see Sec.8.6.7 and Fig. 8.3) we perform a similar
calibration as described in the previous section for self-consistent state tomography
(Sec.8.6.5).

In addition, we now consider that long gate sequences create a significant [T ) pop-
ulation. For the readout calibration we have so far neglected that other states than |T)
and |S) might be populated. We have attempted to include |T) explicitly in the fit
model but found that this introduces too many additional parameters. To circumvent
systematic shifts of the fitted Ujsy and Uy, and achieve an approximate calibration,
we include an additional constraint in the histogram fit which enforces that the mixed
state reference voltage Uy always corresponds to p(]|0)) = 0.5. While we have not
quantitatively analyzed the error from this approximate procedure, we suspect that the
suboptimal contrast in Fig. 8.3 might be related.

As RB and all other benchmarking experiments performed in this work are insensitive
to SPAM errors, our readout calibration does not need to be especially accurate or pre-
cise. Specifically, the suboptimal contrast does not affect any figures of merit reported
in this work.

GAMBIT

For optimization with GAMBIT, the averaged voltages U; corresponding to the error
syndromes S; (as defined in Tab. 8.1) do not need to be explicitly converted to singlet
probabilities p(]|0)) or (G;) as in the previous two sections (Sec. 8.6.5 and Sec. 8.6.5).
Instead, U; = |U; — Uy /1| can be optimized without further calibration. In this expres-
sion Uyt corresponds to Uy if i = 1...6, otherwise the voltage Ur of the reference
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|To) state is used. The reference triplet state |To) is subject to decoherence because it
is prepared by letting |S) evolve in the hyperfine field at J(€yin) < AB;. Ur is obtained
by correcting the actual measurement result Uy, for the approximate loss in contrast of
the triplet preparation using the transformation Ur = Uy, + b(Uy — Um) with b ~ 1072
chosen according to 7" measurements. The exact choice of b is not crucially important
as long as reductions in the decoherence of the gate set result in a reduction of S7 and
Sg. Furthermore, S7 and Sg should be of comparable magnitude as the other syndromes
for optimal convergence. This can be achieved by choosing appropriate weights w7 and
wg in Eq. (8.15).

It is helpful to compensate fluctuations of the measurement contrast with the aid of
histograms to speed up convergence. With ¢ and s defined as in Sec. 8.6.5 this yields

S,’ = CU,' (86)
= |c(Ui+s) —C(UM/T—FS)’ (8.7)
= |Si—Swrl, (8.8)

which is the same relation as given in the main text.

8.6.6. GAMBIT

Error syndromes

The gate sequences from Tab. 8.1 used to extract the error syndromes are modified ver-
sions of the previously published bootstrap tomography!'37l. GAMBIT uses the infor-
mation obtained from the error syndromes in a specific manner explained in Sec. 8.6.6.
As described in the methods section of the paper and in Sec. 8.6.4, we adiabatically pre-
pare |1]) before applying any of the gate sequences from Tab. 8.1 or Tab. 8.3. At the end
of each gate sequence, we read out adiabatically, allowing us to discriminate between
[11) and [11).

Possible errors include decoherence and systematic errors, which can be categorized
as over-rotation and off-axis errors. We use the same parameterization for systematic
errors as in supplementary Refs. 90 and 137 and denote the rotation-angle error of the
/2, (t/2y) gate by 2¢ (2)) while axis-errors are described by ny,n; (vy,v;). Using this
notation, the unitary operator of the erroneous 7/2, gate can be written as

U, = exp|—i(n-06)(n/2+20)/2] (8.9)
T
withn = ( 1—n2—n2, n, nz> . (8.10)
Likewise, the unitary operator of the erroneous 7/2, gate is given by
U, = exp[—i(v-0)(n/2+42y)/2] (8.11)
T
withv = (vx, 1—vi—v2, vz> . (8.12)
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The first six sequences are sufficient to extract all systematic errors, and we introduce
two additional sequences to explicitly probe for decoherence. When the systematic
errors of the gate set are small, the amplification sequences in Tab. 8.3 are used instead
of Tab. 8.1, resulting in three-fold amplification of the rotation-angle errors 2¢ and 2y
and the axis-errors n, and v,. It is possible to achieve higher amplification by repeating
the gate sequences multiple times but this also increases the overall decoherence. Since
decoherence can lead to systematic shifts of the syndromes, the extracted error signature
becomes less reliable for long gate sequences.

equences U; arametrization i
S U, P izati S
(m/2:)° 60 = S
(7‘:/2y)3 6y = S
/2y o w/2)* —2%—3n,—n,—20-3v,—v, = S3
(1/2) o (n/2) Mybn—vetv, = Si
(1/2,)° o (m/2y) ny+n.+ve—v, = Ss
(TE/ZX) © (n/2y>3 ny - nz + vx + VZ = S@
(TI:/ZX)Z dx = S7
(n/zy)Z dy = Sg

Table 8.3.: Amplifying gate sequences. To first order, the outcome of the measurement
Tr(c.U;10) (0] UiT) = §; depends linearly on the gates’ rotation-angle errors 2¢ (2y),
the axis-errors ny,n; (vy,v;) and decoherence d, (dy) of the m/2,-gate (/2,-gate).
Parametrization defined in the text and in supplementary Refs. 90 and 137. Here,
the amplification sequences used for GAMBIT are shown.

Insensitivity to measurement errors

In this section we discuss GAMBIT’s insensitivity to SPAM errors. As pointed out in
Sec. 8.6.4, all adiabatic state preparation errors can be mapped to the adiabatic measure-
ment. Thus, we can focus solely on measurement errors in this section. Furthermore,
we have discussed in Sec. 8.6.4 that the state preparation axis and measurement axis
align in our system. Since GAMBIT works with only one readout axis and does not
require precalibrated gates, the relevant readout errors can be captured by a reduction in
contrast §,. (0 < 9, < 1) and a shift §; (—1 < §; < 1) of the measurement results.

These parameters capture that measuring the error syndrome S; will generally not
result in the correct voltage U; but instead yield Ui’ = 8.(U;+ 8s). Note that some further
constraints on §, and d; are needed to ensure that the measurement stays physical. As
described in Sec. 8.6.5, GAMBIT optimizes

Si = |c(8:U; + 8.8+ ) — c(8:Un + 8.5 +5)| (8.13)
= [e8c(Ui — Um) (8.14)
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so that shifts 9, are of no consequence.

Changes in the measurement contrast o, will lead to slower convergence as discussed
in Sec. 8.6.6. However, the feedback loop should still converge to the same target as
|cd.(U; — Unm)| is always zero for a perfect gate set, irrespective of d.. As pointed out in
Sec. 8.6.5, histograms of the measured voltages can be used to determine ¢ so that ¢,
is approximately constant. Hence, GAMBIT can be made insensitive to fluctuations J,
as long as ¢d. does not change significantly between GAMBIT iterations.

Feedback loop

Before the feedback loop is started, we perform a scaling analysis to compensate shifts
in J(¢). To this end, we independently scale the € pulses of both gates. Specifically, we
scale the amplitude minus the baseline, 8§ — €min, bY 20% in increments of 4 % and
measure all 8 error syndromes for each scale factor. We start the iteration with the best
scale factor chosen separately for each gate.

For the iterative control loop we use the Levenberg-Marquardt Algorithm (LMA),
which requires derivatives of the objective function to compute an update. Throughout
this work, the LMA iteratively solves the problem

~ - - 2
min ‘ ( Si-6(5), wiSa(e5), wsSs(ed) ) ‘ , (8.15)
J

where S;_¢ is a six-component row vector consisting of the first six error syndromes
Si,i=1...6 (see Tab.8.1 and Sec. 8.6.5). This minimization problem is a slightly mod-
ified version of Eq. (2) from Ref.90. The weights w7 and wg should be chosen such that
the vector components do not differ by orders of magnitude. Here, they were chosen
heuristically as 0.5 so that the last two vector components are approximately propor-
tional to the decoherence of a single gate (S; and Sg are obtained by applying 7/2, and
T/2, twice, respectively).

We use the LM A because we found in simulations that derivative free methods such as
the Nelder-Mead algorithm (NMA) typically take at least an order of magnitude more
iterations than the LMA to converge well. This of course only holds true as long as
derivatives can be reliably measured. Minimizing the number of iterations is important
as pulse updates on our arbitrary waveform generator (AWG) and reference measure-
ments take about 2 min during which we cannot acquire new data. On the other hand we
can perform on the order of 103 measurements per second once pulses have been up-
loaded to the AWG. Consequently, we would like to minimize the number of iterations
rather than the number of measurements.

We estimate the derivatives required for the LMA from measurement data using for-
ward finite differences with a fixed step size. It is important to choose a finite difference
step size which is large enough so that the numerical derivatives are not dominated by
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measurement noise. However, the estimation error becomes larger for large step sizes.
The optimum step size depends on the curvature and magnitude of the objective func-
tion. Since curvature and magnitude depend on the point in parameter space and are not
generally known, we simulate GAMBIT, and find a step size h = 0.2g...0.3¢p to be
optimal for a noise level of 1 x 1072 of the measured singlet probability p(|0)). These
values also work well in our experimental setup.

