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INTRODUCTION

Civilization is a progress from an indefinite, incoherent homogeneity
toward a definite, coherent heterogeneity. [1]

Herbert Spencer



2 1. INTRODUCTION

HE natural sciences offer an exceptional framework for accurately describing the
world around us. Physics, in particular, reaches closest to a fundamental account
of nature because it is grounded in principles such as those of quantum mechanics. As
we move from fundamental physics toward increasingly complex systems in materials
science, chemistry and biology, the ability to express these systems in fully quantum-
mechanical terms diminishes. Each discipline relies on its own level of abstraction: sys-
tems can be described accurately within that level, yet their connection to deeper layers
of explanation becomes more opaque. Nevertheless, scientifically rigorous models re-
main capable of convincingly capturing the essential mechanisms that govern systems
across this entire hierarchy'. The social sciences stand in sharp contrast, as they can-
not rely on a universally valid set of fundamental laws governing human interactions.
One could argue that conducting scientifically robust studies is therefore substantially
more challenging, and many social theories reflect the intellectual climate of their time.
This does not make the social sciences less significant. They are often indispensable for
understanding and addressing the concerns and problems that shape the daily lives of
individuals and communities.

Biological evolution produced Homo sapiens as a still-evolving species, with popula-
tions concentrating in regions that offered abundant resources and favourable environ-
mental conditions. These stable and resource-rich areas formed the basis upon which
societies could emerge and develop. Yet societal development itself must be studied
through the social sciences. One influential framework is the evolutionary theory of so-
ciety, to which Herbert Spencer contributed substantially. He argued that “the direction
of social change is from the homogeneous to the heterogeneous”[2]. Simple societies
consist of largely uniform groups performing similar tasks, whereas more complex soci-
eties naturally differentiate into increasingly specialised roles. This highlights complex-
ity, progression and heterogeneity as central concepts for understanding how societies
function.

It is instructive to compare the intricate evolution of human societies, which we en-
counter daily, with the development of quantum processing units, which may appear far
more abstract. Ultimately, a quantum computing chip is an organised collection of com-
ponents that process information to accomplish specific tasks. Viewed from a distance,
this is not unlike the way societies themselves operate.

We begin with a foundation, a fertile land where crops can grow and sustain all who
live there. History is full of societies that have risen and fallen depending on their ability,
or failure, to nourish their people. Once the foundation is right, we must agree on a
common language to communicate. Alternatively, in a multi-ethnic society, we need
capable translators to mediate between groups that speak different tongues. With these
two core principles in place, we can begin to build a functioning society.

To make such a society work, we must establish cultural norms that enable efficient
interaction between its members. Every individual is different, so our rules and insti-
tutions must be flexible enough to work for most people most of the time. As the com-
munity grows, an economy takes shape and cities begin to rise, yet with increasing pop-

1Quantum computers may substantially improve our ability to simulate quantum systems, thereby clarifying
how some lower-level physical processes give rise to higher-level behaviour that is inaccessible to classical
computation.



ulation comes increasing complexity. Group dynamics become harder to control, and
the demand for resources grows. Eventually, we cannot simply keep adding people to a
single city; at some point, it becomes more practical to build a second city nearby and
connect the two with roads. Of course, these roads must remain safe and stable so that
people can move smoothly between cities. Step by step, the network expands until a
whole territory emerges, a connected system of cities, each contributing to the strength
of the whole. Smaller tasks can be handled locally, but greater challenges require the
combined resources of the entire society. The larger the cities grow (while remaining
sustainable) and the better they are interconnected (with reliable roads), the more ad-
vanced the problems this civilization can address.

In the realm of spin qubits, our inhabitants are rather selective when it comes to
their definition of fertile land. They strongly prefer to live in materials with zero nuclear
spin, which reduces the number of suitable materials to isotopically enriched group-1V
materials, in particular silicon and germanium. To avoid 'noisy’ neighbours it is even
better to further ban non-zero spin isotopes and materials from the close-by vicinity all-
together [3, 4]. This makes for a particularly promising location to build a highly complex
spin qubit society. The language of our society is a bit-based language based on 0 and
1, that is highly contextual unlike in the classical realm. It comes in different dialects, of
which the single spin dialect is the most common [5].

For the time being, our spin qubits live in small isolated villages, where all interac-
tions happen within a small community. In that sense they are fairly homogeneous still
since specialised roles are not yet typically assigned. While from an operational per-
spective the spin qubits are homogeneous, they are still all different (heterogeneous) in
physical appearance and athleticism. The heterogeneity is uncontrolled and not the re-
sult of a desired evolution towards more complex tasks. Nonetheless, our villages slowly
increase in size and first prototypes of roads connecting two villages are being explored.
However, a society like this is not yet capable to address any complex problems and
needs more time and resources to grow.

Wherever fertile ground exists though, it is no surprise that multiple competing
societies may emerge. These societies might share the same foundation and even speak
the same dialect, yet remain entirely detached from one another, each pursuing its own
resources and financial interests. This competition becomes particularly visible once
such societies fall under corporate rule. As so often in life, power and profit tend to
breed tension, giving rise to dishonest or opportunistic actors. The realm of spin qubits
is no exception. Only time will tell in which form these promised societies will endure.

The foundation of the spin qubit realm

The spin qubit realm is not particularly rich in terms of soil to pick from. First set-
tlers have picked group-III-V materials, such as gallium and indium arsenide [6-9], but
conditions for our inhabitants were non-ideal. Therefore, academic and industrial re-
search focuses primarily on four different platforms all based on group-IV materials: sil-
icon metal-oxide-semiconductor (SiMOS) [10], donors in SIMOS [11], Si/SiGe quantum
wells [12], and Ge/SiGe quantum wells [13-15]. We also note that there have been ef-
forts to realise spin qubits in carbon based devices [16, 17], and that germanium MOS
has recently been suggested as an additional promising platform [18, 19]. Each of these




4 1. INTRODUCTION

platforms presents distinct advantages and disadvantages. We focus here exclusively on
gate-defined quantum dot devices, but promising efforts are also conducted with im-
planted donor qubits such as phosphorus atoms in silicon [20-23].

SiMOS is, in principle, the platform most compatible with classical CMOS technol-
ogy [24, 25]. However, integration into existing foundries remains challenging, as it re-
quires small gate-to-gate pitches (30 nm and below) and isotopically purified silicon.
Additional limitations include the small wave function size and confinement at the ox-
ide interface, which is highly susceptible to disorder [26]. Recent studies on two-qubit
SiMOS devices show high fidelity operation in multiple relevant metrics [27, 28], with
attempts to now move to larger devices [29].

Si/SiGe platforms have a more constrained thermal budget, making them less com-
patible with advanced CMOS processes [30]. However, the quantum well confines the
wavefunction away from the oxide interface, reducing sensitivity to interface disorder.
As a result, this platform became the first to demonstrate a 6-qubit quantum processor
[31] and a 12-qubit linear chain [32]. Some of the ongoing challenges include low valley
splitting [33, 34], qubit addressability [25, 35] and the need for small pitch sizes [36].

The most recent platform, Ge/SiGe heterostructures [13, 37-39], has been pioneered
in Delft since 2018 [19, 39-54]. While they share similar thermal budget constraints with
Si/SiGe, germanium offers a major advantage in its lower effective mass [55]. This allows
for significantly larger pitch sizes (>100 nm), which greatly simplifies fabrication and
electrical fanout. In addition, holes in germanium do not have valley states and can be
conveniently controlled through the intrinsic spin-orbit coupling. These benefits have
enabled Ge/SiGe devices to quickly catch up to silicon based devices and to become
one of the most dynamic spin qubit platforms to-date [41, 47, 56, 57]. One of the major
drawbacks is the significantly more complicated physics of holes [58-68] that come with
a large g-tensor anisotropy and variability [69-72].

Dialects of the spin quantum bit language family
The simplest way to define a spin qubit is by using the spin of a single electron, applying
a magnetic field, and encoding the qubit in the resulting Zeeman-split spin states
[5]. This is commonly referred to as a Loss-DiVincenzo (LD) qubit, named after its
original inventors. In this configuration, the qubit state can be manipulated using
an oscillating magnetic field. LD qubits can take different forms, particularly with
respect to the method of control. Identifying the optimal control approach remains
a central research question. While magnetic resonance is the most 'natural’ method
to control the LD qubit since it allows to couple to the magnetic moment of the spin
directly [7], it is also technologically demanding. Alternative approaches involve
coupling the spin to the motional degree of freedom via either intrinsic or engineered
spin-orbit interaction [73, 74]. This enables spin control using electric fields and opens
up a wide range of operation and manipulation protocols, challenging the traditional
understanding of LD qubits. In addition to the LD qubit, which has dominated the
scientific literature, multi-dot qubit implementations are also being explored. These
include singlet-triplet qubits [6, 75, 76] and exchange-only qubits [77, 78], which require
two and three quantum dots, respectively, to encode a single qubit. The latter is the
approach pursued by HRL and Intel, as it eliminates the need for microwave control



and allows for clock-free operation, despite the more complex encoding scheme [79-82].

Building a society

Having a single high-quality qubit is an important milestone, but ultimately mean-
ingless in the broader context of building a quantum computer. What is needed are
scalable solutions. This applies not only at the quantum chip level, where assigning
a dedicated control line to each qubit may quickly become unmanageable, but also
to the surrounding infrastructure. Addressing these challenges is closely linked to the
"foundation’ and 'dialect’. While the scaling requirements differ across platforms, certain
constraints are shared.

The near-term approach to increasing the qubit count can be summarised as "more
of the same", which covers all areas from quantum chips design to system hardware.
Changing all components simultaneously is not a practical strategy. Instead, one must
identify the bottlenecks that emerge under naive brute-force scaling, and trying to re-
solve one bottleneck after the next in a systematic and strategic way to make the overall
system more and more extendable (with the end goal of reaching genuine scalability).
For superconducting qubits this has meant, for now, packing all bulky high-frequency
coax lines for 256 qubits into a single dilution refrigerator [83]. Spin qubit encoding
schemes come with varying footprints in terms of number of control lines, complexity
of control pulses, etc. Some of them can be operated at significantly lower frequencies,
putting less strain on the high frequency control lines. In addition, superconducting
magnets often occupy a large amount of precious space within the dilution fridge
unit. In principle, spin qubits are small enough that large numbers of them can be
integrated onto a single chip. Here, the major bottleneck arises from interconnects:
how to control many qubits with a limited number of control lines. Possible solutions
include shared control lines on-chip or performing multiplexing operations using a
separate cryo-CMOS chip [84, 85].

Within this thesis, the focus is primarily on how to operate spin qubits and ex-
tended spin qubit array, which is addressed in chapter 4, 6, 7 and 9. Challenges for
scalability in quantum processing unit design are covered separately in chapter 5 and
system hardware development in chapter 8. Ideally, all mentioned considerations would
be addressed simultaneously through a unified solution. However, as this remains an
active area of research, we are still in the process of identifying the optimal trade-offs
involved in tackling these challenges. Therefore, each chapter selectively addresses
specific challenges, while keeping the broader context in mind. It is always valuable to
reflect on how a proposed solution for one problem might perform with respect to other
ones.
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cubit [noun]: an ancient unit of measurement for length based on the distance
from a man’s elbow to the end of the middle finger, usually about 45-50 centimetres. [1]

Cambridge Dictionary
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HE foundation of quantum mechanics in the early twentieth century was strongly
T influenced by studies of the hydrogen atom, which represents one of the most ele-
mentary and experimentally accessible quantum systems. There are many good entry-
level textbooks covering this scientific era. A large part of the first chapters is based on
Ref. [2-4]. The filling of the hydrogen atom’s orbital shells can be described using dis-
crete quantum numbers: the principal quantum number n = 1,2,3,..., the orbital an-
gular momentum quantum number [/ =0, 1,...,n — 1, the spin quantum number s = %,
and the total angular momentum quantum number j = |l - s|,I + s. The latter becomes
relevant whenever the atomic number is large and ! # 0 because electrons experience
spin-orbit interaction that couples orbital angular momentum to spin. This interac-
tion arises from relativistic effects and scales with the atomic number, which implies
that heavier elements exhibit stronger spin-orbit coupling. To facilitate the discussion
of these effects, it is convenient to use the standard spectroscopic notation n/; such as
1s1/2, 28172, 2p1/2, 2P3/2, ---- In the following, the principal quantum number n will be
omitted whenever it is not essential.

With this notation clarified, we recall the meaning of the quantum numbers for the s
and p orbitals, which will play a central role in the remainder of the thesis. The s orbital
is defined by / = 0, and m; = 0. The total angular momentum is therefore solely deter-
mined by the spin s = %, implying the absence of spin-orbit coupling. This yields the two
eigenstates | j, m;) = |s, my)

13,£3), } sie.
In contrast, the p orbital is characterized by [/ = 1, leading to a threefold degeneracy
with m; = —1,0, 1. For sizeable spin-orbit coupling, incorporating the electron spin s = %
results in total angular momentum values j = |l + s| and six corresponding eigenstates

lj,mj).
} P32

’p } P12

The magnetic moments associated with orbital and spin angular momentum give
rise to interactions with magnetic fields. The electron possesses a magnetic moment
analogous to its classical counterpart in electromagnetism. In a semi-classical picture of
an electron orbiting the nucleus with angular momentum, the corresponding quantum
operator is

H+
~ ~
T T

H+

Mol IW NIw
H+
N—  NI=Nlw

eh

B _
2m,’

n
with L the angular momentum operator and pp the Bohr magneton.

In addition to orbital angular momentum, the electron carries intrinsic spin that con-
tributes an additional magnetic moment. Its operator takes a similar form but includes
the intrinsic spin g-factor g; ~ 2 and spin operator S,

M; =L  up 2.1)

M = gshﬂ 8. 2.2)



2.1. ORIGIN OF SPIN-ORBIT COUPLING 17

2.1. ORIGIN OF SPIN-ORBIT COUPLING

Following Ref. [2] the fundamental origin of the spin-orbit coupling term comes from
the relativistic Dirac equation, which can be evaluated for an electron placed in a nu-
clear potential and expanded in v/c as a power series. For a semi-classical analogy we
can consider the magnetic field that an electron feels in the electron frame within the
electrostatic field E created by the nucleus with potential V (r):

B = vxE= 1 1dV(r) <r E= 1dV(r)r 2.3)
T2 T emec®r dr &H’ T e dr r ’
Y

The spin-orbit interaction energy comes from the interaction of the intrinsic mag-
netic moment of the spin (keeping in mind that we are in the electron frame) with the
effective magnetic field it feels because of its relative motion'
1 1dv(n)

L-S.

Hso=-M;-B' = ——-—— 24
50 : m2c2r dr @4)
For the hydrogen atom it is possible to get the energy correction corresponding to
Equation 2.4 analytically from the Dirac equation, which is only dependent on quantum

numbers n and j [2].

AE T
j+1/2 4

= a= 25
SO,H 2]’14 ( )

nj Mec? ( n 3) o 1
T 137

For the hydrogen atom this means that the 251/, and 2p;,> energy levels are split

from 2ps3,,. This serves as an illustration how the spin-orbit interaction shifts degenerate

energy levels on the atomic level already, only dependent on quantum numbers 7 and j.

2.2. ZEEMAN SPLITTING

The Zeeman Hamiltonian H, arises from the interaction of the total magnetic moment
M = M + Ms with an external magnetic field B = Byb with b the magnetic field unit
vector, and By the magnetic field amplitude.

By . .
“2°@+&$ 2.6)

Defining the magnetic field direction along z, the Zeeman Hamiltonian can be writ-
ten as

H, =-ByM = —-Bo(ML + Ms) = —

_kBBo
n
For obtaining the Zeeman splitting one has to project the Zeeman Hamiltonian on

the bases states, which yields considering significant spin-orbit coupling:

H,= (I:z"‘gsgz) (2.7)

imilLj,mi)+ imilS,lj, mi *ugB
B0<J iLelf mp hgsu 152l f>:th sz—g*;iB 0 @8

~~

g

jmj
AE;" = pp

1A relativistic effect that has been ignored in the derivation of Equation 2.4 is Thomas precession, which adds
a factor of 1/2 to the final equation[5].
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where we can define an effective g-factor g* and Larmor frequency w, that characterise
the Zeeman splitting. In atomic physics the effective g-factor in a weak magnetic field is
expressed by the Landé g-factor, which is only dependent on the quantum numbers j, s
and [ [2].

2.3. QUANTUM BITS

Quantum information theory is a rich discipline at the intersection of quantum physics
and information theory. A comprehensive review is provided in Ref. [6], from which only
the most relevant concepts are introduced here. Classical information theory is based on
encoding information in two states denoted 1 and 0. Quantum information follows an
analogous structure but uses two quantum mechanical basis states |1) and |0). A single
quantum bit (qubit) can therefore be written as

10) = a]0) + B11), (2.9)

where a and 8 are complex scalars that satisfy |a|? +|8|*> = 1. The spin degree of freedom
in an applied magnetic field provides a natural realization of a qubit, with the two spin
states corresponding to |0) and |1). This two level system can be visualized on the Bloch
sphere, where the north and south poles represent |0) and |1). Any superposition of these
states corresponds to a point on the sphere’s surface and is parametrised by the angles 0
and ¢,

7]
|¥) =cos(—
2

|0) + exp(i) sin(g) [1). (2.10)

The angle 6 determines the statistical probability of measuring either state. Over time
the system relaxes to the ground state (in the 0 K-limit) through energy exchange with the
environment, characterized by the relaxation time T;. The angle ¢ encodes the relative
phase, which is essential for quantum algorithms. Loss of phase coherence is known as
decoherence, which is quantified by the coherence time T>. It is important to note that
T, is affected not only by pure dephasing of ¢ but also by population relaxation of 6,
since relaxation to the ground state destroys all phase information [7].

The principles of quantum mechanics extend naturally to systems of multiple qubits,
where entanglement becomes central. Instead of two isolated qubits that can each be
represented by a Bloch sphere, the combined system can occupy entangled states in
which the state of one qubit depends on that of the other. A general two qubit state
takes the form

[¥) = @00100) + @p1101) + a10110) + a11 [11), (2.11)

with the normalisation condition
2 2 2 2
[@ool” + lao1|” +|a10l” +la11|” = 1.

These properties do not have a classical analogue, and can be exploited to construct
quantum algorithms that outperform classical approaches.

There are five general accepted conditions to build a quantum computer known as
the DiVincenzo criteria [8]:

1. A scalable physical system with well characterised qubits
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2. The ability to initialise the state of the qubits to a simple fiducial state

3. Longrelevant decoherence times, much longer than the gate operation time
4. A “universal” set of quantum gates

5. A qubit-specific measurement capability

We have established that the Zeeman splitting provides a platform for defining an
isolated two level system that can be manipulated using an electric dipole field. A uni-
versal gate must allow full control over all states on the Bloch sphere and must support
the implementation of a two qubit operation. To address the remaining requirements it
is necessary to distinguish between the various existing and emerging qubit platforms.
In this thesis we focus on hole spins confined in gate defined germanium quantum dots.

2.4. ELECTRONS AND HOLES IN SEMICONDUCTORS

While the roots of solid-state physics date back to the 19th century and classical mechan-
ics of earlier centuries, its modern form only took shape with the theoretical quantum
mechanical foundation of electronic band structure starting in the late 1920s [9]. Unlike
atomic orbitals, where electrons are strictly confined within a certain area, electronic
band structures in solids reveal bands (as the name suggests), on which electrons can
freely move unless they are fully occupied. This gave a theoretical understanding of the
position and isolation of these bands that distinguish insulators, semiconductors, and
metals from each other [9]. Over the years, various theoretical methods have been em-
ployed in studying band structures in solids. They range from atomistic models that can
re-construct the band structure of the full Brillouin zone, to mesoscopic models that are
based on effective parameters [9-11]. For all these models, there is always a trade-off
between accuracy and computational cost. Within the scope of this thesis, we are inter-
ested in the following: How to create a well-defined qubit system, i.e. an isolated 2-level
system.

A good intuitive picture on the nature of the conduction and valence band states
is given by the tight binding model, which relies on the linear combination of atomic
orbitals (LCAO) [11]. Considering the electronic configuration of a germanium atom
[Ar]3d'%4s%4p?, it has deep core electrons (represented here by [Ar]), shallow core elec-
trons in the 3d orbital, and valence electrons in the 4s and 4p orbitals. Ignoring the
shallow core electrons with a binding energy of 29.2 eV, the valence electrons in the 3s
and 3p orbitals form the electronic bands as LCAO.

It is possible to evaluate the contributions of each orbital to the electronic band
structure by defining the overlap of the corresponding wave functions and analysing
them according to the crystal symmetries. In germanium the crystal structure follows
the face-centred cubic diamond lattice with a body-centred cubic Brillouin zone in re-
ciprocal space as depicted in Figure 2.1a and b. The full 8 x 8 Hamiltonian, which con-
tains one s orbital and three p orbitals for each of the two adjacent atoms, is omitted
here. Its derivation is given in Ref. [11]. The resulting band structure, evaluated as a
function of the crystal momentum k, is shown in Figure 2.1d, where an energy splitting
between the valence and conduction bands appears, with the top of the valence band
located at the I" point at k = 0. At the I point the LCAO Hamiltonian simplifies substan-
tially due to the high symmetry of the system (see Figure 2.1c and e). It separates into
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an s like Hamiltonian H;'; 4 and a threefold degenerate p like Hamiltonian H. ;’5 4 Which
take the form assuming negligible magnetic field

T,s _ ES Vss _

HTBA - (Vss ES) ’ Vss = 4Viso (2.12)
rp _(Ep V, B

Hpp, = (Vx’”x bj‘:) Vix = 4Vppo 13+ 8V pr /3. (2.13)

The quantities Vs, Vypo and Vyp, denote the overlap parameters between neighbour-
ing orbitals and are real. The term V,y,; describes the overlap of two adjacent s orbitals,
Vppe corresponds to the overlap of two p orbitals aligned along the axis of displacement,
and V), represents the overlap of two p orbitals oriented orthogonal to the displace-
ment axis. This shows that at the I" point we have s-like states from the linear combi-
nation of neighbouring s-orbitals and p-like states from the linear combination of the
p-like orbitals. All contributions from the sp hybridised orbitals are cancelled out at the
I’ point.

The precise contribution from each orbital to each eigenfunction v, is visualised in
Figure 2.1e, where the full LCAO Hamiltonian has been solved as a function of the crystal
wave vector k. At the I' point the cubic symmetry enforces eigenstates with pure orbital
character. The lowest state carries only s weight, while the three degenerate valence
states carry only p weight. As k moves away from T', this symmetry constraint is lost. The
eigenstates no longer remain strictly s-like or p-like, and the plot shows how the orbital
weights of each state evolve with k.

For further consideration, it is common practice to focus on the band extrema of the
valence and conduction band, which is usually sufficient to describe transport phenom-
ena. Since the top valence band is p like and the bottom conduction band is s type, elec-
trons and holes must be treated differently, particularly when spin is included. Within
the effective mass approximation the dispersion relation is expanded to second order
around its extremum, which yields an associated effective mass. For holes several mod-
els of varying complexity exist, depending on how many eigenstates are explicitly re-
tained. Adding the spin degree of freedom to the eight band states that we have already
seen in the tight-binding model, gives us up to 16 states. The extended Kane model
includes 14 of the 16 states and neglects only the bonding |1/2,1/2); state. It also in-
troduces material dependent parameters that describe the coupling to remote bands
beyond the explicitly considered states. Following the notation in Ref. [12], these pa-
rameters are C, and C, for the conduction bands, and v}, 5, v3, ¥’ and ¢’ for the va-
lence band. Simpler models incorporate fewer states and treat the omitted ones as part
of the remote band contributions. The Kane model retains eight states, namely all p like
valence band states together with the s type conduction band state. The most reduced
description is the Luttinger Kohn model, which includes only the four [3/2,1/ 2p and
13/2,3/2)p valence band states, which is depicted in Figure 2.2. Consequently the effec-
tive parameters for remote band contributions differ across these models.
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Figure 2.1: Bulk energy diagram for germanium, a. Diamond lattice structure (subfigure taken from Ref.
[11]), b. corresponding Wigner unit cell with indicated symmetry points (I, L, X, K) (subfigure taken from Ref.
[11]), c. simplified depiction how orbitals hybridise, d Band diagram and e eigenfunctions obtained from
solving the LCAO Hamiltonian as a function of k ignoring spin-orbit coupling. Energy levels are labelled E1 to
E8. The Fermi energy is indicated as Ef.

2.5. MATERIAL PLATFORM

Before introducing the Hamiltonian that describes our system, we present the mate-
rial platform used throughout this thesis. We employ Ge/SiGe heterostructures with a
germanium quantum well buried 55 nm below the surface and metallic gate electrodes
on top. Patterned gates define the electrostatic landscape that enables quantum-dot
formation and the confinement of single hole spins. Because germanium has a larger
lattice constant than silicon (5.66 A versus 5.43 A [13]), the Ge quantum well is under
biaxial compressive strain, as illustrated in Figure 2.3a. In this work the well is encap-
sulated by Sip 2Geg g, which permits a quantum-well width of 16 nm before reaching the
critical thickness [14, 15]. The critical thickness represents the maximum layer thick-
ness, at which it becomes energetically favourable for a strained layer to relax and form
misfit dislocations. Experimentally a biaxial strain of (6.9 +0.2) x 1073 [16] has been
obtained. To obtain a virtual Sip,Geg g substrate one typically starts from a commer-
cial Si or Ge wafer and grows a reverse-graded Sip2Geg g buffer. The lattice mismatch
at the substrate-virtual-substrate interface produces misfit dislocations that aggregate




22 2. THEORY

. remote
R S bands

Figure 2.2: Energy bands commonly considered when approximating typical semiconductors around the
T-point. The Luttinger-Kohn model only considers the four p3,» bands indicated here in red. The Kane model
also includes the black continuous bands, and the extended Kane model includes all depicted bands. The
black arrow indicates all the parameters that are determined from integrating out the remote bands.

into line-like features at the two-dimensional interface and, after propagating along the
[110] crystallographic direction, form threading dislocations along the [111] direction.
Threading dislocations can intersect the quantum well and appear at the top surface
with a characteristic density. Their presence affects charge-carrier mobility and intro-
duces local strain fluctuations in the quantum well, both of which are relevant for de-
vice performance. Metallic gate electrodes are patterned on top of the heterostructure
and are separated from the semiconductor by a dielectricc. Common gate materials
are aluminium and palladium, with thermal expansion coefficients of 23.1 pmm~! K~
and 11.8umm™~'K~!, respectively. These values exceed those of silicon and germanium
(2.6umm~'K! and 6.0pmm™'K™!) [17, 18]. Extrapolating from fabrication temper-
atures around 600K [19] to device operation at 100 mK, and accounting for the non-
linear low-temperature thermal expansion, gives approximate contractions of 0.1% for
silicon, 0.3% for germanium, 0.6% for palladium, and 1.1% for aluminium [17, 18]. Con-
sequently, cooldown induces stress from the metal gates that is accommodated either
by plastic relaxation in the dielectric or by inhomogeneous strain imposed on the un-
derlying heterostructure, the latter being sketched in Figure 2.3c. Because germanium
lacks a high-quality native oxide [20], we employ a thin silicon cap and Al,O3 as the gate
dielectric. The Ge/SiGe quantum well forms a type-I heterostructure capable of hosting
both electrons and holes, but the Fermi level is pinned close to the valence band. This
results in ohmic p-type contacts with most metals and a large Schottky barrier for n-type
contacts [21]. The band alignment therefore makes the platform particularly suitable for
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Figure 2.3: Material platform, a. Epitaxial growth of a Ge/SiGe quantum well giving a compressively strained
quantum well, b. Mismatch between the SiGe and the substrate leading to misfit dislocations that propagate
towards the quantum well as threading dislocations. c. Metal gates contracting upon cooldown leading to
inhomogeneous strain in the heterostructure underneath. d. Negative potential on the gate allowing
accumulation of holes in the quantum well. e. Typical structure of a single hole transistor, where charges can
tunnel one-by-one from source to the centre island and further to the drain. f. Typical double quantum dot
structure, where two holes are trapped underneath a plunger gate and seperated from one another by barrier
gates.

hole-based devices, where a negative voltage applied to a dedicated gate accumulates
holes near the top of the quantum well. Quantum processing units typically contain
two device types depicted in Figure 2.3e and f. The first is the quantum dot, defined by
plunger and barrier gates [22-24]. Plunger gates create the confining potential by apply-
ing negative voltages, while barrier gates between plungers are biased more positively to
control tunnelling and the coupling between neighbouring dots. Single-hole-spin qubits
are localized at these dots under an applied magnetic field. The second device type is
the single-hole transistor, which comprises source and drain contacts, a central plunger
gate, and barrier gates separating the ohmic contacts from the central island [25, 26].
The electrostatic potentials on the plunger and barrier gates can be tuned so that only a
single charge at a time tunnels from the source to the central gate and then to the drain.
This produces Coulomb peaks as a function of the plunger voltage, and their slope serves
as a highly sensitive charge sensor.

2.6. LUTTINGER-KOHN FORMALISM AND G-TENSOR

In this section we are going to derive and get a basic understanding of the Hamiltonian
of our system that is based on the Luttinger-Kohn Hamiltonian [10, 12]. The full Hamil-
tonian has the following contributions

z

H=H)p+Hyp+ HY +V(x,y2laxa (+HYp) (2.14)
—_—— —— —_— ——

crystalline ~ magnetic confinement SO correction
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LK parameter (from [12]) ‘ silicon | germanium

71 4.285 13.38
Y2 0.339 4.24
Y3 1.446 5.69
K -0.42 3.41
q 0.01 0.06
Aso (eV) (from [27]) | 0.044 0.29

Table 2.1: Luttinger-Kohn parameters arising from integrating out remote bands. The parameters x and g
represent the linear Zeeman term and the cubic correction thereof.

with the Luttinger-Kohn (LK) Hamiltonian H? X the Bir-Pikus correction due to strain
Hg D the Zeeman Hamiltonian Hg, the confinement potential V(x, y, z) with the 4 x 4
identity matrix 144, and an additional spin-orbit correction term HSOO if applicable. We
note that the LK Hamiltonian is also directly dependent on the confinement potential.

2.6.1. CRYSTALLINE HAMILTONIANS

Semiconductors, such as silicon and germanium, are typically grown along the high
symmetry [001] crystallographic axis direction, and the Luttinger Kohn Hamiltonian is
typically expressed in the corresponding ([100], [010], [001])-coordinate system. In bulk
germanium these three axes are equivalent, such that we do not have a preferential spin
quantisation axis, i.e. Jy, Jy, J; all commute with the system Hamiltonian. We know,
however, that this symmetry is going to be broken along the growth direction, once we
confine or apply an electric field along z. Due to the axial symmetry around z, the system
Hamiltonian is approximately invariant under rotations about z. Therefore, J, remains a
good quantum number, whereas J, and J, do not. Asresult, it makes sense to write down
the LK Hamiltonian with a quantisation axis along z. Only later we perturb it by breaking
the symmetry around z, and it is possible to re-calculate the new spin quantisation axis.

The Luttinger-Kohn (LK) Hamiltonian can be expressed in the basis set
{13/2,+3/2),13/2,-3/2),13/2,+1/2),13/2,-1/2)} as

P+Q 0 S R
| o P+Q R’ -t
Hix = st R P-Q o0 |’ 2.15)
Rf -S 0 P-Q

where P represents the monopole contribution and Q the quadrupolar contribution
along z. With the spin quantisation axis along z, the corresponding eigenvalues of
Jzlj,mj) = mj|j,m;) vary between HH with m; = 3/2 and LH with m; = 1/2. As re-
sult the quadrupolar contribution acts differently on these two states, which splits them
in energy. Thus, P+ Q represents the energy of |3/2,+3/2), P— Q represents the energy of
[3/2,£1/2), and S and R representing the heavy hole-light hole (HH-LH) coupling terms
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with spin conservation and spin flip, respectively. The corresponding relations are

hZ
P= %y1(k§+k§+k§) (2.16)
0
hz 2 2 2
Q: %YZ(kx"_ky_Zkz) (2.17)
0
hZ
S=—\/§W73[(kx—iky)kz+kz(kx—iky)] (2.18)
0
h2
R=V3 T [—y2(k — k5) + iyskoky + iysky k. (2.19)
0

We can also see directly from the LK Hamiltonian that we can define an effective
mass for HHs and LHs from P + Q, which depends whether its direction is along the spin
quantisation axis or orthogonal towards it.

m
miM = ——— < 0.057my (2.20)
T Y1tYe
HH mg
mit = =2 ~0.204m, 2.21)
Y1-272
m
mi = ——— 0.109my (2.22)
T Y12
m
-0 £0.046m (2.23)
Y1+272

Contrary to what the name suggests, the HH-states have a smaller in-plane effective
mass than the LH-states. Off-diagonal terms originate from the coupling of the ps/»-
states to remote bands. The Luttinger parameters y, and y3 quantify the strength
of these anisotropic contributions, which enter the Hamiltonian through the S and R
terms. Their symmetry is expressed in how S and R depend on the momentum compo-
nents ky, ky, and k. In cubic crystals, this symmetry forbids direct coupling between
|3/2,+3/2) and |3/2,—3/2) as well as between |3/2,+1/2) and |3/2,—1/2). Nevertheless,
indirect processes via virtual intermediate states remain possible, and can be exploited
when operating a qubit within the heavy hole (HH) subspace.

strain parameters | Ge | comments
€)1,110 (6.94+0.2)-1073 [16] Ge/SiGe on Si wafer
ay 2.1eV [28] hydrostatic deformation potential
b, —2.16eV [28] uniaxial deformation potential
d, —6.06 eV [28] shear deformation potential

Table 2.2: Strain parameters entering the Bir-Pikus correction for the Luttinger-Kohn Hamiltonian.

Since crystal symmetries play such a major role in determining the overall band
structure, confinement and strain have a massive impact on the p3,, energy levels and
their mixing. The former is already accounted for in the LK Hamiltonian with its depen-
dence on k. Confinement along z by applying an electric field and/or utilising quantum
wells splits the |3/2,+3/2) and |3/2,+£1/2) apart.
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Strain, however, is not yet properly taken into account. This is done by defining a
similar Hamiltonian like H‘L) x> and is referred to as the Bir-Pikus correction. Since they
share the same crystal symmetry it can be expressed using the same notation as

P+ Q¢ 0 Se Re
0 P.+Q. R _
HY, = ¢ ¢ ‘<1, (2.24)
BP SI Re Pe— Qe 0
Rg _Se 0 Pe - Qe

with ay, by, and d, the deformation potentials, which are given for germanium in Ta-
ble 2.2. The quantities P, Q, R. and S, are given by

Pe=—ay(exx+€yy+€z7) (2.25)
1
Qe = —Ebv(exx+eyy—2€zz) (2.26)
V3 .
Se = ?bv(exx —€yy) —idyexy (2.27)
Re = —dy(ex; — i€y;). (2.28)

It is difficult to obtain realistic values for the full strain tensor from experiment. How-
ever, the growth of the Ge/SiGe heterostructure stack leads to a visible cross-hatch pat-
tern caused by misfit dislocations between the substrate and the buffer layer. These re-
laxations occur along the [110] and [110] crystallographic axes, which indicates that ten-
sile and compressive strain primarily develop along these two directions [16, 29]. With-
out any gate electrodes, all strain components with respect to [110] and [1 10] are there-
fore expected to be negligible. Once gate electrodes are added, the different thermal
contraction of the metal and the semiconductor introduces additional inhomogeneous
strain, which can affect all strain tensor components depending on how the gate retracts
and how much plastic relaxation occurs in the oxide. Ignoring inhomogeneous strain,
we can approximate the strain tensor as

€xx,110 0 0
€ro=| O €yy,110 0o 1, (2.29)
0 0 €22,110

which needs to be converted into the [100] reference frame, in which the LK Hamiltonian
is expressed:

1 [ Exx110t€ypri0 —€xx110+Eypii0 0
T
€100 =R €110R = E —€xx,110 T €yy,110  €xx,110 T €yy,110 0 (2.30)
0 0 \/§€zz,110

We can immediately see that the HH-LH coupling terms simplify to
Se =—idy(—€xx,110 +€yy,110) Re=0. (2.31)

Therefore, one major contribution of HH-LH mixing from the BP correction comes from
a planar mismatch in strain, which can occur particularly if crossing one of the misfit
dislocation in either [110] or [110] direction.
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strain tensor ‘ 22 nm deep Ge/SiGe QW on Si [29] ‘ 55 nm deep Ge/SiGe QW on Ge [16]

€,110 -7(2) x 1073 -6.9(2) x1073
€1,110 5.1(1) x 1073 .
€ij110 fori # j +0.15x 1073 B}

Table 2.3: Strain parameters entering the Bir-Pikus correction for the Luttinger-Kohn Hamiltonian.

2.6.2. MAGNETIC CONTRIBUTIONS
The Zeeman coupling in the LK formalism relates the interaction of angular momentum
and magnetic field to the Zeeman splitting and can be written as [12, 30]
_ UBq 3 3 3
Hyz ——2—(]xBx+]yBy+]sz) 2—(] By +JyBy+J;B;). (2.32)

\ I\ J

Hy H,,

We can see from the equation that we have a linear isotropic contribution Hy, whose
strength is characterised by the parameter x, and a small cubic correction term H,
whose strength is characterised by the parameter g, where |g| < |k|.

The J,-matrix simply carries the eigenvalues of J;|j =3/2,m;) = m;h|j=3/2,m;)
along the diagonal, i.e.

3/2 0 0 0
0 -3/2 0 0
J2 0 0 1/2 0 (2.33)
0 0 0 -1/2

If a magnetic field is thus applied along z, the HH and LH states are split directly, yielding
a pure HH Zeeman splitting of

B B
Ez uuB, = Z'U—A]z HHB; — H q

BB p\ps Bl =6x+2lq)- M, (2.34)
2 n
with AJ, gy =13/2—(=3/2)| =6/2 and AJZHH =1(3/2)* - (-3/2)%| = 27/4.

For magnetic fields orthogonal to z we need the angular momentum operators J,
and Jy, (expressed in the z-basis), which can be constructed using corresponding ladder
operators as shown in [2]. Note that these matrices are fundamental, and can be ap-
plied to any system that contains a quantum number of j = 3/2. As result the J and J,
matrices are defined as follows:

0 0 V32 0 0 0 —-V3/2 0
0 0 0 V3/2 ] o0 0 0 V3/2
_ = 2.
Jx=\32 o 0 v T a0 0 o | @39
0 V32 1 0 0 —V3/2 1 0

Physically, this implies that when a magnetic field is applied orthogonal to the quan-
tization axis z, it does not split the HH and LH doublets directly. Instead, it mixes them
through these off-diagonal couplings, leading to an indirect energy splitting once the
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system is diagonalized. The resulting eigenstates are therefore no longer pure HH or LH
states, but mixtures defined by the interplay of the Zeeman and Luttinger-Kohn Hamil-
tonians. As result the corresponding Zeeman splitting becomes strongly dependent on
confinement and strain as both modulate the HH-LH mixing. While the linear x-term ex-
clusively couples the HH ground states via HH-LH mixing, the cubic g-term has a small
direct coupling contribution between p. 3,2 and p_3,> coming from cubing the J, and J,
matrices.