Opverall, one iteration takes about 10 min. This includes the time needed for measur-
ing the finite differences, pulse updates on the AWG and post-processing of the data on
a standard desktop computer.

Convergence

Not considering large charge rearrangements, the speed of convergence is similar to
what we expect from simulations!®®l, where SPAM errors were completely disre-
garded. As mentioned in Sec.8.6.6, GAMBIT should be insensitive to slow shifts
of the readout voltages. But slow changes in the measurement contrast d. will affect
S; = |c8.(U; — Un)| if not compensated by a different choice of ¢ so that ¢8. remains
approximately constant. If this is the case, derivatives dS;/ de‘? cannot be reliably mea-

sured and suboptimal updates of the pulse parameters 8‘3 will be performed. Since the
speed of convergence is similar to the simulations, choosing ¢ from histogram fits seems
to work well.

As in the simulations®"), convergence stops when the noise floor has been reached.
For our experiments, we measured enough data points for each different gate sequence
so that a noise level of approximately 1072 of (5,) = 2p(|0)) — 1 is obtained. With this
noise level we find that convergence typically stops when the signals S; are on the order
of 10~!. However, the simulations converge to lower syndromes S; ~ 3 x 1072 for the
same noise level ®1. This discrepancy could arise from specific forms of gate related
decoherence which affects S;. Additionally, charge drifts in our noisy sample could lead
to changes in the detuning € (which is equivalent to a change in Jy) and hence slowly
shift the target during the optimization.

Furthermore, relatively frequent charge rearrangements complicate matters. These
typically lead to large changes in J(€) and dramatically affect which pulse parameters
8§ are optimal. If charge rearrangements occur within an optimization run, we proceed
as follows: Initially, we wait for the dot to return to the previous configuration and
discard the data recorded in the wrong dot configuration. While there seem to be less
than 10 different dot configurations which can be explained by several nearby charge
traps, it can take a long time (up to days) for the dot to return. Thus, we manually
tune the dot back to a working configuration if the original configuration has not been
restored after a short while (~ hours). As gate performance is very sensitive to the exact
functional form of J(€), manual tuning of the dot typically leads to a deterioration of
gate fidelity. Depending on the amount of tuning required, we can either continue with
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the optimization (see for example Fig. 8.2e) or need to start from the beginning.

8.6.7. Gate benchmarks

Self-consistent state tomography

Following Ref. 29, we calibrate the self-consistent state tomography using five FID
experiments for five different initial states with the exchange interaction switched off
(€ = €min). For each free evolution, multiple points are read out along six different mea-
surement axes. This overcomplete set allows us to determine the five initial states and six
measurement operators from a self-consistent fit. Following the argument in Sec. 8.6.4,
we assume for the fit that the axes of adiabatic state preparation and measurement align,
and that all initialization errors can be mapped to the measurement.

Any unknown state is consequently read out using the six measurement operators
known from the calibration. Since this again results in overcomplete information as only
three linearly independent measurement operators would be needed, the unknown state
is determined as the best fit (in the least-squares sense) to the overcomplete information.
The states for different evolution times of FID experiments reconstructed in this way are
shown in Fig. 8.7, showing good agreement with the expected trajectories.

a b

W1)=1) =1

I11)=[0) Y =) Y

Figure 8.7.: Self-consistent state tomography. FID experiments at J = 0. The states indicated
by dots are reconstructed from an overcomplete set of information, using six differ-
ent measurements. a The state |0) shown by the red dots is an eigenstate and does
not evolve. This is different for the initial state of the other FID experiment and the
state shown in blue in panel b.

The gate trajectories in Fig. 8.2d are obtained in the same way. The gate operation
is stopped in increments of 1 ns and the resulting final state read out. There is a small
caveat however. The state tomography was calibrated for readout pulses which start at
€ = €nin. While the gate operation returns to €y, in the end, intermediate points may
be at € > €,i,. Due to finite bandwidth effects, the measurement operator will then vary
with € and might be different than in the calibration. Thus, readout is only reliable if
the previous operation has already reached €p,;, before the state is read out (including
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finite rise times). Such concatenation errors contribute to the deviations between the
trajectories shown in Fig. 8.2¢ and Fig. 8.2d when the exchange interaction is switched
on.

Randomized benchmarking and leakage

For randomized benchmarking (RB), we compose Clifford operations from the primi-
tive gate set according to Tab. 8.4, resulting in an average of 3.75 primitive gates per
Clifford. This procedure is commonly used in other works which use RB for gate char-
acterization, e.g. by Ref.142. In addition to the benchmarking experiments mentioned
in the main text, we also apply standard randomized benchmarking (RB) without taking
leakage into account.

0.9
0.8 b F =(99.0740.04) %
N [}
2 07 %
A %
0.6 \
0.5 -~

. 2 P
0 20 40 60 80
x = Average Clifford gate count

Figure 8.8.: Standard randomized benchmarking. The data points shown in dark red are
the same as in Fig. 8.3a. The light red curve shows a standard randomized bench-
marking fit which yields a gate fidelity of 99.07(4) %. When leakage is taken into
account, a lower gate fidelity of 98.5(1) % is extracted (see Fig. 8.3a).

Fig. 8.8 shows a fit applied to the data shown in red in Fig. 8.3a, yielding a gate
fidelity of 99.07(4) %. The standard fit model?”! with x denoting the number of applied
Clifford gates (without the inversion gate)

pre(|0))(x) =A-(1-2r)"+B (8.16)

yields the fit coefficients shown in the first column of Tab. 8.5.

Since this fit model does not explain why the signal decays below p(|0)) = 0.5,
we combine it with a recently developed modified leakage randomized benchmarking
(LRB) protocol 126! which omits the last Clifford gate from each RB sequence, resulting
in the data shown in blue in Fig. 8.3a. We then simultaneously fit the equations

pre(|0))(x) = A-(1=2r)*4+B-(1-1)"+C (8.17)
pire(|0))(x) = D-(1-1)""'+E (8.18)
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to the red and blue data set, respectively. This yields the fit coefficients shown in the
second column of Tab. 8.5 from which the average fidelity (98.5+0.1) % and leakage
rate (0.4+0.1) % for the primitive gate set from Fig. 8.3a are extracted. The leakage
rate [ reported here is the sum [ = [~ +[/7¢, where 7! denotes leakage out of the
computational subspace into the leakage subspace and I/ 7€ leakage from the leakage
subspace to the computational subspace!'?6l. While the origin of leakage is not ab-
solutely clear, we conjecture that leakage occurs into |T4) since our gate pulses get
closer to the S-T. transition than assumed in previous simulations!®”). The presence
of a single leakage level is supported by the fact that p(|0)) roughly approaches 1/3
(C =0.3557). Since p(|0)) corresponds to a singlet probability p(|S)) due to the adia-

Primitive gates Clifford gates
(m/2,)* (1)
(m/2:)? ()
(m/2y)? (my)
(m/2:)* o (m/2y)? (m;)
(m/2y) o (m/2) (m/2y) o (m/2)
(m/2))° o (m/24) (n/25) o (m/2)
(m/2)) o (m/2:)° (m/2y) o (m/2%)
(m/2))* o (m/2:)° (n/25) o (m/2%)
(m/2c) o (m/2y) (m/2c) o (m/2y)
(m/2:)° o (m/2y) (n/28) o (m/2y)
(m/2) o (m/2))° (t/25) o (m/2)
(m/2,)° o (m/2))} (t/25) o (m/25)
(/2x) (/2%)
(m/2:)° (/25)
(m/2y) (m/2y)
(m/2,)° (/25)
(m/2,)° o (7'l7/2y)3 o (m/2) (m/2;)
(m/2:) o (m/2))° o (m/2.)° (m/2z)
(m/2y) o (m/2:)? (t/2y) o (M)
(m/2y) o (m/2:)? (t/25) o (M)
(M/2:) o (m/2y)? (t/2¢) o (my)
(m/2:)° o (m/2y)? (n/2) o (my)
(M/2) o (m/2y) o (7/2%) (W/2:) o (w/2y) o (W/2)
(M/2:) o (m/2y)* o (m/2) (m/2) o (m/25) o (m/2)
Table 8.4.: Clifford operations. Sequences of primitive gates used to perform Clifford opera-
tions.
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Eq. (8.16) Eq. (8.17-8.18)

I 0.0154 +0.0045
r 0.0349+0.0015 0.0559 +0.0052
A 0.390240.0065 0.298340.0182
B 0.412540.0023 0.163440.0179
C 0.3557+£0.0199
D 0.1408 £0.0169
E 0.3553+£0.0208
x2/dof 2.2 0.9

F 0.9907 4+0.0004 0.985140.0014
L 0.004140.0012

Table 8.5.: Randomized benchmarking fits. Fit coefficients (with statistical errors) of different
models fitted to our randomized benchmarking experiments.

batic readout (see Sec. 8.6.4), the asymptote is consistent with |S), |To) and |T;) being
occupied with the same probability when x — co. While C is sensitive to SPAM errors,
it clearly deviates from 0.5. Thus, leakage represents the most plausible explanation for
the observed second decay rate, irrespective of SPAM errors.

In addition to leakage, another caveat in RB are gate-dependent errors which are
likely to be present here since the Clifford operations are generated from a limited prim-
itive gate set. If we add a term for gate-dependent errors of the form F (x — 1) (1 —2r)*—2
in Eq. (8.17)1271431 the other fit coefficients change only slightly while F turns out to be
insignificantly different from zero. However, the errors on r, A and F are rather large (on
the order of 10). This indicates that the fit cannot distinguish between the added term
and A - (1 —2r)*. The fit is therefore not conclusive. However, numerical simulations
suggest that even in the case of gate-dependent errors or 1/ f-noise, benchmarking pro-
vides a “better than a factor-of-2 estimate of the average error rate” (p.11 of Ref.125).
Thus, gate-dependent errors should not significantly influence our fidelity estimate.

Similar to RB, the derivation of the fit model for the leakage protocol assumes gate-
independent noise. However, numerical simulations suggest that the protocol is robust
even if gate-dependent noise is present!!2%l. Furthermore, the gate operations are re-
quired to form a unitary 1-design on the leakage space together with random =+ phases
between leakage and code level!!?]. Since we do not have control over the leakage
space and cannot read it out separately, this is hard to check for our nontrivial gate
operations.

While we cannot check whether all formal prerequisites of the leakage protocol are
satisfied, the exponential model fits the data well in the limit of long gate sequences so
that the extracted rate itself is reliable. Furthermore, decoherence in the code space is
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nearly complete for gate counts greater than 200 so that leakage is the only physical pro-
cess driving the slow decay. Since the omitted correction gate corresponds on average
to an intentional inversion and only leaked states would not be driven to p(]|0)) = 0.5,
it seems plausible that this rate is proportional to the actual leakage rate. We conclude
that the fitted rate should therefore give a good indication of the actual leakage rate.

Error amplification

To separate systematic errors from decoherence, we measure repetitions of /2, m/2,
and mt/2,0m/2,. These sequences amplify over-rotation and axis errors, and typically
result in data as shown in Fig. 8.3b. We fit this data using the parameters of two unitary
operations given by rotation axis times rotation angle 0 - 7i, the probabilities pgepor of an
added depolarizing channel, and separate leakage rates L for each of the two gates. We
do not model the whole leakage space, but rather include leakage phenomenologically
by subtracting a fraction p(|0)) — (1 — L£)p(]|0)) with each applied gate since we are
more interested in systematic effects rather than extracting a meaningful leakage rate.
Thus, this approach should be sufficient to capture most of the effect of leakage, which
will be small in the limit of short gate sequences anyway. All fit parameters are given in
Tab. 8.6. The systematic fidelity Fys is calculated by removing the depolarizing channel
and leakage from the gates so that only systematic errors remain.

Since our simplified decoherence model does not explain the observed behavior for
a gate count larger than 12, and we are mainly interested in systematic errors, only the
first 12 data points are fitted (solid light blue line in Fig. 8.3b). Fitting only data points
not severely affected by decoherence should allow for a more reliable determination
of the systematic errors because specific forms of decoherence can produce a behavior
similar to systematic errors in these experiments. We are able to fit several periods of the
oscillatory signal in the upper two panels of Fig. 8.3b and thus expect that the extracted
rotation angles are accurate. Since the first 12 data points in the lower panel correspond
only to about 1.5 periods, the extracted axes should be less accurate than the rotation
angles.

The fit yields over-rotation errors of 1.5° and —3.5° and an angle between both ro-
tation axes of 85.4°. The non-amplifyable angles with the z-axis are determined to
be 98.4° and 83.9°. Overall, these deviations correspond to Fsys = 99.3 %, excluding
decoherence. As RB yields F = (98.1 £0.2) % for this gate set, we conclude that deco-
herence and systematic errors contribute roughly equally. It is noticeable that while the
leakage rate matches the one extracted in Fig. 8.3a for different gates, # differs from
the RB result by about 2 percentage points. This is likely due to the simplified deco-
herence model, as otherwise the data points at higher gate counts would also be fitted
well. In reality, decoherence can not be explained by a simple depolarizing channel
due to the significant amounts of slow noise present. While Markovian depolarization
would produce exponential (7>-like) decay laws, non-Markovian errors will lead to a
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8.6. Supplementary Information

/2 /2,
0-ny 1.5359 0.1461
0-n, 0 1.4934
6-n, —0.2281 0.1614
Pdepol 00624 0.0647
L 0.0051 0.0021
Fsys 0.9928 0.9926
F 0.9620 0.9608

Table 8.6.: Systematic errors. Fit parameters of the fit in Fig. 8.3b which is used primarily to
extract systematic errors of the gate set.

quadratic (75'-like) decay arising from constructive interference or repeated errors. In
the non-Markovian case, the infidelity corresponds to the initial decay so that fitting a
Markovian model, as we do here, would overestimate the infidelity.
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9. Dynamical nuclear polarization by
hyperfine mediated electric dipole
spin resonance

9.1. Introduction

We experimentally investigate the potential of a feedback mechanism that relies on elec-
tric dipole spin resonance (EDSR) for narrowing nuclear Overhauser fields and its ef-
fectiveness for extending qubit coherence time. Compared to the previously developed
feedback mechanism!!3! used in experiments throughout this thesis (cf. Ch. 5), this po-
larization scheme promises higher and more stable pump rates (as it does not rely on
time-consuming adiabatic Landau-Zener sweeps across the ST -transition) and the abil-
ity to set local magnetic fields in each half of a double quantum dot instead of stabilizing
only a gradient between dots.

The functionality of this scheme is discussed theoretically in great detail in Ref. 139
and relies on the application of two AC-electrical fields, slightly detuned from the de-
sired Larmor frequencies of the electrons in each individual dot. To set and stabilize
for example the Overhauser-field of the left electron, we first initialize the qubit in an
1) state (left spin is pointing up) and apply an electric microwave signals with a fre-
quency f1 = fo — Of, slightly offset from resonance of |1|) and |||) at the desired
hyperfine field. By shaking the electrons relative to the lattice, the AC-electric field is
transformed to an AC-magnetic field by a spatial variation of the transverse Overhauser
field, providing the perpendicular component to the external magnetic field required for
driving EDSR transitions of the left electron from [1) to ||). Subsequently, we initialize
a |J1) state and apply a microwave pulse with a frequency offset in the other direction
f2 = fo+9f. Starting in a well defined state, spin transfer occurs in opposing direc-
tion at different frequencies, with a maximum in the spin transfer function at resonance.
The resulting pump curve is schematically depicted in Fig. 9.1a and shows a fixed stable
point at the zero-crossing of the combined pump curve. This scheme alone allows to
set and stabilize the Overhauser-field of the left dot. Applying the same scheme at a
different fixed frequency for the right dot further allows to set and stabilize a gradient
between the dots.

With a spin transfer rate of one spin per 100 ns!'#, an increase of about two orders
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of magnitude, this EDSR based DNP scheme promises to out-perform DNP based on
Landau-Zener sweeps across the ST -crossing. The higher pump rate directly translates
to a larger feedback effect and thus a better stabilization of the nuclei and resulting
coherence time up to a few microseconds!'3*! can be expected (compared to Ty ~ 150ns
using the pulsed DNP scheme).

9.1.1. Experimental setup

The system studied in this chapter is identical to the setup used in Ch.5-8 with the
addition of an RF-source connected to one of the RF-gates via a directional coupler (see
Ch. 4.2.2 for further details).
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Figure 9.1.: Pump curve and energy diagram for two separated electrons. a Alternating
between the two pump pulses |1)) and ||1) with slightly detuned frequencies re-
sults in a feedback pump curve (purple) that stabilizes the hyperfine field at By, for
the left electron. b The degeneracy of two tunnel-coupled but well separated elec-
trons is lifted by a magnetic field gradient AB; = (Bnyc L. + Bnuc,r)/2. Initialized in
the |1]) state, two EDSR transitions to 7% should be visible, depending on which
electron is flipped.