0 3/4  7v3/8 0 0 3/4  -7V3/8 0
3 3/4 0 0 7V/318 3 .| —-3/4 0 0 7v/3/8
]JC: y =1
7v3/8 0 0 5/2 y 7318 0 0 -5/2
0 7v3/8  5/2 0 0 —7V3/8 5/2 0
(2.36)

This coupling term is therefore independent of the HH-LH coupling and becomes signif-
icant when HH-LH mixing is weak. To get the pure HH Zeeman splitting we can calculate
the eigenvalues of the isolated HH-block in J} and J, respectively, which return eigen-
values of +£3/4. We can thus approximate the pure HH in-plane Zeeman splitting as

Ez s, =2 Z%W(A]i,HHBx +AS By =64 %B(Bx +By), 2.37)
with A5y = AT gy = 13/4— (=3/4)| = 3/2.
We therefore have our characteristic pure HH g-factors, which are 64 for in-plane

magnetic fields and 6« + % q for out-of-plane magnetic fields.

2.6.3. CONFINEMENT AND ENVELOPE FUNCTIONS

To obtain numerical estimates and explore the behaviour of our system, we start from
the confinement potentials, from which we construct a set of envelope wave functions to
evaluate the crystalline contributions of the Luttinger-Kohn Hamiltonian. At this stage,
it is sufficient to note that we impose strong confinement along one direction and weak
confinement in the other two. We therefore assume a hard-wall potential along z with
eigenfunctions y™(z), and a harmonic potential in the x, y plane with eigenfunctions
¢"(x,y), all separable. From these textbook potentials, the total envelope functions read

Vil(x,y,2)=¢' (x, )yl (z) for i,je[0,1,2,..] (2.38)

The number of orbitals taken into account (n = max(i), m = max(j)) determines the
dimension of the final Hamiltonian’s Hilbert space. The orbital wave functions are pro-
jected onto the 4 x 4 LK Hamiltonian, yielding a total Hamiltonian H™™ of dimension
4(1+n+m) x4(1 + n+ m), with matrix elements

HE = (P IHOWH)  for ike[0,1,.,n]and j,1€[0,1,...,m] (2.39)

2.7. THE G-TENSOR

To determine the precise impact of the HH-LH mixing terms in the LK Hamiltonian
on the HH ground state, it is convenient to reduce the problem to a two-level system
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describing only the effective HH ground state. This can be done by treating the HH-
LH mixing perturbatively, relative to the HH-LH splitting, and block-diagonalizing the
Hamiltonian, thereby isolating a 2x2 HH Hamiltonian that incorporates second-order
contributions from virtual HH-LH transitions.[31, 32]. As such it is feasible to get an
effective HH 2 x 2 Hamiltonian, where the Zeeman anistropy, confinement, and higher
order p.3/2 < p-3/2 transitions via the LH-states are represented within the g-tensor G.
This Hamiltonian takes the form [33]:

1 -
H=p3GB (2.40)

The HH subspace is obtained from projecting the envelope wavefunction on the
Hamiltonian Hixgp = Hik + Hpp and obtaining the two lowest eigenstates.

The Zeeman operators corresponding to magnetic fields along the principal axes are
defined as H

01=—2%,
“BBo

where Hz ; the Zeeman term for a magnetic field applied along the i-direction and By
the reference magnetic-field amplitude. Projection onto the HH subspace yields the ef-
fective operators

0; =¥l 0:/¥un.

To remove the overall shift due to any trace component, we define the traceless operators

N 1 ((eD)
0.=0;- 5 1.
Each operator O;. can be expressed in terms of Pauli matrices,
A —_ .. .
0;= 5 Y. &%)
Jetx,yz}
where the coefficients g;; are obtained as

gji =TI‘(0']'O;-).

The resulting matrix

8xx 8xy 8xz
G=|8gx &y &
8zx 8zy 8zz

defines the effective G-tensor of the HH subspace.

It is important to recognise that the g-tensor G is not uniquely defined. It can be de-
composed as G = UGqV, where Gq is a diagonal matrix, V defines the magnetic axes, and
U specifies the qubit basis. Consequently, G depends on the choice of qubit basis. Con-
sidering the strong out-of-plane anisotropy and the absence of a preferential in-plane
direction, it is reasonable to adopt the device axes with z aligned along the growth di-
rection. In practice, the g-tensor is typically asymmetric following this convention. For
isolated qubits, one can alternatively align the qubit axes along the magnetic axes, which
makes G symmetric.
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Figure 2.4: Sources of g-tensor variability and tunability, a. 'Breathing’ of the g-tensor dependent on the
harmonic confinement and shear strain. b. Change of in-plane principal g-tensor axes by rotating elongated
wavefunction, introducing anharmonic potential, or biaxial strain mismatch. c. Out-of-plane tilt of the
g-tensor by an inhomogeneous electric field or inhomogeneous strain.

2.7.1. ANALYTICAL FORMULAS
The corresponding g-tensor components can be analytically obtained as in [34]:

6K by (exx) = (€yy)) 6(A(p3) —1’<p§>)

=3q - 2.41
Brx =24 Agr moAgL (2.41)
I T AR i
vy AL oD .
4v3xdy (€xy,yx) 12/~l<pxpy>
~+ . F R 2.43
8xyyx AL + — (2.43)
8xz.zx = 8yz,zy =0 (2.44)
27
8zz = 6K — - 4= 2yn (2.45)

where the average (-) represents the average in respect to the ground wavefunction v,
ie. (yo | . | o), and material dependent scaling parameters
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A=—Ky2+  20yY2y3+20nY5 (2.46)
higher LH orbital correction

A'=—Ky2+ 20py2ys+ 2NnY2Y3 (2.47)
higher LH orbital correction

A= —xy3+20n75 +205(r2y3 +73) (2.48)

higher LH orbital correction

K —27nYs : (2.49)
——

A
1l

higher LH orbital correction

We find back the pure HH g-factors, which appear as constant offsets, whereas
the Luttinger-Kohn (LK) Hamiltonian and the Bir-Pikus (BP) correction introduce
confinement- and strain-dependent contributions, whose magnitude is determined by
the degree of HH-LH coupling. The three key parameters describing this coupling are
Yh» N, and 7jj, obtained by integrating out the remote LH bands. Table 2.4 lists theo-
retical values reported in the literature. The precise values depend on the heterostruc-
ture design, strain, and the separability of the electric field [35]. For in-plane magnetic
fields, the isotropic Zeeman term H, couples via the light-hole (LH) states and therefore
gives a highly sensitive contribution to the in-plane g-factors in terms of strain and con-
finement. For out-of-plane fields, the Zeeman Hamiltonian has no off-diagonal compo-
nents, and its value is primarily determined by x and g, with corrections from yy,, which
accounts for the coupling of the HH ground state to LH subbands mediated by k.. This
assumes separability of in-plane and out-of-plane motion, which is not strictly valid in
practice [32].

LH parameters | unstrained Ge ‘ strained Ge’

Yh ~3.6eV[31] | ~2.59eV[31]
Nh ~0.2eV([31] | ~0.42eV[31]
A ~—0.5eV® -

Table 2.4: Parameters arising from integrating out the the light-hole states from the vertical motion. The given
values should only be interpreted as orders of magnitude.

Figure 2.4 illustrates the influence of wave-function shape and strain on the g-tensor.
Both effects act, on the one hand, as sources of variability and, on the other, as resources
that can be exploited for qubit manipulation. Broadly, the impact of momentum and
strain parameters can be grouped into three categories. We begin by assuming a har-
monic confinement potential along the [100] and [010] crystallographic directions. Mod-
ulating the confinement length leads to a 'breathing’ of the g-tensor (Figure 2.4a.i), in
which the principal components along the [100] and [010] directions are modulated (Fig-
ure 2.4a.ii). A similar effect arises from the strain component €,110, which may fluctuate

2Biaxial strain for Ge/SiGe quantum well with € =-0.61% and ¢ = +0.45%, Ly =16nm
3Value coming from preliminary results from E. Valvo et al.
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around zero in space and can contribute to small dot-to-dot variations (Figure 2.4a.iii).
The magnetic axes of the g-tensor can be rotated towards the [110] crystallographic di-
rections (Figure 2.4b.i) by introducing anharmonic confinement, rotating an elongated
wave function in space (Figure 2.4b.ii), or through a biaxial strain mismatch between
€xx,110 and €yy110 (Figure 2.4b.iii). This biaxial strain mismatch can reasonably be as-
sumed to be the dominant source of strain-induced variability and may have a signif-
icant impact on qubit manipulation [32], particularly when the strain sampled by the
wave function varies strongly with its shape and position. For sufficiently large biaxial
strain differences, the magnetic axes fully align along the [110] direction, such that fur-
ther modulation primarily results in breathing behaviour, effectively inverting the roles
of the effects shown in Figure 2.4a and b. So far, we have focused on variability and
modulation of the in-plane g-tensor. Owing to the strong out-of-plane anisotropy, even
small tilts of the g-tensor out of the plane can have pronounced effects (Figure 2.4c.i).
For instance, the non-separability of in- and out-of-plane electric fields when applying
an oscillating gate voltage modulates the p,p; and p, p, terms, leading to strong driving
via out-of-plane rocking of the g-tensor [35]. Similarly, inhomogeneous strain can intro-
duce shear components that tilt the g-tensor differently in each quantum dot. Physical
displacement of the wave function within a spatially varying strain field may therefore
also constitute an efficient driving mechanism.
Experimentally, only the magnitude of the Zeeman splitting is typically measured.

E.=uglGB| = g* ugB. (2.50)

In experiment, the effective g-factor g* can be measured as a function of magnetic field
direction [36-39], which reveals the magnitude of the g-tensor components.

We conclude this subsection by summarising the key considerations when working
with the g-tensor.

1. The cubic Zeeman term gives a constant offset for the in-plane g-tensor compo-
nents of +3¢q that vary in sign between x- and y-direction.

2. Modifying the confinement potential induces opposite changes in gyx and gy.
Because the cubic Zeeman term also has opposite signs along these directions, it
produces a comparable change in magnitude.

3. The difference in biaxial strain (e — (€yy) introduces a constant shift of equal
sign for gy and gy,.

2.7.2. NUMERICAL EXAMPLE

To better understand the g-tensor formalism and familiarise ourselves with the orders of
magnitude at play, we can run through a simple numerical example. To do so, we make
the following assumptions:

1. The wavefunction is separable alongx, y, and z such that we can use Equation 2.38.

2. The strong confinement along z can be approximated with an infinite well poten-
tial. Since electric fields heavily tilt the potential in the quantum well, we define an
effective confinement length that corresponds to half the quantum well thickness
L;~=Low/2=8nm
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3. The confinement along x and y can be approximated by a 2D harmonic potential

4. We approxjmate the in-plane wavefunctions of the ground state as ¢° =
}%H ([)LH, such that the HH and LH envelope functions are the same and

(Do P,y b5 = (DR P2y 10y

5. We assume a confinement length of Ly ~ 19nm along x and L) ~ 20nm along y,
which gives a HH orbital splitting of ~ 50meV for (,b?{H using the eigenvalues of the
harmonic oscillator.

6. We assume that we have isotropic biaxial strain ¢y =€,y =€,y ande¢;; =0fori # j

For practical numerical evaluations, we can include a finite number of orbital states
for each confinement direction. For simplicity, however, we only consider the minimal
case, including only the HH/LH ground state

¥P(x,y,2) = °(x, ) 1’ (2),
and later apply corrections arising from the coupling of y° to higher z-orbitals y*>°.
For harmonic confinement, the momentum operator py,y is related to the spatial
extent of the ground wave function as

n? p2 =1.385x 10'° (1/m)?
°1p3 19" = =" 2.51
WPy 07 212 {pf,z 1.250 x 10" (2/m)? ®5D
@°1pipjl¢?) ;=0 (2.52)

For an infinite potential well along z, the corresponding matrix element reads
2 nm \? 2 16 2
GMpslx™ = (E) = p;=3.855x10" (h/m) (2.53)
z

Analytical expressions for mixed terms such as (y;|pz|x ), (xilzlx ), {xilpzzlx ), and
(xilzp:lx ;) (including the ground state yo and excited orbitals y j~o) exist and become
relevant once higher orbital states are included. All coupling terms between z and x, y
vanish due to the separability of the chosen wave functions. Projecting the ground state
W0 on the LK Hamiltonian we thus get:

897 0. 0 -0.04
0 897 -004 0

HE™ (mev) = (9| HY | 9) o —oos 3303 o | (2.54)
-004 0 0  33.03

We thus obtain a HH-LH splitting of Agyy_rx = 24.1meV, which is almost exclusively

determined by the much stronger z-confinement, i.e. Agy_ry ~ 2m0 y22k2 ~24.9meV.

We consider here only isotropic biaxial strain with €xy110 = €yy,110 = —6.9meV,
€zz,110 = 5.2meV, and negligible shear strain, i.e. €;j,110 = 0 for i # j. For more com-
plex and inhomogeneous strain due to gate contraction upon cooldown, the strain fields
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need to be sampled across the full wave function. When projecting the ground state on
the BP Hamiltonian we obtain:

-8.08 0. 0 0

(\yOO) _ 00 00\ 0 -8.08 0 0

Hyp ) (meV) = (YO Hp,p ¥ = | o a2 o |’ (2.55)
0 0 0 442

The contribution of the strain on the HH-LH splitting is ~ 52meV and thus further splits
them apart on top of the confinement splitting. Here, we assumed to have isotropic bi-
axial strain, therefore no off-diagonal elements arise. However, mismatch in the biaxial
strain can potentially be quite significant as a function of space due to the strain-relaxed
buffer that imprints a misfit dislocation network along the [110] and [110] crystal direc-
tion.

We can evaluate the Zeeman Hamiltonian for a magnetic field along X and 2. We use
a magnetic field of By = 100mT along X and Z respectively. Projecting the ground state

00
on the Zeeman Hamiltonian H.® = (¥°°| H?|¥%) we obtain:

—-0.062 0 0 0
w00y = B 0 0.062 0 0
H, (B =Byz)(meV) = 0 0 ~0.020 0 ) (2.56)
0 0 0 0.020
0 0.001 -0.035 0
w00y = _|—0.001 0 0 -0.035
B (B=BdmeV)=| 035 o 0 -0.041’ @57
0 —-0.035 -0.041 0
From diagonalising Hy x + Hgp we can get the HH eigenvectors
1.0000 0
0 1.0000
Y~ o 0005 (2.58)
0.0005 0

which have been rounded here to the fifth digit.

Projecting the Zeeman Hamiltonian for a B-field along the x, y and z direction on
the HH subspace and expressing it in terms of Pauli matrices, we can thus extract the
g-tensor:

0.192 0 0
Grumerical = 0 —0.168 0
0 0 21.27

Since we assumed isotropic biaxial strain and only introduced an asymmetry be-
tween the x and y-confinement, we obtain a g-tensor without any off-diagonal terms.
The principal g-factors are all quite similar to the pure HH g-factors, only deviating from
it by the small difference in x- and y-confinement.
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We can also compare this result, to the one of the analytical formulas. Plugging in the
same values yields

0.094 0 0
Ganalyticat = 0 —-0.156 0
0 0 16.09

We can see that the analytical result differs substantially from the naive result one
would obtain when only considering the ground state. Indeed, we have seen before that
the analytical equations contain correction terms due to the mixing of the ground HH
state to excited LH states. We can estimate these correction terms using the known ma-
trix elements of the coupling between ground and higher orbitals states in the infinite
well potential [40].

—%% n+modd,

(n|zlm) =40 n+ meven(n # m), (2.59)
L./2 n==k,
.i nm dd,

(nlkylmy = { e w2=m? TTITO (2.60)
0 n+ meven(n # m),

(nlkzzlmy =) (nlk ) (llzlm),  (nlzk;\m)=)_(nlz|l)|k;|m). (2.61)
] ]

The correction terms (given in Ref. [31]) then become:

O3l o (HHylks|LH)?

~2.234 (2.62)
mo T Ermi—EnHo

2iIm ((HHy|z|LH;) (LH|k;|HHy))

Nh=—AtHy, ~—0.377 (2.63)
7 Ergi—Egno
Im (HHyl|k;z+ zk,|LH;) {LH;| HH
ﬁthLHZ « olkzz + zk,| X 1l 0)) ~0 (2.64)
7 Ern,i—Enno

Both yj, and nj, saturate quickly after taking two excited LH states into account. Note
that Ref. [41] shows that for a more realistic potential the higher LH states contribute sig-
nificantly, since they start to leak out of the quantum well and further reduce the out-of-
plane principal g-tensor component. As a first approximation, we can use the analytical
equations to compute the expected correction coming from yj and 1y on our numerical
result, which only took into account the HH and LH ground states.

0.102 0 0

Gnumerical, corrected = 0 -0.16 0
0 0 16.801
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Including the correction for the excited LH states coming from our infinite well ap-
proximation, we finally get principal g-factor components that are very close to the ana-
lytical ones.

2.7.3. LARMOR VECTOR AND SPIN QUANTISATION AXIS

Now that we have a basic understanding, where the g-tensor is coming from, we can
move further to look on the implications that the g-tensor has on the spin qubit opera-
tion and dynamics. We can re-write Equation 2.40 as [33]

n
H= EQL'U, (2.65)

with the Larmor vector ; and spin quantisation axis 7ispin defined as

i ) A GB
Q=5 GB=wr Aiggin,  Aspin = pr.

The Larmor vector specifies the natural alignment of the spin, represented by the spin
quantisation axis spin, as well as the amplitude of the Zeeman splitting, represented
by the corresponding Larmor frequency. Figure 2.5b visualises the Larmor vector, using
the angles 05, and ¢, to describe its direction. The Larmor vector depends on the
magnetic field orientation. Using the analytical g-tensor expressions, Figure 2.5¢ shows
the effective g-factor and the two angles of the spin quantisation axis as functions of
the magnetic field direction. The g-factor increases rapidly for out-of-plane fields due
to the strong g-tensor anisotropy. The spin quantisation axis rotates nearly uniformly
for in-plane magnetic fields, depending on additional in-plane anisotropies in confine-
ment, and tilts abruptly out of plane once the magnetic field deviates from the in-plane
direction.

We can also examine the difference between two Larmor vectors that correspond to
distinct confinement conditions, as shown in Figure 2.5d. Figure 2.5e displays the result-
ing change in the g-factor and the angle between the two quantisation axes when the x-y
confinement is interchanged between the two Larmor vectors. Since the principal axes
remain unchanged, the maximum variation in the g-factor occurs when the magnetic
field aligns with one of these axes. This variation is largest for in-plane fields and de-
creases as the field approaches the out-of-plane direction. The angle between the two
quantisation axes is minimal when the magnetic field is aligned with a principal axis and
is maximised for in-plane orientations between these axes. For out-of-plane magnetic
fields both spins align along z, which causes the difference between the quantisation
axes to vanish.