9.2. Results

In the following chapters, I will discuss first experiments that locate and identify the two
EDSR transitions of the two separated electrons in the two dots. I further discuss exper-
iments that investigate to what extent driving these transitions affects the surrounding
nuclear bath and will address open questions.
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Figure 9.2.: Data acquisition. In order to resolve the EDSR transition of two separated elec-
trons, the data acquisition was slightly changed compared to Ch.4.6. Limited by
the maximum hardware sweep rate of 5 ms/frequency step, we average over 1000
EDSR pulses per frequency with a typical experiment length of 5 us. In each pulse
the qubit is first initialized in a S(2,0) state and then adiabatically ramped to a
more negative detuning, staying in the ground state |1]). Once detuned, a 1.5 us
long microwave pulse is applied, followed by an adiabatic detuning back into (2,0)
for readout. To counteract slow 1/f-noise between different frequency steps, we
employ a lock-in technique and alternate between pulses, applying RF-signal and
pulses where the RF-burst is switched off. Only measuring the difference between
these pulses allows for high quality data acquisition, investigating only the effect of
the applied RF-radiation.

9.2.1. Locating the EDSR transitions

In order to locate the two EDSR transitions, we perform electron spin spectroscopy
using fast frequency sweeps as a function of the detuning € between the two dot, as
depicted in Fig.9.2. We first initialize the two-electron qubit in the S(2,0) state and
adiabatically separate the electrons into the two dots staying in the [1])-state. Note,
we quickly move across the ST -transition to avoid unintentional spin-flips of the elec-
tron spin. Once separated, we apply a high frequency burst, typically 1.5 us long, and
adiabatically ramp back to the (2,0) charge configuration to measure the singlet return
probability Ps.

Initially an Agilent N5183A RF-source was used to perform the fast frequency sweep.
The Agilent RF-source experimentally limits the maximum accurate sweep rate to
5 ms/frequency step. Given that a typical measurement cycle, as described above, lasts
S us, this allows to average over 1000 measurements per frequency (see Fig. 9.2). In or-
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der to counteract slow noise pick up due to the slow repetition rate, we exploit a lock-in
measurement technique, only applying the RF-burst to every second pulse sequence and
recording the difference between two subsequent measurements.

In a first, coarse overview scan of the spectrum (Fig.9.3a) two resonances are vis-
ible which can be identified as the ST, and ST_ transitions. Note, as the exchange
interaction J(€) vanishes for large detuning, these resonances appear at nearly the same
frequency and are independent of the detuning €. For this reason, fast frequency sweeps
are indispensable to locate these transitions. For two separated electrons (large €), the
energy degeneracy of |1]) and || 71) is lifted by a hyperfine gradient AB, that fluctuates
with an rms-value of ~ 10 MHz (see Fig.9.1b). In order to measure the EDSR reso-
nances, the frequency resolution is increased to 1 MHz in a subsequent measurement,
shown in Fig.9.3b. Indeed, a single resonance becomes visible for detunings above
1.5 mV which shows the characteristic fluctuation of an Overhauser field in GaAs.
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Figure 9.3.: Locating the EDSR transition. a Fast frequency scans as a function of qubit de-
tuning € reveal two transitions (1,1)S—(1,1)T., indicated by a higher triplet return
probability (more positive V¢). When separating the two electrons, these lines fade
until they are no longer visible at high detunings. b Increasing RF-power and res-
olution of the scan (= 1 MHz/step) uncovers the hardly-visible transition between
IT) — |{d). As the RF-power is applied to the left RF-gate, it is more likely to
flip the left electron spin than driving the |[1|) — [11) transition. The transition
frequency fluctuates around the Larmor frequency of 2.7 GHz with an rms-value of
approximately 10 MHz, characteristic for spin diffusion of the Overhauser-field.

The output power of the rf-source was set to +4 dBm which translates to an estimated
power of -45 dBm at the sample (an voltage of around 4 mV peak-to-peak). For higher
powers, strange resonances occur, probably associated with crossing the ST, -transition

138



9.2. Results

or the inter-dot transition.

For a yet not fully understood reason, the visibility of the EDSR transition of 1.5 mV
is rather low compared to the regular singlet-triplet contrast of 6 mV (see for example
Figs. 6.7 and 8.6). To ensure that a burst time of 1.5 us is sufficiently long to create a
50:50 mixture of S and T, we perform a measurement varying the length of the applied
RF-burst. Because the EDSR transition is not visible in each scan line, we repeat each
burst time five times and only take the maximum contrast into account. From the results,
depicted in Fig. 9.4, we find that visibility stalls once 1.5 us long RF-bursts are reached,
similar to the findings in Ref.144. Experiments extending the burst times to > 5 us (not
shown) do not show higher visibilities.
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Figure 9.4.: Burst time. The read-out voltage Vs proportional to the triplet return probability
as a function of the time T of the RF-burst. As the visibility of the transition is rather
low, each point was taken as the maximum visibility of five scan lines at the same
burst length. For burst times longer than the Rabi-period, T > 1/Qg, the triplet
probability levels off at 50% when repeatedly probing the Gaussian distributed fre-
quencies Qr. For a Rabi frequency of Qr ~ 1.8 MHz"**, burst times T > 1.5us
show the highest visibilities.

As already explored in several other works![!4+143:146] ' the width of the EDSR reso-
nance depends on the sweep direction. A comparison between sweeps performed from
lower to higher frequencies and vice versa is shown in Fig.9.5a,b. Sweeps using in-
creasing frequencies reveal a dragging effect of the EDSR resonance towards higher
frequencies, while sweeping downwards only shows one sharp resonance. For hyper-
fine mediated EDSR driving, flipping the electron spin causes a nuclear spin flop which
increases the local Overhauser field. Hence, when sweeping from low to high frequen-
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cies, the EDSR resonance is locked to the external driving, with a pump rate given
by the sweep speed (=20 MHz in our case). Inverting the frequency direction brings
the transition out of resonance with the external driving and only a sharp peak is de-
tectable. Performing downward sweeps, a second EDSR transition, corresponding to
the second electron in the other dot becomes visible (see Fig.9.5b). As we only ap-
ply the RF-pulses to the left dot, the visibility of the second resonance is even lower
and we assume that this transition can only be detected when sweeping in the direction
locking the Overhauser field to the external driving (which corresponds to the opposite,
non-locking sweep direction for the first resonance in Fig. 9.5b).
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Figure 9.5.: Dependence on the sweep direction. a Repeatedly tracking the EDSR transition
by sweeping from low to high frequencies reveals a dragging effect. Hitting the
resonance condition increases the local nuclear field and hence the nuclear spins
get locked to the microwave burst. The maximum pump rate is equivalent to the
sweep rate of 20 MHz/s in this case. b When reversing the sweep direction, the
resonance condition is only fulfilled for a small frequency range and the dragging
effect vanishes. When sweeping from high to low frequencies, a second EDSR
transition becomes visible (that now shows the aforementioned dragging effect),
originating from the second electron in the adjacent dot.

To unambiguously identify the two resonances, we keep track of both transitions by
performing downward sweeps while changing AB, using pulsed DNP between different
scan lines. When changing AB,, the distance between the two peaks varies, as can be
seen in Fig.9.6a, indicating that the two peaks indeed represent the two EDSR reso-
nances of the two electrons. Simultaneous recordings of AB; by means of free induction
decays (see Fig. 9.6b) allow to plot the two EDSR frequencies as a function of AB,. The
peak position was extracted manually in each scan line and when a broad resonance oc-
curred the lower frequency edge was chosen. Although the extracted peak frequencies
/1 and f; scatter a lot, f; shows a decreasing trend with increasing AB, whereas f> is
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Figure 9.6.:

Extracting the hyperfine field gradient AB,. a Performing fast frequency sweeps
for completely separated electrons, sweeping from high to low frequencies, reveals
the EDSR transitions for the left and the right electron. As pulsed DNP is used
to vary AB; between scan lines, the EDSR resonance frequency varies over time.
b Interleaving experiments performing free induction decays about AB; allows in-
dependent and simultaneous measurements of the field gradient. We use regular
T, -pumping to decrease AB, between scanlines. ¢ Manually extracted peak posi-
tions for the to EDSR transitions f; and f, plotted against ABz (Only scanlines with
two resonances are included). As suspected, DNP based on Landau-Zener sweeps
across the ST transition mainly influences the Overhauser field of one dot. d We
can identify the two resonances with the respective Overhauser field of the left and
right dot by plotting the frequency difference A fgpsr against the independently de-
termined values for AB,, which show a strong correlation. Deviations from perfect
correlation (solid line) occur by dragging of one of the EDSR transition due to po-
larizing effects and because both measurements are not performed simultaneouslir
(different scan lines are taken ~ 2 s apart). 14
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mostly constant (see Fig. 9.6c). This effect indicates that polarization predominantly
takes place in one dot, as expected for pulsed DNP. Of course, we cannot exclude any
polarization effect by the EDSR pulse itself, which also should only polarize one Over-
hauser field.

Plotting the difference between the two peak positions Afgpsr = f> — f1 as a func-
tion of AB, reveals a strong correlation between the two values, indicating that the two
resonances can indeed be identified as the two EDSR transitions of the two electrons in
the double quantum dot.

9.2.2. Pumping the nuclear bath

In order to explore the effect of EDSR driving on the local hyperfine field, we repeatedly
track one of the EDSR transitions using downward frequency sweeps and apply addi-
tional frequency sweeps between different scan lines in order to polarize the Overhauser
field. The initialization state (|1].), |4 1) or [171)), frequency range, set point, sweep speed
and direction is manually set for each polarizing sweep using a graphical user interface
during the actual measurement.

In Fig.9.7 we perform an experiment alternating between |1]) and |]1) polarizing
pulses, shifting the EDSR resonance back and forth inside the measurement window.
Starting with |} 1) polarization and a downward sweep direction (from higher to lower
frequencies) on the first eight scan lines, we notice a decreasing EDSR resonance fre-
quency indicating a lowering of the local Overhauser field. The frequency range of the
polarizing sweep was in the order of 50-100 MHz centered around the resonance condi-
tion, adjusted manually during the experiment. We then switch to |1]) pumping and an
upward sweep direction. Pumping in opposite direction increases the Overhauser field
and hence the EDSR resonance frequency. Alternating between the two polarization
schemes shows a sawtooth-like pattern, as can be seen in Fig. 9.7a.

In a next step, we combine the two polarizing pulses by first initializing in a |1)
and upwards frequency sweep with a bandwidth of 50 MHz and then immediately po-
larize in opposite direction by initializing a || 1) and sweeping downwards. The center
frequency and the bandwidth of the polarizing frequency sweeps are manually adjusted
between different scan lines and aim to stabilize AB; at around 2.5 GHz. The result of
this experiment is shown in Fig. 9.7b. Indeed, applying the EDSR pump scheme seems
to prevent a drifting of the Overhauser field for the whole measurement time and the
EDSR resonance can always be found close to the stable point at 2.5 GHz. However,
the exact position of the resonance is still subject to a lot of fluctuation, indicating in-
sufficient pump rates of the pump pulses or broad pump sweeps. Especially the effect
of the |}1)-pumping is questionable, as its efficiency is rather low and relaxation of
polarization would also reduce the Overhauser field. Furthermore, repeating the same
experiment, also at different stable points, does not show a high success rate.
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Pumping the nuclear bath. a Repeatedly tracking the EDSR transition sweep-
ing from high to low frequencies in order to minimize unintentional pumping. In
between scan lines, pump pulses consisting of frequency sweeps across the EDSR
transition with manually adjusted bandwidth, are applied to the qubit. In the first
couple of scan lines these pulses comprise an || 1) initialization and a upward fre-
quency sweep, intended to lower the local Overhauser field. Indeed the EDSR peak
is slowly shifted to lower frequencies. Starting from scan line eight we switch to
|Tl) pump pulses and reverse the sweep direction. The local Overhauser field is

increased and the EDSR peak position shifts to higher frequencies.

b Applying

the EDSR pump scheme between scan lines prevents drifting of the Overhauser
field. It still fluctuates and the effectiveness of the pumping, especially the |} 1), is

questionable.

B-field dependence

In the last section we have concluded that low pump rates limit the efficiency of the
introduced pumping scheme which relies on hyperfine mediated EDSR. A competing
mechanism that is also able to drive EDSR transition, is spin orbit interaction (SOI)
which couples the spin of the electron to its momentum. As introduced in Chapter 2.5,
the electron then additionally experiences a SOI-field! whose direction depend on the
direction of electron displacement. In case the SOI-field is perpendicular to the external
magnetic field, SOI predominantly drives the EDSR transition. In previous experiments
using the “legacy* device layout that included big plunger gates on the sides of the quan-
tum dots, the direction of the electron displacement was obvious and parallel to the dot

'an additional classical magnetic field
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combining axis. By choosing Bey; either parallel or perpendicular to this direction, SOI
could be switched on!'!3! or off!!44l, Ref.45 concluded that even a slight misalignment
of 5° leads to a quenching of hyperfine mediated DNP. Determining the direction in
which the electron moves when applying AC voltage to the RF-gates in the device lay-
out used in this work, is non-trivial, as it depends on the exact location and potential of
the electrons, and changes with different dot tunings. As it is not possible to minimize
SOI by choosing the direction of Bex; in advance, we conducted an experiment rotating
the in-plane external magnetic field in steps of 5mT about 180°. Although this proce-
dure should reveal the direction of minimal SOI in principle, conducting the experiment
was somewhat cumbersome as for each B-field direction the resonance needed to first be
located and then the pumping rate had to be extracted manually. Determining the latter
was additionally complicated as no standardized extraction method for the rate was yet
established.

With no data to show?, we want to point out that the following B-field directions
showed interesting characteristics and need further investigations. First, at +40° (with
+90° pointing perpendicular to the line connecting the two quantum dots) an effect
occurs that seems to stabilize AB, at 0 mT, also known as the Zamboni-effect. This
phenomenon will be further discussed in Ch.9.2.2. Note that this effect also occurs at
different magnetic field directions, but more frequently at +40°. A second interesting B-
field direction would be -85° as the EDSR transition here barely showed any movement
at all, indicating a very strong SOI. Hence, perpendicular to this direction one might
find a vanishing impact of SOI on the EDSR signal.

Zamboni effect

An early experiment!!'47! in GaAs double quantum dots found a factor 70 suppression
of qubit dephasing when applying the regular S-pumping cycle. This effect was later
termed Zamboni-effect in Ref. 148 for smoothing the fluctuating Overhauser field simi-
lar to a Zamboni ice resurfacer. Even though this effect could be attributed to a visibility
loss at high nuclear polarization in a later publication 80!, the term Zamboni for stabi-
lizing the fluctuating nuclear hyperfine field was established.

In our case, we sometimes experience a phenomenon that seems to stabilize the hy-
perfine gradient AB, at 0MHz. In the absence of a gradient, |1]) and ||T) become
degenerate resulting in an unpredictable initialization and readout. Hence, whenever
AB;, approaches 0 MHz the lock-in-type measurement outcome of a frequency sweep
looks like jitter or noisy zig-zag patterns. This behavior is clearly visible in later scan
lines of Fig.9.8a, but also occasionally visible in other spectra throughout this chap-
ter. When performing a frequency sweep from low to high frequencies, that usually
increases the Overhauser field, this behavior sometimes continues through a whole scan

2This experiment was performed before the two EDSR transitions were identified.
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line, indicating a stabilization of AB; at 0mT for the whole measurement time of 2s.
As can be seen in Fig. 9.8, this effect can be triggered by using regular LZ-pumping to
adjust AB; ~ O0mT. Almost simultaneous recordings of AB; by means of FID support
the hypotheses of a vanishing gradient. For the first couple of 100 ms, the temporal
evolution of the qubit is nearly flat and oscillations only occur at later timescales. The
stabilization at zero magnetic field is self-driven and the underlying mechanism is not
completely understood yet. We suspect a sign change of the pumping rate once the zero
crossing of the field gradient is reached to play an important factor.
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Figure 9.8.: Zamboni effect. As AB, approaches 0 MHz, [1]) and |]1) become degenerate.
Hence, [1]) initialization and readout are undefined and lead to noise-like zig-zag
signals as can be seen in scan line 7 and higher.

|11)-pumping

Similar to Ref. 144, we investigate the effect of initializing the electrons in the |11)
before applying the EDSR bursts, which in principle should invert the direction of hy-
perfine polarization. For the following experiment we replace the |1]) initialization
from previous polarizing pump pulses (Ch. 9.2.2) with a |11) initialization, as discussed
in more detail in Ch. 5.5.6. We then track the EDSR transition and apply different pump
pulses between scan lines to investigate the effect of |11)-pumping.

The result of a typical experiment is shown in Fig.9.9. Having located the EDSR
transition in the first couple of scan lines, we apply the |[11)-pulse for 1s around the
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Figure 9.9.: Pumping the nuclear bath II. After locating the EDSR transition in the first cou-
ple of scan lines, we apply pump pulses that first initialize a [11) and then ap-
ply the EDSR burst. The EDSR peak immediately disappears out of the measure-
ment window and only returns from higher frequencies after waiting for a couple of
scan lines, indicating that the pump pulses increase the local Overhauser field. S-
pumping (around scan line 75) polarizes the Overhauser field in the same direction
but it seems to show a smaller pump rate.

resonance condition. The EDSR peak immediately disappears, only to enter the mea-
surement window, coming from higher frequencies, at later scan lines. Repeating this
pump pulse at scan line 35 ends in a similar result. Using the regular T pump pulse
recovers the EDSR peak inside the measurement window at scan line ~ 65. Once recov-
ered, applying S-pumping shifts the resonance in the same direction as |{)-pumping,
although the pump rate seems to be lower (see black circles in Fig. 9.9).