Now that we have seen that g-factor and quantisation axes can differ between differ-
ent spin qubits, we can estimate using the analytical expressions what kind of variabil-
ity we can expect. Figure 2.6 shows the variability of the g-factor and the difference in
quantisation axis for different configurations including varying confinement and strain.
Depending on the dominant contribution we can expect sharp or washed-out in-plane
features. But generally, we can only see large differences in g-factor and quantisation
axis for angles close to in-plane. Already a couple of degree out-of-plane removes all
patterns since it aligns all quantisation axes along z and normalises the g-factors. This
should be kept in mind when considering the desired operation regime.

(2.66)
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2.7.4. ELECTRIC DIPOLE SPIN RESONANCE

Electric dipole spin resonance is a general framework describing the electric excitation
of a spin via the spin-orbit interaction [42]. In quantum dots, two commonly used de-
scriptions of EDSR can be distinguished. The first is g-tensor modulation resonance
(GTMR), which relies on a time-dependent modulation of the Larmor vector [33], and
has been used to investigate EDSR in systems with g-tensor anisotropy [36, 37, 39, 43—
45]. The second one is iso-Zeeman EDSR, which is based on the effective magnetic field
experienced by a spin as it moves through the spin-orbit field [46]. The latter frame-
work allows the extraction of an effective spin-orbit length. In bulk and two-dimensional
systems, the spin-orbit length denotes the distance over which an unconfined spin un-
dergoes a 7 rotation due to the spin-orbit field [47]. Although this picture breaks down
in zero-dimensional systems, it remains a useful effective metric for comparing spin-
orbit strengths across different platforms [48-52]. Attempts have been made to unify
these two contributions within a single theoretical framework by relating EDSR to gate-
induced modulation of the g-tensor [53, 54]. Owing to its close connection to the original
GTMR formulation, we refer to this unified approach as the generalised g-tensor mod-
ulation resonance, which has been shown to describe well the spin qubit dynamics in
planar Ge/SiGe heterostructures [39].

GENERALISED G-TENSOR MODULATION RESONANCE

In the previous chapters we analysed in detail how the confinement potential affects the
g-tensor. Since the confinement can be modulated with electrical pulses, it becomes
possible to modulate the g-tensor and therefore the Larmor vector by applying an oscil-
lating electric field to a gate electrode. We can decompose this modulation of the Lar-
mor vector into a longitudinal component Q; ; and an orthogonal component Q; ;. In
particular, the modulation of Q; ; can drive spin flips because it acts orthogonally to
the spin quantisation axis. As a result, the Rabi frequency that quantifies the rotation
strength can be written as [54]

1

fRabi = E

aQr,
av

_ 1pBVye
ac —Zhg*

aG

' . (2.67)

We can again consider a numerical example using the analytical g-tensor formulas.
Assuming isotropic confinement, we simulate the modulation of different g-tensor com-
ponents. In Figure 2.7a we use isotropic biaxial strain and modulate the in-plane con-
finement in (ii). From the resulting g-tensor derivatives we evaluate Equation 2.67 to
obtain the Rabi frequency as a function of magnetic field direction. The same procedure
applies to modulating the off diagonal components in (iii) and (iv). The drive amplitudes
are adjusted to yield comparable effective driving strengths and are not intended to be
realistic. The purpose is to illustrate how different driving mechanisms depend on the
magnetic field orientation. For GTMR at a fixed Larmor frequency operation close to in-
plane is essential. At the same time the approach to the in-plane configuration increases
the diversity of patterns across the driving mechanisms, which complicates the iden-
tification of an optimal operating point. Additional anisotropies such as mismatched
biaxial strain (Figure 2.7b) alter the maps further. In general, isotropic modulation of
the in-plane confinement is far less effective than modulating the off diagonal g-tensor
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Figure 2.8: Typical spin-obit fields characterised by their varying degree of symmetry. The winding direction
is determined by the sign of the Rashba and Dresselhaus coefficient. Real-world materials can have an
admixture of all these SO fields.

components, for example through displacement in an inhomogeneous strain field. This
is why the drive amplitude for the in-plane modulation must be chosen unrealistically
high in this example.

2.7.5. RASHBA AND DRESSELHAUS SPIN-ORBIT TERMS
Symmetry and symmetry breaking generate distinct spin-orbit interactions, each asso-
ciated with a characteristic spin-orbit field. This field is the effective magnetic field ex-
perienced by a spin moving along a given direction. Three relevant types are shown
in Figure 2.8. First, Rashba spin-orbit interaction originates from structural inversion
asymmetry, for example an electric field along z. The linear Rashba term has radial sym-
metry in the (ky, ky) plane, with the spin-orbit vector lying in-plane and orthogonal to
the direction of motion, as shown in Figure 2.8a. A loop around the origin in momentum
space causes the spin-orbit field to rotate once. The cubic Rashba term is anisotropic: it
has an in-plane orthogonal component along the k, and k, axes and becomes parallel in
between, rotating three times when traversing such a loop, see Figure 2.8b. Depending
on the wavefunction geometry either contribution can dominate. In one dimensional
confinement the linear term can be strongest, while in zero dimensional confinement
the cubic term usually dominates [52]. Second, Dresselhaus spin-orbit interaction typ-
ically arises from bulk inversion asymmetry, present in III-V and II-VI compound semi-
conductors due to the two atom basis. The linear Dresselhaus field is anisotropic: it is
parallel along the k. and kj, axes and orthogonal in between, but it rotates only once
when encircling the origin, see Figure 2.8c. Because Ge/SiGe heterostructures lack true
bulk inversion asymmetry, Rashba SOI was long assumed to dominate [12]. Recent ex-
periments in Ge/SiGe quantum dots, however, indicate that Dresselhaus SOI may be the
leading term [55]. Numerical simulations likewise show that a sharp Ge/SiGe interface
can generate a strong Dresselhaus contribution [56]. This contribution is highly sensitive
to interface sharpness and is rapidly suppressed by interdiffusion.

Our previous considerations and numerical calculations only considered atomic
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spin-orbit contributions which are intrinsically represented within the LK Hamiltonian.
However, there are additional extrinsic spin-orbit contributions that can emerge when
breaking the crystal symmetry. These can be manually added to Equation 2.14 as part of
the term H(S)O. In Ref. [56] they find through numerical simulation that the contribution
of the linear Rashba and Dresselhaus terms are minor for describing the single-hole dy-
namics for magnetic fields in-plane. Instead the GTMR formalism from the LKBP Hamil-
tonian is largely dominant for electric dipole spin resonance. The additional Rashba and
Dresselhaus contributions only slightly shift the sweet and hot spot operation points
around the in-plane angle. For magnetic fields out-of-plane the relative contribution of
the Rashba and Dresselhaus terms increase, and become critical when describing the
spin dynamics.

2.7.6. SPIN IN DOUBLE DOTS

Up to now, we have evaluated the single-particle Hamiltonian for a single quantum dot,
which can be accurately described by its effective g-tensor. The g-tensor determines the
local spin quantisation axis, which can vary across a quantum-dot array:.

It may be tempting to describe a multi-dot system (for instance, two dots denoted
|L) and |R)) using only the projected 2x2 effective Hamiltonian of each dot. However,
the mixing terms that arise from inter-band coupling within an individual dot, which
are responsible for the local g-tensor and quantisation-axis variations, are not equiva-
lent to the couplings originating from the spatial overlap of neighbouring orbitals [57].
Therefore, the full Hamiltonian must be evaluated in the extended double-dot subspace,
as this can generate additional spin-orbit-induced, spin-flip tunnelling matrix elements
[58]. Itis also good to keep in mind that depending on the dominant type of SOI, the axis
along which the quantum dots are arranged may matter due to the different symmetries
of the spin-orbit fields [12, 55].

When a spin is transferred diabatically between dots (while remaining adiabatic with
respect to charge), two distinct mechanisms can lead to spin rotation. The first is the
difference in local quantisation axes, which results in a frame-induced spin rotation [59]
and a geometric (Berry) phase if shuttling in a closed loop [60]. The second is the genuine
spin-flip tunnelling term, which arises from spin-orbit coupling irrespective of the local
bases [58].

In contrast to holes in silicon, the spin-flip tunnelling term in germanium is expected
to be comparatively small due to the large HH-LH splitting, with an estimated ratio of
|Zsol/ t; = 107° [61]. We therefore neglect it in our conceptual description of the double-
dot system. However, spin-orbit effects can still play an important role, as they renor-
malise the effective g-factor when tunnel coupling exceeds the Zeeman splitting. Con-
sequently, spin-orbit interactions may still influence initialisation, readout, and hopping
processes [61].

From microscopic models, it is possible to extract a spin-orbit tunnelling vector [58]

Tso = (tx ty tz) = ts0Aiso, (2.68)

where figg is the direction of the spin-orbit field around which the spin flips, and tsg is
the corresponding magnitude. For planar confinement, the spin-orbit field typically lies
in-plane [12], so we can set f, = 0 and neglect the 7, term from now on.
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We can then define the off-diagonal tunnelling block T of the single-particle Hamil-
tonian H; in the basis {|L 1),|L|),|R1),|R |)} [62],

0 T 2 = ] j
Her(TJr 0)’ T=tl+itso-0~tl+itxox+ilyoy,

where 7, represents spin-conserving tunnelling, and ty, ty are spin-flip components.

In addition to spin-orbit effects, there may be a difference in the local spin quanti-
sation axes between the two dots. We denote the angle between the axes by Angyis and
choose it as arotation about the y-axis. The rotation of the right-dot spin into the left-dot
basis is

Naxis

Anaxis .. A
Toxo —isin 2 Oy.

R(Angyyis) = cos

The single-particle tunnelling matrix in the common (left-dot) basis is then

T' = TR(Afaxis) = tplax2 + it,0 5 + ity 0y +it,0,,

with
Naxi ANy
£h(ANayis) = te COS — o — itysin zms, (2.69)
ANgxi
11 (ARays) = Ly COS za’“s, (2.70)
ANgyi ANgxi
t;,(Anaij) =—it.sin Zam + 1, COS Zam, 2.7

Anayis

17 (ANaxis) = Ly sin (2.72)

There are two interesting findings in these equations of the effective tunnelling ma-
trix elements. Firstly, even if all spin-orbit tunnelling matrix elements are zero, we can
have an effective spin flip element coming from the difference in the quantisation axis.
Secondly, we obtain a finite ¢, component if ¢, # 0. This means that unlike predicted
from purely in-plane SOI fields, there can be an effective out-of-plane tunnelling term,
resulting from the difference in quantisation axis.

To construct the two-spin Hamiltonian, we project the single-particle tunnelling into
the two-spin singlet-triplet basis [58, 63]. Using the eigenstates

{seo, so2, 11, 11, 11 1}

and the effective tunnelling elements (Equation 2.69-2.72), the Hamiltonian becomes

Uc+e 0 te—ity —te—ity —t,+ity —t,-ity

0 Ue—e  to—ity —te—ity —t,+ity —t,—it,
HZQ local = té/+ i-t;/ té/+ l'.t% Bz- 0 0 0
’ —t.+it, —t,+it, 0 —-Ez_ 0 0
—tJ’,—itjc —t;,—it;c 0 0 Ez. 0

—t;,+it)’6 —t;,+it]’6 0 0 0 —Ez.
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Figure 2.9: Energy diagrams for the single and double quantum dot, a. Energy levels of a single quantum
dot. The singlet-triplet energy spacing is determined by the orbital splitting E,}, and the single quantum dot
exchange energy Ej. that arises from occupying a different orbital wavefunction. b. Simplified representation
of the operation and read-out point, where spin-to-charge conversion via Pauli spin blockade is performed. c.

Double dot energy diagram for mismatched g-factors, and three distinct cases for the quantisation axis
mismatch: aligned, orthogonal and anti-aligned.

with Ez, = (gL +8gr)UB and E;_ = (§r—8L)UB.

The Hamiltonian has been evaluated numerically for ¢, = 1GHz, 50 = 0, and sev-
eral quantisation axis differences, see Figure 2.9c. The results show that the charge and
spin-orbit anticrossings can invert depending on the relative quantisation axes. For most
magnetic field angles the axes are nearly aligned, which leads to a negligible spin-orbit
anticrossing. For in-plane fields, however, there can be field directions that produce sub-
stantial misalignment of the quantisation axes, which in turn modifies the anticrossings
in the singlet-triplet spectrum.

INITIALISATION

One of the DiVincenzo criteria requires the ability to initialise a well defined fiducial
state [8]. For spin qubits this is achieved by moving along the detuning axis € of the en-
ergy diagram of the double quantum dot [64]. As shown in Figure 2.9c, sufficiently strong
detuning makes the singlet S(0,2) the ground state. If the tunnel coupling is large and
the detuning deep enough, all singlet and triplet (1, 1) states relax rapidly into S(0,2).
The detuning can then be pulsed back to the charge symmetry point at € = 0. The re-
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quired ramp times depend on the sizes of the relevant anticrossings, which are set by
the tunnel coupling and by the mismatch of the quantisation axes [58, 65]. In principle
one either maximises the spin-orbit anticrossing by increasing the relative angle of the
quantisation axes and preparing the system adiabatically in ||, or suppresses the spin-
orbit anticrossing entirely and ramps adiabatically into 1]. If the spin-orbit anticrossing
remains sizable a non-uniform ramp may be needed, starting fast to cross the first an-
ticrossing diabatically and then slowing down to remain adiabatic with respect to the
S(0,2)-Tp(1,1) anticrossing.

READ-OUT

For read out we need to determine the spin state of a specific spin qubit. Direct detec-
tion of the magnetic moment is impractical, so the spin state is mapped onto a charge
configuration [47, 66]. A nearby single hole transistor (SHT) can then sense this charge
state through shifts of the Coulomb peaks [25].

Spin to charge conversion relies on Pauli spin blockade (PSB) [67]. A simplified pic-
ture is shown in Figure 2.9a and b. Each quantum dot has an energy level structure in
which the singlet is separated from the single spin level by the charging energy E.. The
singlet-triplet splitting is set by the orbital level spacing and by the intradot exchange
energy Ey. The exchange energy reflects the reduced Coulomb repulsion for the triplet,
since the two spins occupy different orbitals. The ordering of these states is illustrated
in Figure 2.9a. At the charge symmetry point the single spin levels of the two dots align.
By detuning the levels one can reach the PSB configuration, where the single spin level
of one dot lies between the S(0,2) and the (0,2) triplet states. Depending on the spin
configuration, tunnelling to form S(0,2) is either allowed or forbidden [68].

Spin-orbit coupling in germanium complicates this picture because the spin can ro-
tate during tunnelling [58]. It is therefore necessary to consider the detuning dependent
spectrum shown in Figure 2.9c, where the mapping of || or 1| to S(0,2) depends on the
relative quantisation axes. The same considerations as for initialisation apply. The re-
quired ramp profile is set by the sizes of the anticrossings, and may need to be adiabatic,
diabatic, or a combination of both. A larger tunnel coupling supports adiabaticity but
also increases charge hybridisation, which in turn reduces the charge contrast between
the (1,1) and (0,2) states sensed by the SHT. A more detailed analysis on the impact of
different quantisation axes on read-out can be found in Ref. [65].

TWO-QUBIT GATES
In the previous section we introduced the intradot. In addition to this contribution there
is an interdot exchange energy J [57], defined analogously but using the energies of the
S(1,1and Ty(1,1) states. In the simple case where the quantisation axes are aligned and
spin flip tunnelling is negligible, / can be read off directly from the energy difference be-
tween the 1] and |1 states [57, 69]. The tilde indicates that these states are not necessarily
exact eigenstates. If these conditions are not satisfied, extracting J from the diagrams in
Figure 2.9c becomes more involved [70]. Here, we define it as the conditional energy
splitting

J=|(Eg —Ep) - (Efy —Ep)|, (2.73)
which depends on both the detuning € and the tunnel coupling f., and is a common
way to extract it from experiment [64, 71-73]. The interdot exchange energy becomes
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anisotropic with respect to the magnetic field because the field direction controls the
relative spin quantisation axes. Any sizeable spin-orbit tunnelling component enhances
this anisotropy, since it shifts the S(0,2)— || and S(0,2)— ] anticrossings in opposite di-
rections. Before discussing two qubit gate schemes, it is necessary to distinguish the
S(1,1) — Tp(1,1) basis from the 1| — |1 basis at the charge symmetry point. In an isolated
double dot the latter form the natural eigenstates. Once the tunnel coupling is switched
on they compete with the singlet-triplet manifold. The dominant factor determining the
outcome is the g-factor difference between the two dots. A g-factor mismatch skews the
singlet-triplet mixing and suppresses the formation of pure singlet-triplet eigenstates.
Reaching the true singlet-triplet regime then requires very large tunnel couplings, often
beyond what is experimentally feasible. If the g-factor mismatch is large enough the 1|
and |1 states remain good eigenstates for practical tunnel couplings. This behaviour is
visible in Figure 2.10c and g, where singlet-triplet formation is strongly delayed for mis-
matched g-factors, while for nearly identical g-factors it emerges at ¢, = 2 GHz. Two base-
band approaches exist for implementing a two qubit gate. The first relies on pulsing any
control parameter that distorts the energy spectrum in a non-uniform way. Figure 2.10a
and e show the eigenenergies for g-factor and quantisation axis mismatch. If the eigen-
state changes along the pulse trajectory, the ramp must be slow to stay adiabatic. This
becomes increasingly important the smaller the g-factor difference. Suitable control pa-
rameters are the detuning € or the tunnel coupling #,. Each eigenstate i accumulates a
dynamical phase [74]

¢i =AE;(1)- tramp,wait,ramp/h, (2.74)

where AE;(?) is the energy difference with respect to E;(¢ = 0), which is plotted in Fig-
ure 2.10b and f. These phase pick-ups in the two-qubit space can be used to calibrate a
two-qubit phase gate with the state evolution following the unitary

e"i%0 0 0
0 e’ 0 0
Ubphase = 0 0 omit 0 (2.75)
0 0 0 e it

By picking the phase of |00) for reference, and factoring out the single-qubit phases, the
unitary can be decomposed into

1 0 O 0
1 0 1 0 0 1 0 0
Uphase = ((0 e—iA</>02) ® (0 e_iA¢01)) 0 0 1 0 , (2.76)
0 0 0 e i(Bdo3—Ado2—Ador1)

which is a controlled phase operation and contains the accumulated phase differences
Ago; = ¢p; — ¢pg. Figure 2.10d and h show the accumulated two qubit phase after a wait
time of 100 ns. For orthogonal axes the phase is strongly reduced because all levels
bend downward and the relevant energy differences shrink. The CPHASE gate is effec-
tive when the neighbouring g-factors are sufficiently different [74]. In that regime the 1|
and |1 states remain the eigenstates throughout the pulse, and fast ramps are possible.
When the g-factors are too similar the states acquire singlet-triplet character and slow
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ramps are required to maintain adiabaticity and suppress unwanted oscillations. If the
g-factors are nearly identical adiabatic ramps become impossible. In that limit it is feasi-
ble to exploit a diabatic pulse to implement a SWAP gate [57, 75]. By pulsing from ¢, =0
to a large tunnel coupling, the instantaneous eigenstates become the pure singlet and
triplet, which induces singlet-triplet oscillations. These oscillations implement a SWAP
between | and |{. Any residual g-factor mismatch perturbs the ideal symmetry and
skews the oscillation weights. Due to the g-factor variability CPHASE gates are typically
easier to implement than SWAP gates.
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METHODS

The design of the Master Cook must be the fine and dependable method produced by
experience, of which he should have acquired such knowledge that he could serve rather
in the Office of Steward than the Steward could serve as Cook. [1]

Bartolomeo Scappi
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58 3. METHODS

HE development and electrical characterisation of spin qubit devices includes multi-
T ple steps and techniques. This chapter gives a general introduction into the meth-
ods used within the thesis. Further specifications can also be found in the respective
experimental chapters.