From this experiment, one might conclude that |11)-pumping results in a very strong
increase in polarization of the Overhauser field. But this conclusion is inconsistent with
the regular Landau-Zener pumping, as T -pumping lowers the local polarization!!3!
(also seen in scan lines 55-70 in Fig. 9.9). Furthermore, the seemingly fast pump rate
of the |11)-pumping contradicts the slower polarization rates of |1 )- or || 1)-pumping
from previous chapter at the same B-field direction, which were explained in terms of a
strong SOI contribution to the EDSR signal. Unfortunately, further investigations were
not possible, but it would be very interesting to simultaneously measure AB, using regu-
lar FID experiments and investigate the influence of [11)-pumping. As the initialization
point for the T -state lies very close to one of the triple points in the charge stabil-
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ity diagram (see Fig. 8.5), which are known to cause surprising behavior, measurement
artifacts during |11)-pumping can not be excluded with certainty and require further
investigations.

9.2.3. 1Q mixer measurements

In order to obtain more direct control of the applied microwave pulses, such as faster
sweep speed, more frequency steps and frequency chirping, the setup was equipped with
an 1Q-mixer. The local oscillator (LO) was supplied by the Agilent N5183A and the I-
and Q-frequencies were controlled by a second Tektronik AWG 7082C, with a sampling
rate of 8 GHz, as depicted schematically in Fig. 4.2. To suppress any feed-through from
LO or undesired sidebands, a calibration of the IQ mixer was performed at a fixed LO
frequency of 2.4 GHz> using a spectrum analyzer. Whereas adjusting the DC-offset of
I and Q allows to minimize LO feed-through, tuning the phase and amplitude of I and
Q allows a significant reduction of the unwanted sideband power. After calibration of
both frequency sidebands individually, fast frequency sweeps from 1.9 GHz to 2.9 GHz
were available, changing the sideband frequency when passing the LO frequency.

As a first test of the IQ mixer setup, experiments reproducing the simple frequency
sweeps using only the RF-source were performed*. As depicted in Fig. 9.10, repeatedly
sweeping the frequency from 2.3 to 2.7 GHz using the same sweep speed as used in
previous chapters, locates the EDSR transition(s).

For an unknown reason so far, performing [Q-mixer experiments always showed an
increased unintentional hyperfine polarization, such that AB, > 100 MHz without DNP.
This high value complicated locating the EDSR transition and it was only possible using
regular DNP to counter the unintentional hyperfine gradient.

9.3. Discussion

Unfortunately, after a two-year cooldown we encountered some complications with the
dilution refrigerator and we were forced to warm up the setup before completing all
open investigations. For this reason, this chapter is far from being complete and open
questions remain, which I will address in this section.

In this chapter we have successfully located the two EDSR transitions of the two
electrons in the GaAs double quantum dot. We have identified the EDSR transitions by
measuring the difference of the two local Overhauser fields in two separate experiments
showing a strong correlation. From investigations of the pump efficiency when driving

3at a sampling rate of 1 GS/s of the AWG this would yield a bandwidth of 500 MHz, sufficient for useful
frequency sweeps

4Note, when running a Tektronix AWG 7000 and AWG 5014 without the advanced syncing option there
is a trigger delay of a couple hundred ns.
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Figure 9.10.: Locating the EDSR transition using an IQ-mixer setup. a,b Fast frequency
sweeps using an AWG7082C and an IQ-mixer and simultaneously recorded free
induction decays about AB,. For an unknown reason, AB, was hard to control
using regular polarization and always showed a relatively high value of AB, >
100MHz when using the 1Q-mixer.

these transitions, we concluded that due to the non-trivial gate structure of our sample
design SOI cannot be neglected and presumably quenches hyperfine mediated EDSR
and hence limits the pump rates. In principle, SOI can be completely switched off at a
particular direction of the external magnetic field. Although a first experiment rotating
Bexi was unsuccessful in identifying this direction, the field dependence of pump rates
should be investigated further in future experiments. As an alternative to the time-
consuming rotation of Bey, the electrical wiring of the sample has been modified to
additionally allow AC-control of the nose and tail gates between the two quantum dots
individually (see Appendix A.2). Adjusting the amplitude ratio of the RF-pulses to these
gates allows for changing the direction of the electron displacement and thus changing
the strength of SOI at a given B-field direction.
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10. Summary and outlook

In this section I summarize and highlight the experiments performed during my PhD and
place them into context of the general experimental progress made towards realizing a
semiconductor spin based quantum computer. Furthermore, I will point out interesting
new experiments enabled by the findings in this thesis, future challenges and milestones
that need to be achieved.

The preceding chapters discussed recent progress made in the field of two-electron
spin qubits in GaAs in our group which indicate high qubit performance and show that
even in the presence of nuclear spins, GaAs based qubits can still be competitive with
spin qubits realized in a nuclear spin free material, such as SiGe. The results and insight
gained in this thesis furthermore point to mitigation strategies by changing the sample
layout which allows new, interesting experiments.

In Ch. 8 we have experimentally demonstrated a gate operation fidelity of 98.5 %,
setting a new benchmark, not only for GaAs based spin qubits but also for encoded
spin qubits in general. Naturally, the next step is to increase the fidelity to well exceed
the error correction threshold of approximately 99%. We are confident to achieve this
goal with a more electrically stable sample and reduced high frequency charge noise,
as in comparable state of the art devices from other groups!”’l. We currently tune-
up a promising device that uses a wider spread modulation doping layer compared to
the 6-doped sample from previous study. Distributing donors over a wider area might
show less influence on the quantum dot than the high dopant density used in the 8-
doping approach. Reducing charge noise and improving sample stability would directly
decrease the qubit gate operation error rate.

So far, apart from our tuning procedure GAMBIT, we have only used randomized
benchmarking (RB) to determine the error rate per gate operation, which is known to
be insensitive to certain gate errors and might give a false result concerning fidelity
measurements. A more rigorous routine to characterize our quantum gates is Gate Set
Tomography (GST)!?8]. In contrast to regular Quantum Process Tomography (QPT),
GST self-consistently and correctly accounts for state preparation and measurement
errors. We have already started to implement GST on our experimental setup, but so
far were not able to extract meaningful data as we ran into problems with our cryogenic
refrigerator. Not only can we use GST for a full characterization of our gate set, but we
can also use this routine for tuning-up the gate set itself, presuming fitting the data is
fast enough compared to the stability of the qubit!14°],

Another next step regarding future development of GAMBIT would be to include
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10. Summary and outlook

more gates in the gate set, like 7, and 7,. For instance, tuning-up high fidelity ®-pulses
will be very useful for increasing the contrast of refocusing pulses in any decoupling
scheme. Furthermore, the tuned-up pulses can be used to perform high fidelity QPT,
which will give new insight into the dephasing and decoherence mechanisms when per-
formed on echo-experiments [150], for example.

In terms of how to further improve GAMBIT itself, I think it would be reasonable to
also include the voltage resolution of the arbitrary waveform generator when optimizing
the pulse segments. Furthermore, one can think of other parametrization of the pulse
segments themselves. Looking at the optimal simulation results in Ref. 90, the pulse
sequence shows striking similarities with regular Rabi-driving pulses. Hence, instead of
optimizing each individual detuning segment, several of them could be combined and
only their amplitude, frequency and duty cycle would be optimized.

In Ch.8 we revealed that electron coherence is ultimately limited by nuclear
quadrupolar interaction and an electron g-factor anisotropy by investigating the echo ex-
periment along different B-field directions. Novel insights point to mitigation strategies
minimizing quadrupolar broadenings of nuclear Larmor frequencies and the anisotropy
in the electric g-factor simultaneously, which is not possible with our current sample
design. We propose to use symmetric quantum wells to confine electrons, which are
experimentally feasible by tuning a bottom and top gate, as they prevent any anisotropy
in the g-factor. Quadrupolar interaction can then be suppressed by choosing the right
external B-field direction. By creating larger quantum dots such that the electron wave-
function will overlap with a huge number N of nuclear spins, nuclear fluctuation will
follow a 1/+/N law and maximum coherence time of the qubit can be achieved. The
top and bottom gate can also be used to further investigate quadrupolar interactions as
quadrupolar broadenings depend on the electric field at the nuclear sites.

Furthermore, the findings of this experiment helped understanding the decoherence
mechanism in closely related qubit systems. As suspected due to increased lattice strain,
quadrupolar broadening of the nuclear Larmor frequencies is found to play an impor-
tant role in self-assembled InGaAs quantum dot as shown in a recent publication[!??].
In Ch.7 we have seen that the theory of an Hahn echo envelope modulation due to a
g-factor anisotropy can explain the relatively short coherence times in InAs nanowire
systems and point to mitigating strategies.

The sharp resonances in the echo decay curve, originating from the linear coupling
to the transverse hyperfine field components due to the g-factor anisotropy, can also
be used for correlation measurements investigating any quantum back-action between
the nuclear bath and the qubit!'>!!. This experiment would answer the question if the
nuclear Overhauser field can be treated as a purely classical field or whether it requires
a full quantum mechanical description.