3.1. DEVICE DEVELOPMENT

University research typically focuses on developing proof-of-concept devices in clean-
room facilities that provide substantial freedom for experimentation. This contrasts with
industry, where processes are considerably more restrictive and yield is paramount. We
typically use coupons containing either nine or sixteen chips, of which atleast one serves
as a witness chip. The target yield is therefore to have the majority of devices on a single
coupon functional, since proof-of-concept experiments require only a single working
device, often referred to as the “hero device.” As device complexity increases, fabrication
quality must improve accordingly to maintain such yield. All device development in this
thesis was carried out in close collaboration with a dedicated fabrication engineer. The
ten-quantum-dot array described in chapter 6, 7, and 8 required five fabrication rounds
to achieve a satisfactory yield that enabled more extensive device characterization. Sub-
optimal design choices necessitated the further development of generations 6 and 7,
which are nearly identical.
Typical fabrication rules followed in electron beam lithography were:

1. a minimum spacing of 30 nm between adjacent elements within the same layer

2. elements in close proximity within the same layer should, where possible, be fab-
ricated in two steps

3. avoid running fanout lines in parallel over extended distances when they are in
close proximity

4. after ohmic contact diffusion, up to three additional layers can be fabricated, each
separated by a sufficiently thick oxide

5. elements in higher layers can cross those in lower layers at a 90° angle to reduce
the risk of discontinuities

6. all bonding pads should be placed on a SiN bond pad to prevent contacting the 2D
hole gas during bonding

7. ohmic bond pads should not be placed on SiN pads, as these can facilitate leakage
currents

8. screening gates at the device edges are required to prevent the formation of stray
dots

These rules are not set in stone and have evolved over time through efforts to diag-
nose failure and mitigate low yield. Some can already be considered partially obsolete,
such as restrictions on parallel fanout lines and limiting the design to three additional
layers. It is therefore necessary to reassess these rules when deviating from them offers
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clear advantages. Nevertheless, it remains important to begin from a rule set that has
proven effective in the past, even if the initial reasoning behind these rules have become
unclear.

3.1.1. DEVICE DESIGN

Designing a device requires the creation of a GDS file that contains all elements assigned
to corresponding processing layers. Typically, GDS files are created manually using tools
such as KLayout. As device complexity increases, there is a growing need to automate
the design process. This introduces a trade-off in terms of flexibility and user interface,
both of which are maximized in KLayout. An alternative approach for creating GDS files
is the use of dedicated Python modules, such as Gdstk, the successor to Gdspy. Gdstk is
a powerful and flexible Python library that enables the creation of arbitrary shapes, their
placement and grouping into cells, and hierarchical cell design. For complete documen-
tation, refer to https://heitzmann.github.io/gdstk.

As part of this PhD, a wrapper module has been developed based on Gdstk, tailored
specifically to the design requirements of research groups working on spin qubits. This
module, named QuantumDotDesigner, is available as open-source software athttps://
github.com/valentinjohn/quantum-dot-designer. QuantumDotDesigner retains
the core structure of Gdstk, including the ability to create cells and place elements and
cell instances within them. In addition, it tracks all elements and their positions, which
simplifies the addition of fanout structures at the final stage of the design process. The
module provides predefined elements such as plungers, barriers, and screening gates, as
well as predefined components, implemented as separate cells containing multiple ele-
ments. An example is a sensor component comprising a plunger, two barriers, and two
ohmic contacts. To ensure flexibility, the module also includes an ArbitraryPolygon
class, which allows the creation of custom shapes by specifying vertex coordinates. New
predefined elements can be added with minimal effort, as each element and compo-
nent is implemented in a separate file. After cloning the repository, additional files can
be placed in the appropriate directory. Further details are provided in the full documen-
tation athttps://valentinjohn.github.io/quantum-dot-designer.

3.1.2. DEVICE PREPARATION AND SCREENING

After processing in the cleanroom, the coupons are diced into individual chips and in-
spected optically and by scanning electron microscopy. Mechanical failures, such as dis-
continuities or disconnected lines, can thus be identified. The devices are then removed
from the cleanroom and handed over by the fabrication engineer, packaged in a gel box
and an ESD-protected bag. The next step is electrical screening, which requires gluing
and bonding the device onto a printed circuit board (PCB).

All samples studied in this thesis are mounted on the same PCB, which provides 100
direct current (DC) lines. Thirty of these lines incorporate a resistive bias network that
combines alternating current (AC) and DC signals. The AC input is capacitively coupled
(100 nF) and referenced to ground through 100k, with a 1 MQ resistor linking the AC
and DC nodes. The DC bias is decoupled to ground via 100 pE All plunger, barrier, and
sensor plunger gates are bonded to AC lines.

For gluing, vacuum grease and Gvarnish have primarily been used. Vacuum grease is
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Figure 3.1: Room temperature electronic setup. a. SPI rack providing the dc voltages; b. Keysight M3202A
AWGs for applying AC pulses up to 400 MHz and M3102A digitizer demodulating the read-out signal.

resilient to thermal cycling and was used for all 3-4-3 quantum dot devices, but it com-
plicates bonding since it does not harden and the chip can slide or tilt. Gvarnish was
therefore adopted in later stages. As the PCB was optimized for a different device design
[2], in which all fast lines fan out on the top side, bonding required a significant number
of wires crossing over the chip to the opposite side of the PCB.

After bonding, the device is tested in a 4 K dipstick setup using direct current. The
device is immersed in liquid helium, reaching temperatures down to 4 K. At this stage,
it is verified whether the 2DHG is insulating and whether a current can be established
between ohmic contacts by using the intermediate gates to control the conduction path.
Turn-on is typically observed well before —1000 mV, although this can depend on the
design, fabrication run and wafer.

3.2. EXPERIMENTAL SETUP

Experiments are performed in a Bluefors LD400 dilution refrigerator with a base temper-
ature of a few tens of millikelvin. A superconducting solenoid magnet operated in driven
mode provided an axial magnetic field.

DC lines are filtered at multiple stages of the refrigerator and connected outside the
cryostat to a battery-powered SPI rack for voltage control https://qtwork.tudelft.
nl/"mtiggelman/spi-rack/chassis.html. AC lines are attenuated within (9-15dB)
and outside (~ 10dB) the dilution fridge, and connected to a Keysight M3202A arbitrary
waveform generator cluster. The room and cryogenic temperature setup can be seen in
Figure 3.1 and 3.2 respectively. Instrument control is implemented using pulselib (pulse-
lib.readthedocs.io) and internal qconstruct libraries.

Charge sensing employs reflectometry. The PCB feedline is coupled to four LC tank
circuits (100 pF capacitors with off-chip inductors of a few pH). A 5kQ shunt resistor
sets an RC constant 7 = 0.5us. The input RF tone is attenuated by 43 dB in the fridge
and by a similar amount at room temperature. Reflected signals are amplified 35 dB by
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Figure 3.2: Cryogenic setup. a. Bluefors LD400 dilution fridge from the outside when closed. An additional
external magnet has been installed and utilised in chapter 8. All other experiments use a superconducting
solenoid magnet inside the dilution fridge. b. Inside of the dilution fridge showing the mixing chamber and
still flange. c. Cold finger that is attached to the mixing chamber plate to place the sample in the magnetic
field centre of the solenoid magnet. d. The quantum chip is mounted on a PCB and connected to the required
AC lines via coaxial cables and to DC lines via flex flat cables (FFC).
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a cryogenic low-noise amplifier at 4 K and 30 dB at room temperature, after which it is
digitized with a Keysight M3102A module with 500 MSa/s, and demodulated using its
FPGA.

The source of each single hole transistor is bonded to one tank circuit, with the drain
grounded. Resonance frequencies can range from 70-200 MHz. The RF phase is chosen
to maximize sensitivity.

Single-shot readout is performed by repeating pulse sequences n times and assign-
ing binary outcomes depending on whether the measured amplitude crossed a cali-
brated threshold.

3.3. FABRICATION

The devices presented in this thesis are fabricated on a Ge/SiGe heterostructure featur-
ing a 16 nm germanium quantum well located 55 nm below the semiconductor-oxide
interface, as introduced in section 2.5. The device gate stack is realized using a multi-
layer of Pd gates and Al,O3 gate oxide grown by atomic layer deposition.

Ohmic contacts are formed via diffusion of 30 nm aluminium or platinum. Prior to
contacting, the oxidized silicon cap is etched. The gates are composed of Pd with a 3 nm
Ti adhesion layer. Table 3.1 contains all additional fabrication details of the used devices
within the thesis.

Table 3.1: Differences in the fabrication details between the utilised devices

Device 2x2 4x4 3-4-3 (6gen) 3-4-3 (7gen) GS2
Chapters 4 5 6 7,8 9
Substrate silicon  silicon silicon germanium silicon
Ti/Pd thickness (nm)  20-40  20-30-30 20-30-40 20-30-40 20-30-40
Ohmic material Al Pt Pt Pt Pt
Al, O3 thickness (nm) 7-7 7-5-5 7-5-5 7-5-5 7-5-5
plunger size (nm) 100 100 130 130 80
plunger pitch (nm) 130 160 165 165 80
barrier size (nm) 30 30 50 50 -

3.4. GATE VIRTUALISATION

For the experiments conducted in this thesis, a set of virtual gates defined in software is
used, as outlined in Table 3.2. The first layer of virtualisation compensates for crosstalk
between gates and sensors, as well as interactions between nearby quantum dots. This
ensures that adjustments to plunger or barrier gates do not shift the position of the
charge sensor’s Coulomb peak or alter the potentials of nearby dots. In the second
layer, the charging voltage of each dot is normalized by rescaling the strength of its cor-
responding plunger gate. Finally, the third layer virtualizes the barrier gates, enabling
independent tuning of the exchange interaction between dots without affecting their
charge states. For a complete description of the gate virtualisation method, see Ref. [3].
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Table 3.2: Layers of the virtualization approach. S denotes sensor plunger gates, P (B) quantum dot plunger
(barrier) gates.

Virt. Description Notation
layer
1 Charge sensor and QD compensations [vS,vP,vB] =M; - [S,P,B]
2 Normalisation of plungers with uniform charging N=M;-vP
voltages

3 Barriers to QDs J=Mgs-[VB,N]
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BICHROMATIC RABI CONTROL OF
SEMICONDUCTOR QUBITS

In all fighting, the direct method may be used for joining battle,
but indirect methods will be needed in order to secure victory. [1]

From The Art of War by Sun Tzu

Electrically-driven spin resonance is a powerful technique for controlling semiconductor
spin qubits. However, it faces challenges in qubit addressability and off-resonance driving
in larger systems. We demonstrate coherent bichromatic Rabi control of quantum dot
hole spin qubits, offering a spatially-selective approach for large qubit arrays. By applying
simultaneous microwave bursts to different gate electrodes, we observe multichromatic
resonance lines and resonance anticrossings that are caused by the ac Stark shift. Our
theoretical framework aligns with experimental data, highlighting interdot motion as the
dominant mechanism for bichromatic driving.

Parts of this chapter have been published in Valentin John, Francesco Borsoi, Zoltan Gyorgy, Chien-An Wang,
Gébor Széchenyi, Floor van Riggelen-Doelman, William I. L. Lawrie, Nico W. Hendrickx, Amir Sammak, Gior-
dano Scappucci, Andrés Palyi, and Menno Veldhorst, Bichromatic Rabi control of semiconductor qubits, Phys.
Rev. Lett. 132, 067001
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PIN qubits based on semiconductor quantum dots represent a promising platform
for quantum computing owing to their small qubit footprint, long coherence times,
and compatibility with semiconductor manufacturing techniques [2, 3]. However, the
present control of spin qubit devices relies on a brute force approach, where each qubit
is individually connected to at least one control line. This approach poses a significant
challenge for scaling to larger systems and is affecting current progress [4, 5]. Multi-
plexing strategies will most likely become essential and this has been the motivation for
various proposals, such as crossbar arrays with shared control [6, 7]. Executing quantum
algorithms requires selective quantum control, but its implementation in large qubit ar-
rays poses significant challenges. Recently, the concept of bichromatic spin resonance
has been proposed to offer addressable microwave control in qubit crossbar architec-
tures [8]. In this approach, two microwave tones with frequencies f, and f;, are utilized.
These tones are applied to the word and the bit line of the crossbar array, respectively. By
exploiting the nonlinearity of electric dipole spin resonance (EDSR) [9-17], rotations of
a qubit with Larmor frequency of | fiy + f; | at the intersection of the two lines [Fig. 4.1(a)]
can be targeted. This operation scheme presents new opportunities for both spatially
selective qubit addressing and gate parallelization [8]. Analogous two-photon processes
have been utilized in Rydberg-atom processors [18, 19] and superconducting qubits [20]
to optimize qubit performance.

Here, we investigate experimentally and theoretically the bichromatic driving of
semiconductor spin qubits in a 2-qubit system defined in a strained germanium quan-
tum well. We find that both qubits can be coherently driven by mixed frequency sig-
nals, including the sum and difference of the corresponding frequencies. We investigate
the occurrence of resonance anticrossings in EDSR spectroscopy maps, which originate
from the Autler-Townes (also known as ac Stark) shift of a photon-dressed spin transi-
tion. Additionally, we introduce a model that reveals the importance of spin-conserving
and spin-flip tunneling terms in bi- and monochromatic EDSR.

We investigate bichromatic driving of spin qubits in a two-qubit system within a four-
qubit germanium quantum processor (Figs.4.1b, c) [21, 22]. By tuning the electrostatic
potential using plunger and barrier gates, we confine a single-hole quantum dot under-
neath each of the four plungers P1-P4, and define virtual gate voltages vP1-vP4 based on
P1-P4 to achieve independent control ( [23], Supplementary Note 1). We focus on the
spin qubits Q1 and Q2, while Q3 and Q4 remain in their ground state. We furthermore
define the detuning voltage €1, =vP1-vP2 [24].

4.1. BICHROMATIC EDSR SPECTROSCOPY

Fig.4.1d displays the charge stability diagram of the double quantum dot system, ob-
tained through rf-reflectometry charge sensing [25]. The device is operated in an in-
plane magnetic field of 0.675 T, resulting in qubit frequencies of fo1 = 1.514 GHz and
fq2 = 2.649 GHz. To investigate the bichromatic driving approach, we follow the pulse
protocol outlined in Fig.4.2a. We initialise the Q1, Q2 qubits in the || |) state by adia-
batically pulsing €1, from the (0, 2) to the (1, 1) charge state via the spin-orbit induced
anticrossing. Next, we manipulate the spins by two simultaneous microwave pulses on
plunger gates P2 and P4, with a duration #, and microwave frequencies fpz and fps. We
perform such two-tone qubit manipulation at the voltage point indicated in Fig.4.1c cor-
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Figure 4.1: Bichromatic control of a spin qubit. a, Bichromatic driving in a crossbar architecture.
b, False-color scanning electron microscopy of a 2x2 germanium quantum dot device, nominally identical to
the one used here. ¢, lllustration of the four-qubit processor. We operate Q1 and Q2 with microwave bursts
applied to P2 and P4. We model qubit rotations via AC detuning modulation (sketched potential). d, Charge
stability diagram of the double quantum dot illustrating the (1, 1) charge sector and the detuning €7 axis
(black line). The white star indicates the gate voltages used for the qubit manipulation stage. The green and
blue arrows indicate the displacement within the vP1, vP2 framework, when applying a microwave burst on
P2 and P4, showcasing the different orientation of the driving fields. The displayed length of the arrows is
proportional to the amplitude of the signal at the device, amplified by a factor of 5 for visibility.

responding to €12 = —20 mV. Finally, we return to the (0, 2) charge sector and perform
read-out using latched Pauli spin blockade [21].

The 2D EDSR spectroscopy in Fig.4.2b reveals resonance lines from monochromatic
and bichromatic spin excitations. Monochromatic qubit transitions labelled as Q172,
Q14 Q2P2, Q2P* (with the superscript defining the driving plunger gate) are observed as
vertical and horizontal lines at the corresponding Larmor frequencies. Bichromatic ex-
citations appear as tilted resonance lines, with negative (positive) slopes indicating the
frequency sum (difference) matching the qubit Lamor frequency. Three-photon bichro-
matic excitations can also be observed when a combination of two photons with the
same frequency, and a third one with a different frequency match the qubit Larmor fre-
quency.

Figs. 4.2c, d depict the expected resonance lines considering the individual reso-
nance frequencies of the two qubits. The qubits exchange interaction resulting from
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Figure 4.2: Bichromatic EDSR spectroscopy. a, Bichromatic control sequence. b, Single-shot probability
versus fpg and fpy, at €12 = —20 mV. We include three turquoise, blue and purple dotted lines to enclose the
bichromatic resonances of QZPZ'P4, QI_PZ'P4 and QZ_PZ'P4 respectively. The broad vertical excitation at
fra ~ 1.8 GHz is associated to a transmission resonance in the lines, and not to a spin transition. c,

d Monochromatic, bichromatic and three-photon bichromatic excitations in the 2D frequency plane, as
predicted by theory. e, Energy diagram of a two-spin system with finite exchange and finite magnetic field.
The green and blue arrows represent the applied microwave frequencies fpp and fpy, when driving the
Q27P2P4 transition. Driven spin-flipping processes originate from higher order processes via the S(2,0) state
involving the spin-conserving tunneling term ¢ and spin-flip tunneling term Q. f, g Coherent Rabi oscillations
of the Q27F2P4 and Q2P2P4 bichromatic transition. The corresponding fps and fp, frequencies are indicated
with the purple and turquoise diamonds in b.

interdot tunnelling (55 MHz at €12 = —20 mV, see Section 4.5.3) is taken into account.
To label the Larmor frequency of qubit i when qubit j is in the excited state, we use the
notation Qi_ (with i, j € {1,2} and i # j). The monochromatic transition from || |) to [11)
driven by P4 is then denoted as (Q1 + Q2_)P. A bichromatic transition can be visualised
as a two-step process via a virtual state, as illustrated in Fig.4.2e. Following perturba-
tion theory, bichromatic spin transitions are activated thanks to spin-conserving (¢) and
spin-flipping (Q2) tunnelling terms, which hybridize the four possible spin states with the
S(2,0) state, as discussed below and in Suppl. Note 8 [23].
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We analyze three resonance lines (dashed lines in Fig.4.2b) resulting from bichro-
matic rotation of Q1 and Q2. The bichromatic Q1 spin resonance (Q1-">"4) occurs
when the frequency difference matches the Q1 Larmor frequency. Similarly, Q2 ex-
hibits bichromatic resonance lines from both frequency difference (Q27"%>"*) and fre-
quency sum (Q2F?P4). The bichromatic spin resonance Q1°>P* is not investigated due
to the presence of a high-pass filter (Section 4.5.5). The conditions for the three stud-
ied bichromatic qubit rotations are: Q17 P24 foy — fon = fo1, Q27P2P: foy — fioo = fi2
and Q2P2P4: fpoy + fpr = fgo. At these frequency combinations, we also achieve coherent
bichromatic qubit rotations with a Rabi frequency exceeding 1 MHz, as we demonstrate
in Figs. 4.2f, g as well as Fig. 4.8, Fig. 4.9, and Fig. 4.10.

4.2. ACS IN THE BICHROMATIC SPECTROSCOPY AND AUTLER-
TOWNES EFFECT

At the intersection of specific resonance lines (see Fig.4.2b), we also observe anticross-

ings (labelled as ACn with n € {1,...,5} in Figs. 4.2c and d). In Fig.4.3, we analyse the evo-

lution of the two bichromatic spin resonances, Q2-">P4 and Q2F?"4, in the frequency

plane. We vary the two microwave frequencies together to follow the two resonance

lines, using A fp, in the range of [-40, 40] MHz centered around the bichromatic reso-
nance. This procedure allows to monitor in detail the Q2 bichromatic spin resonance

b
P 0.15 0.9 Q2-
1- Vo — Fape

25 0 25 25 0 25 25 0 25 — Populated state

Af,, (MHz) Af,, (MHz) Af,, (MHz) Unpopulated state
Autler-Ta

£(@IHQ2 v (@1+Q2  futlr Tounes

Figure 4.3: Modelling the frequency anticrossings due to the Autler-Townes effect. a, ¢ Single-shot
probabilities (1 — P| ) in a frequency range around the bichromatic Q27P2P4 and Q2P2P4 resonance
conditions, respectively. These scans are higher-resolution measurements along the color-coded diagonals
enclosed by two dashed lines in Fig.4.2b. Vertical lines of Fig.4.2b appear horizontal, and horizontal lines
appear slightly tilted (as can be seen with Q172 and Q174 in d). The values on the fp, axes are valid at
A fpp = 0. b, d Calculated transitions nearby the Q27P2P4 and Q2P2P4 resonances. e, fIllustration of the
driven transitions at the four anticrossings. Strong driving via P2 induces a photon-dressed spin transition.
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within the boxed areas indicated in Fig.4.2b. The bichromatic resonance aligns with the
expected value of A fp, = 0 for most of the frequency range. However, significant anti-
crossings occur when the resonance intersects with other qubit transitions. Examples
of these anticrossings are observed at specific frequencies, and are labelled as AC5, AC3
(for Q27P2P4) ‘and AC4, AC1 (for Q2P2P4).

The appearance of anticrossings in the frequency plane, such as AC3 in Fig. 4.3a,
result from resonant driving of monochromatic and bichromatic transitions from the
[|]) state to higher (1,1) states. As shown in Figs. 4.3e-f, AC3 involves three resonant
processes: the bichromatic transition |||) < [|1), the monochromatic P4 drive |||) <
[11), and the monochromatic P2 drive ||1) < [11). Due to the greater driving efficiency
of P2 compared to P4 (see projected amplitudes in Fig. 4.1c), the dominant transition is
[11) <11} (Suppl. Note 8 [23]).

Driving via P2 dresses up the spin states || 1) and |{ ) with microwave photons. In the
rotating frame where these states are degenerate in the absence of P2 driving, the eigen-
states become dressed in the form Y2210 and the corresponding eigenvalues exhibit
a splitting set by the Rabi frequency. In this context, dressing refers to the coherent in-
teraction between the electromagnetic field and the spin system, resulting in entangled
states of spins and photons becoming the eigenstates of the coupled system.

This effect, known as the Autler-Townes effect or ac Stark shift, has been observed
in quantum optics and in strongly driven superconducting qubits [26, 27]. It is at the
basis of control strategies for highly coherent solid-state qubits [28]. In particular, the
continuous driving can decouple the spin from background magnetic field noise and
thus extend their coherence [29, 30].

Due to the Autler-Townes effect, the resonance frequencies of the two weaker transi-
tions (|||) < |1y and |]]) < [11)) are shifted by the Rabi frequency of the strongly driven
[11) < |11) transition, resulting in the anticrossing between the resonance lines (AC3 in
Figs. 4.3a, b).

We use a two-spin qubit Hamiltonian to model our system and gain a quantitative
understanding. The model considers the lowest orbital in each dot, including four states
in the (1,1) charge regime, as well as the (0,2) and (2,0) singlet states. Spin-conserving
and spin-flip tunneling between the quantum dots are also included, with a coupling
strength of ¢ for spin-conserving transitions and Q for spin-flip transitions (Suppl. Note
8A [23]). Despite neglecting additional electrical g-tensor modulations [3, 31], this min-
imal model successfully explains electrically driven spin transitions via ac modulation
of the detuning voltage using both monochromatic and bichromatic resonance tech-
niques. Here, spin dynamics occur through virtual transitions between the (1,1) spin
states and the (0,2) and (2,0) singlet states, mediated by the spin-conserving and spin-
flipping terms, as shown in Fig.4.2e.

Our model provides an explanation for the observed resonance crossings and an-
ticrossings in Figs. 4.3a, c. Furthermore, by analyzing the five anticrossings AC1 to
ACS5 using Floquet theory as discussed in Suppl. Note 8C [23], we estimate the spin-
conserving and spin-flip tunneling energies to be on average ¢ = (18.1 + 1.9)peV and
Q = (14.3 £2.4) peV (Suppl. Note 8F [23]).
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4.3. DEPENDENCE ON DETUNING ENERGY OF DOUBLE QUAN-
TUM DOT

To verify our theoretical description, we investigate the dependence of the Q1" res-
onance anticrossing on the detuning voltage. Experimental data and the expected de-
tuning dependence from the model are shown in Figure 4.4. In the model, we use the
average tunneling amplitudes and vary the detuning voltage. Moreover, we utilise an
estimated detuning lever arm of a = 0.0917 eV/V and quantum dot charging energy of
U = 2.56 meV (Suppl. Note 8B [23]). Our theoretical model accurately captures the di-
minishing size of the anticrossing as the detuning approaches €, ~ 0. Both the bichro-
matic and monochromatic resonance lines fade, indicating a reduced efficiency as de-
tuning approaches zero. This is consistent with our model, since the transitions take

a b c d e f
Ql—PZ, P4

€,, during manipulation

AC2
-14 mV 1

fp2 (GHz)

T TR e 0.8
%QQ%Q%QQ%Q%QQ%Q%QQ%Q/%QQ%Q

7 7 7 7
p— - /:h Afp (MHz) —— Populated state
0.15 0.9 — fPz Unpopulated state
fit Autler—Townes

¢-9 fP4 shifted state

Figure 4.4: Detuning dependence of the frequency anticrossings. a-e, Bichromatic spectroscopy around the
fq1 = fpa — fp2 resonance versus detuning voltage. The anticrossing AC2 originates from strong driving of the
[T1) —|]1) transition with P2 via the Autler-Townes shift. The AC2 frequency gap narrows down as a function
of detuning voltage due to suppressed virtual transition from the (1, 1) to the (2, 0) charge state. We overlay
the transition lines expected from theory. f, Driven transitions at AC2, displaying the four lowest states from
Fig.4.2c.
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place via the S(0,2) and S(2,0) states and in the high detuning limit the transition through
$(0,2) dominates the driving. At zero detuning, the two contributions become equal,
while the Rabi frequency has a minimum.

The diminished efficiency of bichromatic operations near the charge-symmetry
point supports the fundamental role of virtual interdot transitions as the underlying
driving mechanism (Section 4.5.2). In Suppl. Note 8D [23], we discuss the limitations of
our model and suggest that additional mechanisms, such as EDSR induced by g-tensor
modulation, may be necessary to fully interpret all experimental observations [32-34].

4.4. CONCLUSIONS

Electric dipole spin resonance has enabled high-fidelity quantum gates on individual
qubits, but a key challenge is the development of advanced operations for scalable
control. Here, we have established bichromatic control of spin qubits, and turned
challenges in EDSR [15] into an opportunity for addressable qubit control in larger
arrays. Moreover, we showed the relevance of interdot motion in obtaining bichromatic
and monochromatic driving. Furthermore, as the positions of the observed resonance
anticrossings are predictible from the qubits parameters, we envision that, while on the
one hand these can be exploited for the operation of dressed semiconductor qubits, on
the other hand, these frequencies should be avoided when implementing bichromatic
EDSR. Future experiments may focus on the optimization of bichromatic driving,
for example by tuning parameters such as the interdot coupling, aiming to achieve
high-fidelity control of large qubit arrays.
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4.5. SUPPLEMENTARY
4.5.1. POWER DEPENDENCE OF ANTICROSSING AC2 Q17F2P4 Q2P
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Figure 4.5: Rabi oscillation of Q1P4~P2 a5 a function of microwave power applied to the two plunger gates
atejz = —24 mV. a, EDSR spectroscopy map performed at ac driving power of (Ppy, Pp4) = (—-5,3) dBm. b, ¢
Rabi oscillations as a function of the power on the P2 and P4 driving gates. Here, the strong P2 driving field is
resonant with the 1] —|1 transition. This results in a frequency shift of the Lamor frequency of the | | < |1
transition when sweeping its power. In contrast, the weak P4 probe field does not alter the Lamor frequency,
and sweeping its power leads, in fact, only to an increase in the Rabi frequency. This behaviour is consistent
with the Autler-Townes splitting of the 1|- and | {-state. Both plots are performed with fp, =2.50GHz and
fp2 =1.07GHz.
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4.5.2. EDSR SPECTROSCOPY MAP AT ZERO DETUNING

0.6
. 0.4
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1 2 3 4
fp1 (GHz)

Figure 4.6: Bichromatic EDSR spectroscopy at zero detuning voltage. We prepare the double quantum dot
system in the || -state, apply the bichromatic control sequence, and measure the 1 - P|| probability. The
major difference to Fig. 2 is the preparation of the system at zero detuning. In this configuration, only two
vertical and two horizontal lines are observed, the monochromatic transitions Q1 at ~ 1.60 GHz and Q2 at ~
2.55 GHz. Note that this plot has been taken with fp; and fpy, instead of fpy and fps. However, we have also
observed the absence of the bichromatic signal for fp, and fps when decreasing the detuning.

4.5.3. EXCHANGE COUPLING AT OPERATION POINT

Here, we determine the exchange coupling at our operation point €12 = —20 mV by mea-
suring the resonance frequencies fq1, fq1_, fg2, and fq2_, defined as:

Ql:[|~1] 4.1)
Ql_:l1=11 (4.2)
Q2:[| 11 (4.3)
Q2_:1l=T1 4.4

We compare fq1 with fq1_, and fq2, foo_, obtaining similar values of 55 MHz for fo; and
57 MHz for fq;.
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Figure 4.7: Determination of exchange interaction via conditional EDSR spectroscopy. 3, ¢, e, g, Pulse
sequences to prepare the control qubit in the two basis states and probe the target qubit. The blue (green)
pulse is applied on P4 (P2) to control Q1 (Q2). b, d, f, h Measurement results from the corresponding pulse

sequences to probe Q1, Q1_, Q2, and Q2_ respectively. The difference in resonance frequency concludes an
exchange interaction of 56 MHz at a voltage of vP1 = -10 mV, and vP2 = 10 mV.

4.5.4. RESONANCE LINE IDENTIFICATION AND RABI ROTATIONS
To identify all the resonance lines of Figs. 3 and 4, we simulate the position of all the
expected lines neglecting the Autler-Townes effect. We can write the considered bichro-
matic transitions as

m- fosety fioy = fo,m = 1, (4.5)
where f represents the qubit frequencies fq; and fq2. Our expected resonance lines
follow

Jres = 1p2+ fo2 + nps - fra, (4.6)

where fpy = ff‘,’zﬁset + Afpo. Here, fres can be fq1, fq2, or fo1 + fq2_, and npy and npy are
integers referring to the considered harmonic. By plugging in Eq. (4.5) into Eq. (4.6), we

obtain
fres np2
+

m:- np2 + npy m- np2 + Npa

fra= -(m- fo1—Afp2) (4.7)

We use these equations to calculate the expected resonance lines as visible in Fig. 4.8,
Fig. 4.9, and Fig. 4.10.
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Figure 4.8: Coherent Rabi control by bichromatic driving. a, EDSR spectroscopy map of Q1~P2P4 with two
indicated positions, where Rabi oscillations have been performed. b, ¢, Rabi oscillation corresponding to the
blue and orange marker in (a). The marker of (c) are shifted 40 MHz away from the bichromatic line because
the power on both plungers had to be increased from -5 to -1 dBm for P2 and from 3 to 5 dBm for P4 to see
any oscillations. d, Rabi oscillations with similar power settings as in (c), but the values of fpy and fp4 have
been swapped, driving Q1P2~P4 instead of Q17P2P4, This makes the corresponding marker falls outside the
depicted regime shown in (a).
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Figure 4.9: Coherent Rabi control by bichromatic driving. a, EDSR spectroscopy map of Q2~P2P4 with four

indicated positions, where Rabi oscillations have been performed. b, ¢, d, e Rabi oscillation corresponding to
the blue, orange, green, and red marker in (a). For the marker of (e) the power on both plungers increased
from -5 to -1 dBm for P2 and from 3 to 5 dBm for P4.



80

4. BICHROMATIC RABI CONTROL OF SEMICONDUCTOR QUBITS

a 0.15

0.8

f., (GHz)

0-8 - I I 1
25 0 25
Af,, (MHz)

Q2P2 P4

Q1 *2py

_‘\\\\\\\\\\

~1.0

Q-IP4

1.8

T T T
25 0 25
Af,, (MHz)

b
3 0.8-
Q,‘ O.S—W
— 02-/ —206MHz
I I I
0 1000 2000
time (ns)
c
2 08-
" 05-
- 0~2‘| —— 423 MHz
0 500
time (ns)
d
=+ 0.8-
" 0.5-
— 027v —396MHz
I I
0 500
time (ns)

Figure 4.10: Coherent Rabi control by bichromatic driving. a, EDSR spectroscopy map of Q2P2P4 with three
indicated positions, where Rabi oscillations have been performed. b, ¢, d Rabi oscillation corresponding to
the blue, orange, and green marker in (a).
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4.5.5. ATTENUATION

We approximate the amplitude arriving at the device by measuring the attenuation of
the fridge lines of a comparable setup at cryogenic temperature, and the frequency re-
sponse of an equivalent diplexer that is used to combine the microwave signal with the
baseband pulses from the AWG. The measurement data with the Savitzky-Golay filter
can be seen in Fig. 4.11. Since the measurement has only been performed on a similar
setup, this constitutes only an approximation, but the general shape of the attenuation
is expected to be the same.
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Figure 4.11: Attenuation caused by diplexer and fridge cables. Amplitude of the signal arriving at the device
level considering Pp4 = 2.5dBm. The signal of P2 with Pp, = —6dBm is approximately the same since it has
8.5 dB less attenuation on the lines. A Savitzky-Golay filter is applied on the data, the result is shown with
orange-dashed line.

4.5.6. MONOCHROMATIC RABI FREQUENCIES

Table 4.1 shows the measured monochromatic Rabi frequencies of the two considered
qubits. Notably, Q1_P* differs by a factor of two from Q1"4. Py, is the microwave power
at the output of the signal generator, and corresponds to Pp, for Q1 and Pp; for Q2.

Table 4.1: Rabi characteristics of selected transitions.

Transition fies (GHz)  fpapi (0S)  frabi MHz) Py (dBm) A/ mV

Q14 1.51 42.5 11.76 2.5 2.3
Q1™ 1.57 88.6 5.65 2.5 2.4
Q22 2.65 24.2 20.66 -6.0 2.3

Q2_P2 2.74 22.6 22.10 -5.8 2.2
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SHARED CONTROLOFA 16
SEMICONDUCTOR QUANTUM DOT
CROSSBAR ARRAY

The number of transistors on a microchip
doubles approximately every two years. [1]

Gordon E. Moore

The efficient control of a large number of qubits is one of the most challenging aspects for
practical quantum computing. Current approaches in solid-state quantum technology
are based on brute-force methods, where each and every qubit requires at least one unique
control line, an approach that will become unsustainable when scaling to the required
millions of qubits. In this chapter, inspired by random access architectures in classical
electronics, we introduce the shared control of semiconductor quantum dots to efficiently
operate a two-dimensional crossbar array in planar germanium. We tune the entire ar-
ray, comprising 16 quantum dots, to the few-hole regime and, to isolate an unpaired spin
per dot, we confine an odd number of holes in each site. Moving forward, we demonstrate
on a vertical and a horizontal double quantum dot a method for the selective control of
the interdot coupling and achieve a tunnel coupling tunability from less than 3 GHz to
more than 10 GHz. The operation of a quantum electronic device with fewer control ter-
minals than tunable experimental parameters represents a compelling step forward in the
construction of scalable quantum technology.

This chapter has been published as Francesco Borsoi, Nico W. Hendrickx, Valentin John, Marcel Meyer, Sayr
Motz, Floor van Riggelen, Amir Sammak, Sander L. de Snoo, Giordano Scappucci, and Menno Veldhorst,
Shared control of a 16 semiconductor quantum dot crossbar array, Nat. Nanotechnol. 19, 21-27 (2024)
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fault-tolerant quantum computer will require millions of interacting qubits [2-4].

Scaling to such extreme numbers imposes stringent conditions on all the hardware
and software components, including their integration [5]. In semiconductor technol-
ogy, several decades of advancements have led to the integration of billions of transistor
components on a single chip. A key enabler has been the ability to control such a large
number of components with only a few hundred to a few thousand control lines [6, 7].
In quantum technology, such a game-changing strategy has yet to be embraced owing to
the fact that qubits are not sufficiently similar to each other. Nowadays, leading efforts
in solid state, such as superconducting and semiconducting qubits, all require that each
and every qubit component is connected to at least one unique control line [8]. Clearly,
this brute-force approach is not sustainable for attaining practical quantum computa-
tion.

The development of spin qubits in semiconductor quantum dots has strongly been
inspired by classical semiconductor technology [9-11]. Advanced semiconductor qubit
systems are based on CMOS-compatible materials and even foundry-manufactured qu-
bits have been realised [12, 13]. In addition, it is anticipated that the small qubit foot-
print and compatibility with (cryo-)CMOS electronics will open up avenues to build in-
tegrated quantum circuits [14, 15]. To enable the efficient control of large qubit architec-
tures with a sustainable number of control lines, proposals of architectures inspired by
classical random access systems have been put forward [16, 17]. However, their practical
realisation has been so far prevented by device quality and material uniformity.

In this chapter, we take the first step toward the sustainable control of large quan-
tum processors by operating semiconductor quantum dots in a crossbar architecture.
This strategy enables the manipulation of the most extensive semiconductor quantum
device with only a few shared-control terminals. This is accomplished by exploiting the
high quality and uniformity of strained germanium quantum wells [18], by introduc-
ing an elegant gate layout based on diagonal plunger lines and double barrier gates,
and by establishing a method that directly maps the transitions lines of charge stabil-
ity diagrams to the associated quantum dots in the grid. We operate a two-dimensional
16 quantum dot system and demonstrate the tune-up of the full device to the few-hole
regime. In this configuration, we also prove the ability to prepare all the quantum dots
in the odd charge occupation, as a key step for the confinement of an unpaired spin in
each site [19, 20]. We then introduce a random access method for addressing the inter-
dot tunnel coupling and find a remarkable agreement in the response of two vertically-
and horizontally-coupled quantum dot pairs. We also discuss some critical challenges
to efficiently operating future large quantum circuits.