In the final chapter, I have presented preliminary results of the endeavor to establish a
novel polarization scheme for the nuclear bath using hyperfine mediated electric dipole
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spin resonance. We have successfully located the two EDSR transitions of the two elec-
trons in the GaAs double quantum dot. From investigations of the pump efficiency when
driving these transitions we concluded that due to the non-trivial gate structure of our
sample design, spin orbit interaction cannot be neglected and presumably quenches hy-
perfine mediated EDSR and hence limits the pump rates. As discussed in more detail
in this chapter, experimental work is far from being completed. For this reason I have
modified the high frequency wiring of the current sample generation to additionally al-
low RF-control on the two gates separating the electrons. By varying the phase between
these two gates one can control the direction of electron displacement, which in turn
should make it easier to find the B-field direction of suppressed spin-orbit interaction.

Once the EDSR-based polarization scheme is established and indeed shows an en-
hancement in the dephasing time T3, it directly translates into higher gate fidelities.
Being able to set the Overhauser field of each quantum dot individually and in paral-
lel, this scheme can also stabilize a hyperfine gradient between two adjacent double
quantum dots which is a requirement for perform two-qubit operations 152431,

All work and results presented in this thesis aim to improve and understand the single-
qubit performance. But ultimately, the real benchmark will be the two-qubit perfor-
mance, charge noise and scalability. In order for two-electron spin qubits in GaAs to
present a viable option as a qubit platform, all these challenges have to be overcome.
From my point of view, the error rate per two-qubit gate operation will be a strict ul-
timatum. Reaching the threshold for the surface code, which at this time requires the
lowest gate fidelity of = 99% U*!, will determine if a certain qubit platform or realization
is indeed a serious competitor to provide the building blocks of a quantum processor,
despite other advantages it may have.

As of now, there is no systematic study of a two-qubit gate in STy-qubits in GaAs,
although entanglement with a fidelity of 72% has been shown experimentally !>, The
low fidelity was a result of low capacitive coupling between the two qubits and current
effort aims to increase this coupling using either floating gates!*’! to increase capacitive
coupling or use the exchange interaction'>>*8] for coupling by placing the two dots in
closer proximity. But either way, in order to reach high fidelity two-qubit gate opera-
tions an automated tune-up procedure, similar to GAMBIT, has to be implemented that
optimizes the base-band pulses by extracting gate error syndromes from experimental
data.

Electrical charge noise is a general problem in all types of semiconductor spin qubits.
In order to minimize it, novel designs of the heterostructure layer are currently under
investigation which try to remove the donor atom layer. This effort is encouraged by
experiments indicating that this donor layer is the origin of charge noise?%2!. Further-
more, this approach is motivated by recent experimental success in the silicon commu-
nity % that showed an increase in sample stability by removing this layer. So far, there
has only been a few successful realizations of devices on dopant-free GaAs heterostruc-
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tures (961531 a5 it turns out that providing ohmic contact is non-trivial. Furthermore,
it remains to be seen if the additional top gate electrode needed to induce the two-
dimensional electron gas hinders the implementation of RF-read-out by providing too
much stray capacitance.

Once high gate fidelities are reached and charge noise is under control, the next chal-
lenge of scalability awaits which is not yet just an engineering problem. A lot of fun-
damental questions, such as nearest-neighbor coupling, mid- and long-range coupling,
read-out and, let alone, DC- and AC-control, have to be answered and a proof of prin-
ciple experimental realization has to be shown first. As there currently is a myriad of
promising ideas how to pursue each of these goals, I just want to point out a few of them
which I find in particular interesting.

For nearest-neighbor and mid-range coupling, structures that shuttle electrons in a
linear array or even in a conveyor have been proposed and even experimentally realized.
Inspired by the classical charged-coupled device (CCD), these structures transport one
individual electron and its spin information from one place to another. So far, individual
electron transport has been shown 1561 but a coherent shuffle still needs to be realized.

Exploiting the fact that GaAs is a direct semiconductor, optical coupling between
electrons and photons can be used to realize long-range coupling. An interesting idea
is to tunnel-couple a self-assembled InGaAs quantum dots to a gate-defined STy-qubit
which can be initialized and read-out by optical photons!!>*. By now, a theoretical
transfer protocol that uses excitonic states in the mediating self-assembled quantum
dot already exist. But it remains to be seen experimentally whether the modified het-
erostructure including the additional InGaAs layer is suitable to form gate-defined quan-
tum dots.

Currently about eight gate electrodes (including six DC- and two AC-coupled con-
nections) are needed per qubit which all need to be connected to some kind of electrical
conductor, ranging from the mixing chamber of the cryostat to the room-temperature
electronics. Obviously, this wiring concept will not scale up to a million qubits. Promis-
ing ideas for more efficient electrical connections include cooling down the room-
temperature electronics to below 4 K331, using flip-chip-bonding of the actual quan-
tum dot device to an interposer and using multiplexed charge-locking devices!!%®!. Es-
pecially cooling down existing electronics is non-trivial, as dopant freezing out com-
plicates the use of regular CMOS technologies. Furthermore, cooling power of the
cryogenic refrigerator sets an upper limit on the allowed power consumption of these
devices. Nevertheless, there are a few recent studies that successfully use room-
temperature electronics, such as FPGAs, at liquid helium temperatures!!37-138] and one
can easily imagine specifically engineered devices that work at these temperatures, like
voltage supplies and waveform generators.

An often overlooked or ignored problem once the multi-qubit state is reached, is
the tuning-up of the devices. By tuning, I do not only mean locating the right gate-
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voltage space to isolate single electrons, but also the adjustment of the tunnel-couplings
to neighboring dots and leads and characterization of the gate-voltage space in order to
initialize, manipulate and measure the quantum state of the electrons. Current tuning
schemes are semi-automated at best - although there is recent progress in automatically
locating the single electron regime!’®! - state of the art sample quality has so far hin-
dered a fully automated routine. For example, local inhomogeneities in the electron
potential lead to non-deterministic dependence of the inter-dot tunnel-coupling on spe-
cific gate electrodes. Relying on previous experience, we conclude that a gradient-based
algorithm has problems with this occasional non-determinstic behaviour of current sam-
ple quality and stability. A machine-learning-algorithm, based on recognizing recurring
patterns, would be a promising approach. For a growing number of gate-defined qubits
an automatic tuning protocol is going to be a requirement.

With governments and global companies investing millions of dollars (and euros) into
the research and development of quantum computing and closely related technologies
and with the increased funding in startups and private companies devoted to building
such devices it is not a question if but when the first quantum computers will be built.
Up to now, completely open questions comprise what type of qubit and what material
system renders itself the most promising. For a semiconductor spin qubit approach
charge noise and sample stability will have to be reduced significantly in order to re-
liably and reproducibly confine single electrons. Although a current trend points to
nuclear spin free materials such as Si and SiGe, in the end the material which promises
lower charge noise may be more advantageous. But nevertheless, electron spin qubits
in GaAs always have and are still playing an important role in the ongoing development
of semiconductor qubits. And reflecting on the recent progress in suppressing nuclear
spin noise and advance in qubit control will continue to do so in the near future. Even if
the choice for a suitable qubit platform does not include GaAs based spin qubits, I am
very sure that research in this field will yield many more useful control techniques and
interesting physics along the way.
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A. Appendix

A.1. Double quantum dot fabrication recipe

This recipe was used to fabricate the double quantum dot devices in the cleanroom
facility of the 2nd Institute of Physics at the RWTH Aachen as described in Ch. 3.

Preliminary preparation
* Cut the wafer with photo resist on it (soft baked for 2 min)

¢ (Clean off the resist

Mesa

¢ (Clean the wafer with acetone and IPA

* Spin resist AR-U 4040 30s @ 6000 rpm

Bake at 100 °C for 2 min

Exposure for 10s

Develop in AR 300-47 for 30 s and then flush in water and blow dry

Check under the microscope

Post-bake for 2min @ 110°C

Plasma asher program 5

Mesa etching
* Etching solution: Add successively 100 ml water, 3 ml H,O» (30%) , 3 ml HySO4

* Etch for a convenient time (etch rate of 2 nm/s once etching solution is cooled to
room temperature) and then flush in water and blow dry

* Wash off the resist with acetone and IPA (5 min warm) and measure the height
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Ohmic contacts

Clean the wafer in acetone and IPA and blow dry

Just before spinning the resist take out from the IPA and blow dry

Spin image reversal AR-U 4040 for 30 s at 6000 rpm

Bake for 2 min @ 90 °C , let cool

Expose for 15s

Bake for Smin @ 115 °C and let cool

Flood expose for 45 s

Develop in negative developer for 25 s and then flush in water and blow dry

Plasma asher program 5

Ohmic contact evaporation

HCl-dip (HCI:H,O 1:1) for 20 s, flush in water and blow dry
Ni 50 A (0.06 A/s), Au 2000 A (0.3 A/s), Ge 1000 A (0.25 A/s), Ni 750 A (0.2 A/s)
Lift-off in warm acetone

Annealing: ramp to 460 °C as fast as possible and wait for 50s

E-beam gates
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First layer: 639.04 30s @ 6000 rpm

Bake @180 °C for 5 min

Second layer: 679.01 30s @ 6000 rpm

Bake @180 °C for 5 min

After e-beam writing develop in AR 600-55 for 75 s and flush in [PA
Standard recipe for evaporation 5 nm Ti, 20 nm Au

Lift-off in warm acetone



A.2. Bonding scheme

Optical gates
* Clean the sample with acetone and IPA

* Spin image reversal AR-U-4040 for 30 s @ 6000 rpm

Bake for 2 min @ 90 °C and let cool

* Expose for 15

Bake for Smin @ 115°C

Flood expose for 46 s

* Develop in negative developer for 25 s and then flush in water and blow dry

Plasma asher program 5

Optical gates evaporation

* HCl-dip (HCI:H;O 1:1) for 20, flush in water and blow dry
« Evaporation: Ti 250 A (0.1 A), Au 2000 A (0.25-0.35 A/s)

e Lift-off in warm acetone

Note: The use of plasma etching to remove residual optical resist was omitted for
later processing as it might damage the substrate and was substituted by a short HCl-dip
if needed.