5.1. A TWO-DIMENSIONAL QUANTUM DOT CROSSBAR ARRAY

Our shared-terminals control approach for a two-dimensional quantum dot array with
dots Q1, Q2t,...Q7 is based on a multi-layer gate architecture (Figs. 5.1a-d). We use two
barrier layers (with gates UBi and LBi with i € [1,8]) to control the interdot tunnel cou-
plings, and exploit a layer of plunger lines (Pi with i € [1,7]) to vary the on-site energies
(Fig. 5.1¢). In contrast to brute-force implementations, here a single plunger gate is em-
ployed to control up to four quantum dots, and an individual barrier up to six nearest-
neighbours interactions. In analogy with classical integrated circuits, this strategy en-
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Figure 5.1: A 16 quantum dot crossbar array. a, False-colour scanning electron microscopy image of the
crossbar array device. The architecture consists of two staircase barrier gate layers (two lines of each layer are
shown in red and blue), and one plunger gate layer (two lines are illustrated in green). 16 quantum dots are
defined under the plungers, while four charge sensors in the form of single-hole transistors are located at the
corners (ohmic contacts in orange, barriers in dark green, and plungers in yellow). The scale bar corresponds
to 100 nm, which is also the size of the designed plunger gate diameter. This shared-control approach enables
to control a number of quantum dots (g) with a sublinear number of control terminals (T). Here, the scaling is
givenby T = 6g1/ 2_1 (Fig. 5.15). b, Schematic illustration of the device and labeling of each quantum dot. We
choose to label the quantum dots after their positions on their controlling plunger line, e.g., the quantum dot
Q6b(t) is located on the bottom (top) site controlled by the plunger line P6. ¢, Shared-control elements: from
the top of the gate stack, seven P plunger gates, eight LB barrier gates, and eight UB barrier gates. The overlay

of these layers is visible in (b). d, Schematic cross-section of the device. Holes are isolated in quantum dots in
a 55 nm-deep germanium quantum well in a silicon-germanium heterostructure grown on a silicon wafer.
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ables to manage a number of experimental parameters (i.e., dot energies and interdot
couplings) with a sub-linear number of control terminals, an approach that may over-
come, among other aspects, the wiring interconnect bottleneck of large-scale spin qubit
arrays (Fig. 5.15) [7, 8].

To monitor the quantum dot array, we make use of charge sensing techniques [19].
Four single-hole transistors at the corners of the array (named after their cardinal po-
sitions: NW as north-west, NE as north-east, SW as south-west and SE as south-east)
act as charge sensors as well as hole reservoirs for the array. The simultaneous read-out
of their electrical response in combination with fast rastering pulse schemes enables us
to continuously measure two-dimensional charge stability diagrams in real-time (i.e., in
video-mode technique), while updating the dc gate voltages controlling the array [21,
22].

To bring the device in the 16 quantum dots configuration, we identify an alternative
strategy to the tune-up methods established for individually-controlled quantum dot
devices [23]. We begin by lowering all gate voltages to starting values based on pre-
vious experiments and by defining a set of virtual gates as linear combinations of real
gates [23-25]. Such virtual gates are defined to eliminate the crosstalk to the charge sen-
sors and to independently control the on-site energies [24, 25]. Here, we will refer to vPi
as the virtual gate associated to the actual gate Pi.

We continue the tuning of the device by adjusting the gates controlling the quantum dots
at the corner (i.e., those closest to the charge sensors) until we accumulate the first few
holes as signaled by the first addition lines in charge stability diagrams. We then proceed
with the tune-up of the adjacent dots and finish with the quantum dots furthest to the
sensor. Owing to the homogeneity of our heterostructure [26] and the symmetry of our
gate layout, the accumulation of the first few holes in quantum dots controlled by the
same plungers occurs at similar gate voltages.

Rather, challenges in tuning up the array are mainly due to elements outside the ar-
ray. In fact, we observe that small variations of the gate voltages impact the electrostatics
of the dense gate fanout area, which in turn affects the charge sensors and the readout
quality. Furthermore, specific gate settings cause unintentional quantum dots under the
gate fanout, which restrict the operational window. Altogether, these issues are a chal-
lenge for the implementation of automated tuning methods [27], but we envision that
the integration of a lower layer of “screening” gates or the implementation of the gate
fanout in the third dimension [28] can mitigate this issue (section 5.6.2).

FROM MULTI-DOT CHARGE STABILITY DIAGRAMS TO QUANTUM

DOT IDENTIFICATION

Moving forward, a direct result of our control approach is the fact that, upon sweeping
the voltage of a plunger gate controlling n quantum dots, up to 7 sets of charge transi-
tions can be observed, each associated with (un)loading an additional hole in one of the
n quantum dots. For the case of vP2 and vP3, this results in the charge stability diagram
shown in Fig. 5.2 where a number of vertical and horizontal charge addition lines mark-
ing well separate charge states are visible. However, because of our control approach,
a priori it is unknown to which of the Q3 (Q2) quantum dots these vertical (horizontal)
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Figure 5.2: Multi-dot charge stability diagrams Few-hole charge stability diagram obtained by combining the
signal gradients of the SW and NW charge sensors. The labels indicate for each addition line the
corresponding quantum dot. At (0,0) the fillings of Q2t, Q2b, Q3t, Q3m, and Q3tare 0, 0, 0, 3, and 0,
respectively.

lines are associated.

Here, we solve this problem by establishing a statistical method that maps such tran-
sition lines to the respective quantum dot. In our protocol, we first evaluate the shift
of the charge transition lines induced by a voltage variation of each barrier gate to esti-
mate the (normalized) capacitive coupling A between each barrier gate and the associ-
ated quantum dot (Figs. 5.3a, b). Because the two barrier layers form a grid of lines and
columns, we can use their capacitive couplings to infer the spatial location of the quan-
tum dot in the array. For this purpose, we consider the normalised capacitive couplings
of the two orthogonal barrier sets, A,yp and 1,15, as two independent probability distri-
butions. We then use A,yp and A1 to calculate the combined probability W on each of
the 16 sites (Fig. 5.3c, section 5.5). Finally, our protocol ends assigning the site with the
maximum probability to the quantum dot loaded via the specific charge addition lines.
In practice, W quantifies how much an electric field generated on each site is perceived
by a hole in a specific quantum dot site. Hence, a low (high) W value identifies a location
that is weakly (strongly) coupled to the analysed quantum dot.

In Figs. 5.3a-c, we show how this routine is effective for distinguishing and charac-
terising the three Q3 quantum dots, whereas similar results are obtained also for the re-
maining dots in the grid (Figs. 5.8, 5.9-5.13, 5.14). The demonstrated ability of labelling
multi-quantum dot charge stability diagrams makes this method an important tool in
the tune-up of large quantum dot devices.

5.2. QUANTUM DOT OCCUPANCIES
Whilst useful in reducing drastically the number of control terminals, a crossbar ap-
proach is effective for spin-based quantum computing if it enables to isolate a single
or an unpaired spin in the individual quantum dots [9, 17]. Here, we demonstrate the
tune-up of the array to an odd-charge occupancy configuration with 11 quantum dots
filled with one hole, and five quantum dots filled with three holes.

Our setup allows for fast charge stability maps, albeit of a size that it is often insuf-
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Figure 5.3: Quantum dot identification. a, Bar plots of the (normalized) capacitive couplings A of the barrier
gates to the transition lines (in red for the vUB, and in blue for the vLB virtual gates) obtained by analyzing
three different sets of transition lines coupled to the virtual plunger vP3. Middle and bottom panels are
extracted from the shift of the transition lines at ~ (-20, -63) and (-15, -7) in Fig. 5.2, respectively. The top
panel (relative to dot Q3t) is obtained from a measurement shown in Figs. 5.21g,h, where the transition line is
more visible. Red and blue backgrounds are added to emphasize the two barriers with the highest couplings.
The data points correspond to the peak of the chart bars as well as the centers of the error bars. Each error bar
is the standard deviation of the parameter obtained from the linear fit. b, Device layout with the capacitive
couplings color-coded on the filling of the gate lines. Here, both the vUB and vLB capacitive couplings, 1,y
and A1 g, are normalized to their maximum values. ¢, Visualisation of the probability (W) calculated from of
the shift of the three sets of addition lines (see section 5.5 for details). The comparison of the top, middle, and
bottom panels of a, b, ¢ clearly distinguishes the three Q3 quantum dots.

ficient to fully visualise the absence of further transition lines in the zero charge state.
Therefore, we perform repeated scans of the kind AvPx vs AvPy, while increasing the dc
voltage vPx in discrete steps of 10 mV. We stop the sequence when the quantum dot con-
trolled by vPx, say Qx, is fully depleted. We present these emptying sequences in videos
1-12, which can be found in the supplementary of Ref [29].

In general, multi-dot transition lines, low charge sensitivity, spurious quantum dots
and low reservoir-tunnel coupling may complicate the assessment of the occupancy.
In fact, quantum dots that are located in the core of the array are loaded/unloaded by
means of cotunneling processes via the outer dots [30], leading to latching transition
lines and elongated charge interdot transitions when the reservoir-dot tunnelling time
approaches the timescale of our scan (~ 0.01 s) [20, 31-33]. We note that adding reser-
voirs within the array may reduce this effect and simplify the tune-up. However, opti-
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Figure 5.4: Charge transition detection algorithm. a-e Illustration of the detection algorithm on the Q4b
charge transition lines. From the charge stability diagrams in (a), labeled with the index n, we compute the
image correlation (C) maps in (b), with the reference feature in the red box in (a) containing a portion of a Q4b
charge transition. After splitting the correlation maps in 4 vertical sections (dashed lines in (b)) we determine
the local maxima in each of them (blue markers in (b)). We track the thresholded local maxima across all the
scans of the sequence, as displayed in (c). We quantify the occurrence of high-correlation features along
potential lines with a fixed expected slope and varying intercept, black lines in (d). In (d), we show only
one-fifth of the actual sampling lines for clarity. In (e), we color-code all the potential lines according to their
associated p. Emerging peaks in p (i.e., red traces) identify the actual first two Q4b charge transitions.

mal qubit operation and high qubit connectivity may require low tunnel coupling be-
tween qubits and reservoirs. Thus, initialising the array without having each quantum
dot strongly coupled to a reservoir is highly relevant [7, 11, 34].

To track specific transition lines in complex multi-dot charge stability diagrams, we
have defined an algorithm based on image correlation analysis, which may be refined by
machine learning methods [27, 35-37]. First, we select a small window from a specific
charge stability diagram in the sequence containing a Qx charge addition line. We refer
to this as the Qx reference feature as shown in Fig. 5.4a for Q4b. Second, we compute
digital image correlation (C) maps of all the charge stability diagrams in the sequence
with respect to the previously defined reference feature. Then, we divide the correlation
maps into four sections (delimited by the vertical dash lines in Fig. 5.4b), with a size that
is smaller than the typical addition voltage. This choice results in a high probability of
having, at most, a single occurrence of a Qx charge transition per section. We then select
the coordinates of the points with maximum correlation in each section, and threshold
them to ensure that only points with high correlation are passed.

Because of the dc voltage step between each map, the same high-correlation feature,
if reproducible, is then expected to be found at a AvPx value that is 10 mV higher than in
the previous charge stability diagram (Fig. 5.4c). Therefore, in a plot of coordinates with
high correlation vs scan index (n), we expect these points to follow a line with a well-
defined slope of 10 mV/scan. To assess the presence of possible charge transition lines
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within the clouds of high-correlation coordinates, we consider a series of potential lines
with slope 10 mV/scan and varying intercept (Fig. 5.4d). We then define the quantity p
that accounts for the density of high-correlation points falling along each line.

Figs. 5.5a-p present the detected coordinates with high correlation of all the 16 quan-
tum dots as a function of scan index and associated stepped voltage, together with all
possible transition lines plotted with a colour that is proportional to their respective p.
High values of p are rendered as visible lines intercepting several high-correlation fea-
tures, enabling a rapid visualisation of the charge transition lines of all the quantum dots
of the array.

By comparing all the panels, we can resolve a small shared-gate voltage window
around the tuning point defined by AvPx =0 at the largest n where all the quantum dots
are in the odd charge regime.

While the algorithm is successful in detecting the transition lines of every quantum
dot, we note that it returns a false-positive line for the case of Q3b. The first visible Q3b
transition, labelled with a star in Fig. 5.5i is in reality an outlier due to a detected fea-
ture at n = 0 and AvP3 ~ 55 mV not related to Q3b, but due to an artefact of a charge
sensor. While the algorithm is remarkably strong in detecting the transitions, a definite
conclusion on the odd occupancy is most likely only achieved by performing coherent
operation on each qubit.

5.3. INTERDOT COUPLINGS CONTROL

The ability to selectively tune the interdot coupling in a quantum dot architecture is
crucial for generating exchange-based entanglement between semiconductor qubits [9].
Here, inspired by the word and bitlines approach as in dynamic random-access memo-
ries [14, 17], we exploit the double barrier design to spatially define and activate unique
points in the grid structure. Conceptually, each two-barrier intersection point can be set
by the respective voltages in the four configurations: (ON, ON), (ON, OFF), (OFE ON),
(OFE OFF). For selective two-qubit operations in qubit arrays, the voltage set points
should be calibrated such that only when both barriers are in the ON-state a two-qubit
interaction is activated, leaving all the other pairs non-interacting (also see Fig. 5.16).

Here, we implement a proof-of-principle of this method by demonstrating two-barrier
control of the interdot tunnel coupling in a horizontal and a vertical pair of quantum
dots. To this end, we investigate the tunnel coupling variations of the horizontal Q6b-Q7
and vertical Q6t-Q7 quantum dot pairs as a function of the two intersecting barriers.
Starting from the respective UB4 and LB7 gates, we define the virtual barriers tgy; and
jeb7 (section 5.5.2), which separate the quantum dots Q6b and Q7, while keeping their
detuning (e67) and on-site (U67) voltages constant at the (3,1)-(2,2) Q6b-Q7 interdot
transition (Fig. 5.6a). After obtaining the detuning lever arm a., to convert the detuning
voltage into an energy scale (Aeg7 = @, - A€67), we evaluate the strength of the interdot
couplings by analysing the charge polarisation lines along the detuning axis at AU67 =
0 (Figs. 5.6b, ¢) [38]. By performing this measurement systematically, we demonstrate
that the tunnel coupling can be controlled effectively by both barriers (Figs. 5.6d,e). At
values of (tgh7,jeb7) = (—270,—380) mV, the coupling is virtually OFE but our method
is inherently not accurate for ¢, < 3 GHz, because the thermal energy dominates the
broadening of the polarisation line [33, 38]. In contrast, upon activating both barriers at
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Figure 5.5: Counting holes in a 16 quantum dot array. a-p, Same as Fig. 5.2/e for all the 16 quantum dots.
The numbers in each plot indicate the quantum dot fillings, according to the algorithm. In 3 cases (Q3t, Q6b,
Q6t) out of 16, we step a barrier, rather than a plunger, to better isolate the shift of only one of the dots under

the same plunger line. High-correlation features (blue points) are found up to the bounds of the area of the

datasets analyzed by the protocol, highlighted by the dotted grey polygon. The horizontal dashed line
indicates the actual limit of the dataset. The star in panel (n) indicates a false-positive transition line.
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Figure 5.6: Addressable control of the horizontal interdot tunnel coupling using double barrier gates. a
Schematics of the crossbar indicating the two intersecting barriers (in red and blue) controlling the Q6b-Q7
interdot tunnel coupling. b Exemplary charge stability diagrams taken via reflectometry methods showing the
(Q6b,Q7) charge states at four different virtual barrier voltage configurations near the (3,1)-(2,2) transition. At
the centre of the panels, the vertical interdot transition line is clearly visible. The circle, square, diamond, and
triangle markers correlate each map to the voltages, (tgy7,jgn7) = —(330,380), (270,380), (330,510), (270,510)
mV, respectively. ¢ Charge polarisation traces (black) relative to panel (b), together with best fit (dashed grey).
d Colour map of the two-axis controlled tunnel coupling of the systems Q6b-Q7, with markers located at the
respective voltages. We note that a variation of a virtual barrier corresponds to the same variation of the real
gate. e Vertical (left panel) and horizontal (right panel) linecuts of (d) at tg,7 = =330 mV and jg,7 = =510 mV,
respectively. Grey traces are fits with an exponential function of the data, from which we obtain the four
effective barrier lever arms (section 5.5).

(tsb7,j6b7) = (—330,—510) mV, the tunnel coupling is turned on following approximately
an exponential trend (section 5.5.4). Within the displayed voltage range, we can tune
it well above 10 GHz, much higher than in the configuration in which only one barrier
is activated. We perform the same experiment on the dots pair Q6t-Q7 by defining the
virtual barriers tg; and jgr7 based on the gates UB5 and LB7, respectively (Fig. 5.7a and
section 5.5). Using the same barrier voltages window as for Q6b-Q7, we find that the
coupling tunability of the pair Q6t-Q7 is comparable to the previous pair, with a virtually
OFF state (<3 GHz) at (tg17,jst7) = (—270,—380) mV, and with a ON state reaching 20 GHz
at (tg7,jet7) = (—330,-510) mV (Figs. 5.7b-e). These results are corroborated by the two-
barrier tunability of the interdot capacitive coupling for both double-dot systems (shown
in Fig. 5.17) and by the tunability of another dot pair (shown in Fig. 5.18). We envision
that for rapid qubits exchange operations at the charge symmetry point, the required
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Figure 5.7: Addressable control of the vertical interdot tunnel coupling using double barrier gates.
Analogous to Fig. 5.6 but for the vertical quantum dot pair Q6t and Q7 and barrier voltages tet7, j6t7-

barrier voltage window might be different from our measurable window via polarisation
lines. Specifically, for state-of-the-art values of ON (OFF) exchange interaction of 50
MHz (10 KHz) and a typical charging energy of 1 mV, the required tunnel coupling is ~ 2
(0.02) GHz, which can be better calibrated via qubit spectroscopy techniques [21, 39, 40].

5.4. CONCLUSIONS

By implementing a strategy that allows to address a large number of quantum dots with
a small number of control lines, we have operated the most extensive two-dimensional
quantum dot array so far. With this approach, the number of gate layers is indepen-
dent of the grid size, which greatly simplifies the nanofabrication of quantum dot arrays.
With the introduction of a double barrier paradigm and a statistical method for labelling
multi-dot charge stability diagrams, we have demonstrated two critical requirements for
quantum logic in shared-control architectures: the tunability of 16 interacting quan-
tum dots into an odd charge state with an unpaired spin and the proof of principle of a
method for the selective control of the interdot tunnel coupling, which is crucial for the
control of the exchange interaction. We envision that future crossbar arrays may find ap-
plications in large and dense two-dimensional quantum processors or as registers that
are coupled via long-range quantum links for networked computing.
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5.5. METHODS

Each charge sensor is galvanically connected to a NbTiN inductor with an inductance of
a few uH forming a resonant tank circuit with resonance frequencies of ~ 100 MHz. In
our experiment we have observed only three out of four resonances, likely due to a defect
inductor. Moreover, because two resonances overlap significantly, we mostly avoid using
reflectometry (unless explicitly stated in the text) and use fast dc measurements with
bandwidth up to 50 kHz. Charge stability diagrams here typically consists of a 150x150
pixels scan with a measurement time per pixel of 50 us. Throughout this article, we refer
to Agi to identify a ramp supplied by an AWG to the gate gi with respect to a fixed dc
reference voltage. To enhance the signal-to-noise ratio, we average the same map 5-50
times, obtaining a high-quality map within a minute.