A.2. Bonding scheme

Bonding the double dot sample with its 26 connections is not a completely trivial task,
as the current sample holder only allows for 24 DC-lines. Hence some of the ohmic con-
tacts, historically used for transport measurements through the dots, are shorted together
(leading to some strange pinch-off curves once forgotten). A later wiring scheme, in-
cluding additional bias-T for the N and T gates, results in an even more complex bonding
scheme, including several ’bonds-around-the-edges’ and a lot of inappropriate cursing.
Tabular A.1 shows a detailed mapping of the bonding pads (shown in Fig A.1) to the
associated gates.
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Bonding pad | Gate Gate
(bias- (legacy)
Tee)
1 SA SA
2 ORFA2 | ORFA2
3 SAB2 SAB2
4 SAP SAP
5 SABI SAB1
6 ORFA1 | ORFAI
7 BA BA
8 NAB NAB
9 BB BB
10 SC SC
11 OA/OC | OA/OC
12 OB/OD | TCD
13 SD OB/OD
14 SDBI1 SD
15 NCD SDB1
16 SDP SDP
17 SDB2 SDB2
18 ORFD2 | ORFD2
19 BD BD
20 BC NCD
21 SB BC
22 TAB SB
23 TCD TAB
24 ORFDI | ORFDI1
S1 RFB/RFD RFD
S2 NCD RFC
S3 TCD RFA
S4 RFA/RFC| RFB

Figure A.1.: Numeration of bonding pads. Table A.1.: Bonding scheme Mapping of
gates and ohmic contacts to
bond pads used in this work.

Simple numeration of bond pads
on the sample holder PCB from
Harvard University.
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A.3. Sample stability

In this section I list all the wafer I tried during my PhD. I was quite lucky that I could use
my first sample for nearly two years. It was not a stable or quiet sample in general, as
there was a dot jump every couple of hours, but it allowed performing a lot of interesting
experiments. Luckily most of the time when a dot jump occurred waiting for the jump
back was the solution, indicating the populating and depopulating of a nearby charge
trap.

As we encountered some fridge problems and were forced to warm up, we decided
to change the sample which is quite a risky decision. As it turns out, the next sample
was not suitable for our standards. Although I was able to tune-up a working qubit,
the sample itself was unstable and rather noisy. Not only did the number of dot jumps
increase, but I could also see that the charge stability diagram during the recording time
was unstable depending on certain gate voltage. This behaviour indicates the presence
of an ensemble of charge traps, far away from the dot and leaky depletion gates.

The most important properties of the heterostructures used in this thesis are summa-
rized in table A.2.

wafer name | grower doping bias cooling | dielectric | remark

layer

C120522A | Bougeard | d-doping 150 mV no both slow and fast noise
present, but usable ( 3-5
dot jumps/day)

B14395 Wiek d-doping 150 mv no both slow and fast noise
present, not workable
as dot was too jumpy,
at certain voltages elec-
tric noise could be re-
duced but not removed,
suspect gate leakage

B14722 Wiek modulation | 150 mv no stable quantum dot

doping

Table A.2.: Wafer table All my noisy samples are listed here. So far the wonder wafer has not
been found.
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A.4. Circuit diagram of roomtemperature filters
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Figure A.2.: Circuit diagram of roomtemperature filters. Schematic diagram of the
roomtemperature low-pass filters inside the hf-sealed break-out-box. Optionally
a 1:11 voltage divider can be used.

A.S. Circuit diagram of the cryogenic filter box
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Figure A.3.: Circuit diagram of the cryogenic filter box. Schematic diagram of the cryogenic
low-pass filters inside a hf-sealed box. Note that the homebuilt feedthru-resistors
damps propagation of electrical field between the different stages and thus prevents
high frequency resonances of the filter.

A.6. Tuning the double quantum dot using tune.m

This document will describe the techniques used to tune our double quantum dot. Al-
though the dots are formed by a lot of electrostatic gates, there are basically only four
important values for a working STO qubit:

e The electron number: The dots have to be tuned to either the (2,0)-(1,1) or the
(1,1)-(0,2) transition.

* The inter-dot tunnel coupling
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A.6. Tuning the double quantum dot using tune.m

e The two tunnel rates to the leads.

Furthermore some other parameters, e.g. the position of the measurement triangle or
the position of the ST+ transition, have to be characterized.

Preliminary tasks

To first define a double quantum take a look at old gate voltages found in one of the logs.
Set the voltages accordingly. A wall-wall scan scanGate with SAB1 against SAB2 will
tune the readout. The setpoint for the QPC or Sensing Dot (SD) should be located on
a very steep coulomb peak. You can also use a 1D scan like scanGateTest for this
manner.

Once the readout is working a wall-wall scan with SA against SB will eventually
show a double dot characteristic charge stability diagram. I recommend using SA as
a stepping channel and sweep SB. Furthermore a QPC compensation should be added
allowing larger scan fields in the order of a few ten mV. Shift the center of the scan with
smscanpar and follow the leads to find the (2,0)-(1,1) transition. As the honeycombs
get wider when reaching smaller the electron numbers, make sure that there are no more
transitions by sweeping further negative.

After finding the right transition, center SA and SB around this junction and do a
wide charge scan using tune (' chrg wide’) using the RF-gates. Rearrange voltages
on SA or SB if you do not see the transition. Once the transition is centered in the scan
field characterization of the junction can start. As you will probably have to rearrange
the voltages on all dot-defining gates it is now useful to switch to virtual gates. The idea
behind these virtual gates is that they do not change the dot position while tuning the
transitions to the leads and the inter-dot coupling. Any change in SA, TAB, NAB or SB
is compensated by BA and BB. Use the virtual gates 'LeadA’ and LeadB’ to tune the
tunnelling to the leads and *T” or ’N’ to change the inter-dot coupling. If you have to
change the dot position (jumped occured) use "X’ and Y’ to rearrange the center. To
switch to the virtual gates you first have to measure the dot’s response to all individual
gate changes by using tune (' resp’). Afterwards you have to copy the gradient to
tunedata (have a look at virtgates_startup.m). Now you can use the virtual gates by
using the at chg function and start tuning the dot.

Tunnel coupling to the leads

For tuning the leads use atch (’LeadA’) and atch (' LeadB’). Be aware that for in-
stance decreasing LeadA still weakly effects the inter-dot coupling. Going in 5-10mV
steps 1s not a bad idea. To check the tunnel rates to the two leads run tune (' lead’).
This scan applies square wave pulses to the leads (with a background subtraction) to
determine the rates. Aim for fast tunnelrates (bandwidth limit is around 50 ns) for the
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A lead and higher ones for the B lead (around 70 ns), as we only need the A lead for
reloading. Basically only the A lead needs to be tuned and don’t worry too much about
the B lead, just make sure it is somehow closed.

Inter-dot tunnel coupling

Use atch(’T’) and atch (’N’) to change the inter-dot coupling. Again go in 5-10mV
steps. From my experience the N gate behaves counter intuitively. To check the tuning
run tune(’line’) which initiates a line scan at 45 degrees across the junction using RFA
and RFB. The lowest value for the inter-dot linewidth was around 120 uV. As this is
temperature limited it gives an estimate of the electron temperatures. For a working
dot I recommend values around 200 V. With lower tunnel coupling the ST+ is harder
to see. But everything between 180 and 220 4V did work so far. Now that you have
tuned the three most important values of the dot and you can continue by characterizing
the dot. In order to define a qubit you will first have to find a measurement point to
distinguish between singlet and triplet states.

Locating the measurement point

In order to locate the measurement point, a point in the charge stability diagram where
the T is metastable, run tune (' zoom’ ). This scan produces a regular charge scan with
random reload pulses.
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