5.5.1. TUNE-UP DETAILS

Throughout the experiment, we have tuned all 16 quantum dots of the device two times.
In the first run, the gate voltages were optimised to minimise the number of uninten-
tional quantum dots in order to better visualise and characterise the crossbar quantum
dots (Fig. 5.2, 5.3, 5.21 and 5.22). In the second run, the stray dots were neglected to tune
the quantum dot array into a global odd-occupation regime (Fig. 5.5). Between the two
tune-up cycles, the gate voltages were reset to zero without thermal cycling the device.
The protocol followed in the two tuning procedures was the same, but the need for emp-
tying accidental quantum dots in the first session led to some restrictions in the voltage
window of certain gates. The starting gate voltage values for the tune-up are -300 mV for
the barriers and -600 mV for the plungers. In Fig. 5.23 we display the dc gate voltages
relative to the measurements displayed in Fig. 5.5, with the crossbar array tuned in the
odd-charge occupation. In this regime, we also study the variability (section 5.6.7) of the
first hole voltage onset in each dot obtaining —1660 + 290 mV (Fig. 5.24). Furthermore,
we characterise the variability of the transition lines spacing to be ~ 10 —20% as a metric
for the level of homogeneity of the array (Fig. 5.25) [41]. Strategies to further reduce these
variations and device design are discussed in section 5.6.2.

The odd charge occupancy is demonstrated by emptying each quantum dot as shown in
Suppl. Videos 1-12 [29]. All the datasets underlying Fig. 5.5 and in Suppl. Videos 1-12 are
taken at the same gate voltage configuration on the same day. During the experiment,
the gate UB8 did not function properly, possibly due to a broken lead. To compensate for
this effect and to enable charge loading in the dots P3t and P5t, we set UB7 at a lower volt-
age compared to the other UB gates. Additionally, LB1 is set at a comparatively higher
voltage to mitigate the formation of accidental quantum dots under the fanout of LB1
and P1 at lower voltages. The first addition line of such an accidental quantum dot is
visible as a weakly interacting horizontal line in Fig. 5.4a.

5.5.2. VIRTUAL MATRIX

The matrix M defined by G = M - vG, with virtual gates vG and actual gates G is shown
as a colour map in the supplemental material of Ref. [29]. For the tunnel coupling ex-
periments presented in Fig. 5.6 and 5.7, we employ additional virtual gate systems for
achieving independent control of the detuning voltage e67 and U67, and of the interdot
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interactions via virtual barriers tgp7, jeb7, ter7 and jer7. With SE_P the SE plunger gate, we
write:

P5 004 -1.2
P6 | | -05 09 |(e67
P7 | " |0492 09 (U67)
SE_P) \-0.08 -0.26
P6 ~1.28 -0.33
P7 ~1.18 -0.72
UB5 |=| 1 0 (F"’”)
LB7 0 1 | Ve
SE_P 015 -0.01
P6 ~2.05 -0.97
P7 ~1.18 -0.41
UB4|[=]| 1 0 (F‘W)
LB7 0 1| Veb7
SE P} \-0.19 -0.01

5.5.3. QUANTUM DOT IDENTIFICATION

To obtain the capacitive coupling of all the barrier gates to a set of transition lines (as
shown in Fig. 5.3a and Fig. 5.9- 5.13.), we acquire and analyse sets of 112 charge stability
diagrams. The same charge stability diagram is taken after stepping each barrier gate
around its current voltage in steps of 1 mV in the range of -3 to 3 mV (i.e., 7 scans x 16
barriers). Figure 5.8 depicts one such example. The number of charge stability diagrams
required to identify all quantum dots scales linearly with their total number. The number
of maps results from the product of the number of plunger and barrier gates, which both
scale as its square root. We emphasise that an array with individual control would also
require a linear number of charge stability diagrams to infer each dot. In the analysis, we
first subtract a slowly varying background to the data (with ndimage.gaussian.filter of
the open-source scipy package) and then calculate the gradient of the map (with ndim-
age.gaussian_gradient_magnitude). For a given line cut of such two-dimensional maps,
we extract the peaks position using a Gaussian fit function. Due to cross capacitance, the
transition line positions manifest a linear dependence on each of the 16 barriers, which
we quantify by extracting the linear slope (Fig. 5.8). After normalisation to the maxi-
mum value, these parameters are named capacitive couplings (1), and, because of the
grid structure of the two barrier layers, provide a first information of where the hole is
added/removed to/from. To extract the quantum dot positions, we consider the capac-
itive couplings to the vUB (Ayyp) and vBL (A1) gates as two independent probability
distributions. With this approach, the integral of the A,y (Av1s) between vUBi (VLBk)
and vUBj (vLBI) returns a “probability” py,i,j) (pr,«,p) to find the dot in-between these
control lines. As aresult, the combined probability in the site confined by these four bar-
riers is given by the product of these elements: w(; j) k) = Pu,.j) * PL k- We note that
the sum of the 16 probabilities returns 1. As already observed in ref. [42], the gates cross-
coupling to a specific quantum dot defined in a germanium quantum well manifest a
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slow falloff in space (i.e., gates with a distance to the dot of > 100 nm still have a con-
siderable cross-coupling to the dot). This can be attributed to the rather large vertical
distance between the gates and the quantum dots (> 60 nm), and is in contrast with ex-
periments in SiIMOS devices where the falloff is rather immediate due to the tight charge
confinement. This aspect explains why our probability W at the identified quantum dot

reaches at a max of 0.25—0.5.
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Figure 5.8: Detecting the shift of the transition lines: an exemplary case. a, Charge stability diagram
(gradient of the SW sensor signal) showcasing a set of vertical and horizontal charge transition lines. The
green trace shows the derivative of the data at the vP4 value identified by the horizontal green tick. The white
dashed line is a fit of the linecut with a Gaussian function, and the green marker identifies the fitted centre of
the peak. The red marker labels the fitted coordinate of a vertical transition line (not shown). b, ¢, Scatter
points are the fitted positions of the green and red markers, respectively, as a function of the voltage applied
at all barriers. Error bars on the points display the standard deviation of the fitted centre of the Gaussian.
Dashed lines are the best linear fit to the data. The normalised absolute values of the slope parameter are
taken as capacitive couplings of each gate to the specific transition line. The error bar on the capacitive
coupling is taken as one standard deviation of the fitted slope parameter. The horizontal (vertical) transition

line in (a) is attributed to the quantum dot Q4b (Q5b).
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Figure 5.9: Quantum dot identification of the Q2 quantum dots. a, Bar plots of the (normalised) capacitive
couplings (in red for the vUB, and in blue for the VLB gates) obtained by the analysis of transition lines
attributed to different quantum dots as shown in Fig. 5.8. Red and blue backgrounds are added to emphasise
the two barriers that surround the labeled quantum dot. b, Device layout with the capacitive couplings
colour-coded on the filling of the gate lines. The vUB (VLB) capacitive couplings are normalised to their
maximum values. Intuitively, the quantum dot associated with the analysed transition lines is located at the
intersection of the two intensely coloured red and blue lines. ¢, Extracted probabilities (W) of each set of
addition lines (calculated as discussed in section 5.5). The comparison of the top and bottom panels of a, b, ¢
clearly distinguishes the two Q2 quantum dots. In a the data points correspond to the peak of the chart bars
as well as the centers of the error bars. Each error bar is the standard deviation of the parameter obtained
from the linear fit.
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Figure 5.10: Quantum dot identification of the Q6 quantum dots Same as in Fig. 5.9 but applied to the Q6
quantum dots. TThe comparison of the top and bottom panels of a, b, c clearly distinguishes the two Q6
quantum dots.
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Figure 5.11: Quantum dot identification of the Q6 quantum dots Same as in Fig. 5.9 but applied to the Q5
quantum dots. The three different rows of panels a, b, ¢ enable to label the Q5 quantum dots.
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Figure 5.12: Quantum dot identification of the Q6 quantum dots Same as in Fig. 5.9 but applied to the Q4
quantum dots. The three different rows of panels a, b, ¢ enable to label the Q4 quantum dots. The dot Q4t
could not be systematically analysed because, in this gating regime, we observe a slow loading mechanism via
the defective barrier UB8 with respect to the timescale of our scan (~ ms). However, because such transition
lines are controlled by vP4 (labelled in Fig. 5.21), do strongly respond to vUB7 and vLB5, we can still map
them to the site Q4t, in a qualitative way.
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Figure 5.13: Quantum dot identification applied to the Q1 and Q7 quantum dot The method in Fig. 5.9 is
applied to the two quantum dots controlled by independent plunger lines Q1 and Q7 in panels a, b, cand d, e,
f, respectively.
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SPURIOUS QUANTUM DOT IDENTIFICATION: AN EXAMPLE

We make use of the method presented above to also map the position of accidental quan-
tum dots that arise outside the crossbar array. In Fig. 5.14a, we display the capacitive
coupling of the barrier gates to a spurious quantum dot. The addition lines of such a
quantum dot are mainly controlled by vP2 and are visible as quasi-vertical lines in the
charge stability diagrams of the type AvP2 vs AvP3 in the Supplementary Videos. In par-
ticular, from these maps, it is possible to observe a negligible mutual capacitance be-
tween this specific accidental dot and the crossbar quantum dots Q1, and Q3b. How-
ever, we emphasise that the presence of such spurious quantum dot complicates the
tuning efficiency of our device, and strategies to mitigate their presence need to be in
place in the near future, as already discussed in the main text. In Fig. 5.14b, we present
the device layout with the capacitive couplings colour-coded on the filling of the gate
lines. Here, both the vUB and vLB capacitive couplings, A,y and A1, are normalised
to their maximum values. Following this analysis, we can conclude that such spurious
quantum dot is approximately located under the fanout of the gates UB1, LB3 and UB3.
This is furthermore corroborated by the fact that this dot is well sensed by the SW charge
Sensor.
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Figure 5.14: Spurious quantum dot identification. a, Bar plots of the (normalised) capacitive couplings (in
red for the vUB, and in blue for the VLB gates) obtained from the analysis of transition lines attributed to a
spurious quantum dot located under the gates fanout. The data points correspond to the peak of the chart
bars as well as the centers of the error bars. Each error bar is the standard deviation of the parameter obtained
from the linear fit. b, Device layout with the capacitive couplings colour-coded on the filling of the gate lines.
The vUB (VLB) capacitive couplings are normalised to their maximum values. The orange oval in (b) indicates
the approximate position of the quantum dot associated with the analysed transition lines (under the fanout
of the barriers UB1 and LB3).
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5.5.4. TUNNEL COUPLING EVALUATION

For the estimation of the tunnel coupling results presented in Fig. 5.6 and 5.7, we es-
tablished an automated measurement procedure that follows this sequence: 1) we step
the virtual barriers across the two-dimensional map (z, j); 2) at each barrier configura-
tion, we take a two-dimensional (e67, U67) charge stability map (Figs. 5.6b and 5.7b); 3)
we identify the accurate position of charge interdot via a fitting procedure of the map
(Fig. 5.17) [43]; 4) we perform small adjustments at the e67, U67 virtual gates to cen-
tre the interdot at the (0,0) dc-offset; 5) measure the polarisation line by using ~0.1
kHz AWG ramps (Figs. 5.6c and 5.7c). For an accurate analysis, each polarisation line
is the result of an average of 150 traces, using a measurement integration time of 50
us per pixel. With this method, the full 30x30 maps are taken in a few hours. We fit
the traces considering an electron temperature of 138 mK and a detuning lever arm of
Qes; = 0.012(4) eV/V, extracted from a thermally broadened polarisation line (Fig. 5.20).
We observe that the extracted tunnel coupling follows approximately an exponential
trend as a function of the barrier gates. We fit the data presented in Figs. 5.6e and 5.7e
with the function A-e~ 8V, with A a prefactor, B the effective barrier lever arm and V; the
gate axis. We find that the effective barrier lever arms of jg,7 and #5p7 are 0.007+0.002 and
0.021 +0.003mV~!, respectively. Similarly, we find for jg7 and g7 values of 0.008 +0.001
and 0.026 +0.003mV !, respectively. This indicates that the real barrier LB7 controls the
vertical and horizontal coupling in a similar manner. Altogether these results indicate
that the lower barrier layer of UB gates is ~ 3 times more effective than the upper barrier
layer of LB gates. This is consistent with what is found in Fig. 5.3a and Fig. 5.10. We note
that for qubit operations in such crossbar array, it is actually necessary to fully charac-
terise and calibrate the two-barrier tunability of all the 24 nearest-neighbours. Perform-
ing this task requires improving further our hardware implementation and is beyond the
scope of this work.
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5.6. SUPPLEMENTARY

5.6.1. RENT’S RULE AND GATE COUNT
Scalable architectures impose stringent requirements at all layers of the quantum com-
puting stack [5]. If we focus on the lowest layers of the computing stack, state-of-the-
art solid-state quantum processors do not meet these prerequisites yet [8]. In fact, cur-
rent processors still make use of a few control terminals per qubit, an approach that will
lead to arduous interconnectivity and control challenges in the route toward millions
qubits [44, 45]. To quantify the level of optimisation and interconnectivity of a quantum
processor, we borrow the concept of Rent’s rule from classical electronics [46]. In quan-
tum dot devices, the Rent’s rule can be used to correlate the number of control terminals
T (i.e., gates, ohmic leads,...) and the number of active components g (i.e., quantum
dots or qubits):

T=tg? (5.1)

where ¢ is the average number of control terminals per qubit and p is the Rent exponent
that lies in the range (0, 1]. Without any quantum hardware optimisation, the number of
terminals will keep increasing linearly with the number of qubits, creating major inter-
connect problems in the quantum computing stack [8].

An analogous challenge emerged in the 1950s in classical electronics when every elec-
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Figure 5.15: Rent’s rule in two-dimensional quantum dot architectectures and gates count. Number of
control terminals (gates) versus the number of quantum dots for a two-dimensional array. The blue trace
indicates the scaling of our shared-control gate architecture. The red trace shows the scaling for an
architecture with individual control (inset) of interdot couplings and quantum dot energies. Scatter points
represent the gates counts of a 2x2 [39], 3x3 [34] and 4x4 quantum dot array (this chapter). We draw a
horizontal line at 2000 control terminals, which currently identify the current maximum number of
input/output terminals of classical integrated circuits. Assuming this as a practical limit for the control
terminals of a quantum processor without on-chip control logic [7], the individual control strategy is limited
to control up to a few hundred quantum dots. In contrast, the shared control approach may be able to control
few hundreds of thousands.

trical component needed to be soldered to several others [47]. The turning point was the
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invention of the integrated circuit, which led to the realisation of the first microprocessor
- the Intel 4004 - with 2300 transistors and only 16 external pins. Nowadays, integrated
circuits are at the heart of our technology and, with a Rent exponent of about 0.5 and
a maximum number of input/output lines of T ~ 2- 103, present a ratio of transistor to
input/output pins g/ T of ~ 10° [7, 48]. On the contrary, in infant quantum chips, the
g/ T ratio is below 1 [8], and therefore, significant efforts have to be made to downscale
the quantum Rent exponent.

In our work, we have moved from electrostatic gating strategies with individual con-
trol of every unit to crossbar architectures with shared control of quantum dots energies
and interdot couplings [17]. This advance is crucial for scalability because it may en-
able to use O(N'/?) terminals for O(N) qubits (i.e., p = 0.5). The impact of this strategy
can be visualised in Fig. 5.15, where we compare the different scalings of control ter-
minals for a two-dimensional quantum dot array controlled with a shared- and with an
individual-control approach. For the shared-control architecture presented in this chap-
ter, the gates count as a function of quantum dots g is given by:

T=6g"?-1x 6g'? (5.2)

while for an architecture with individual control of all the on-site dot energies and inter-
dot couplings (see inset of Fig. 5.15), we obtain:

T=3g+2g"? -4 3g (5.3)

These equations hold for square arrays with a minimum 2x2 size, i.e., g = 4.

Scaling the crossbar architecture to a 6x6 crossbar array would already result in a de-
vice with fewer gates than total number of quantum dots. In particular, a 6x6 crossbar
array with 36 quantum dots requires only 35 gates. We note that while this may seem
a marginal improvement, comparing the required number of gates to quantum dot de-
vices with individual connectivity shows already a remarkable difference: a 4x4 (6x6)
quantum dot device requires 23 vs 52 (35 vs 116), for the respective systems.

We emphasise that in these considerations we do not account for the terminals control-
ling the read-out charge sensors. In the future, a strategy for integrating charge sensors
within quantum dot crossbar arrays needs to be fully worked out to establish and oper-
ate scalable modules of semiconductor qubit arrays with a Rent exponent of 0.5. We note
that germanium can make ohmic contacts to metals, thus facilitating a very small foot-
print for charge sensors, and providing a route toward the integration of charge sensors
in the quantum dot array.

5.6.2. PRACTICAL DEVICE IMPROVEMENTS
Here, we present a series of practical ideas to mitigate challenges observed (and not)
throughout the experiment.

1. The tune-up of the current implementation is complicated by the emergence of
a few (~ 5) unwanted stray dots outside the array, located under the dense gates
fanout. These decrease the read-out sensitivity to the designed quantum dots and,
in general, complicate the system tune-up.

Near-term solutions can be: the addition of a lower “screening” gate layer (kept
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at a more positive voltage), or an upper “depleting” gate layer that prevents any
charge puddles from forming in between different gate lines. A more sophisticated
solution consists of the implementation of vertical interconnect access through
the oxide layer that enables to fan out the gate lines at a much higher level in the
stack [28]. We also envision that, in the future, boundary effects of large qubit
arrays need to be accounted for (e.g., dots at the perimeter of the array experience
a smaller electric field than the ones in the middle). Hence, another possibility is
to neglect the dots at the perimeter completely.

. A faster device tune-up can be achieved by using radio frequency reflectometry,

which, in our experiment, worked out only partially.

. A higher level of homogeneity and functionality than is presented here will be

needed for practical quantum computation with quantum dots. Leaving aside the
development on the material stack itself (Ge/SiGe) and on the device nanofabri-
cation, there appears to still be space for improvements on the gate layout.
Similarly to the behaviour of the turn-on voltages in transistors [49], a higher quan-
tum dot homogeneity may be achieved by increasing their size. This will also have
the beneficial effect of increasing the plunger gates lever arm, which will be less
screened by the lower layers. Clearly, an excessively large quantum dot can lead
to (Pauli spin-blockade) read-out problems if the energy of the first excited state is
too low. Therefore a search for an optimal size needs to be performed.

. In the current device, we observed that the ratio of the two barrier layers lever

arms is approximately 2-3. Due to imperfections in the nanofabrication and an
oxide layer in between them, the top layer partially overlaps the bottom one. As
a consequence, its electric field is screened. To enhance the coupling of the top
layer, one can design the top layer to have a slightly larger width, or add a gap of a
few nm in between the two lines.
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5.6.3. ADDRESSABLE EXCHANGE OPERATIONS WITH A DOUBLE BARRIER DE-
SIGN

The ability to control the tunnel coupling with two barriers opens the opportunity
to design addressable exchange-based two-qubit gates in architectures with shared
control. We envision an operation strategy in which a two-qubit gate can be activated
only when both barriers are in the ON state. For a fast CPHASE gate with a duration of 5
ns, we require to activate an exchange interaction of Jon/h = 100 MHz. In all other cases
(i.e., when the barriers are in the configurations (ON, OFF), (OFE ON), (OFE OFF)), we
demand a sufficiently low exchange to minimise errors. State-of-the-art values of OFF
exchange interaction are in the order of Jopr/h ~ 10 KHz [40].

Fig. 5.16 illustrates the required barrier voltage points to obtain such exchange in-
teractions considering symmetric lever arms, a quantum dot charging energy of U = 1
meV and operations at the charge symmetry point (i.e., at zero detuning). In Fig. 5.16,
we have approximated the dependence of the tunnel coupling energy ¢ with respect to
the two barrier voltages By and B}, with [9, 21, 50]:

to= YU _ o eme2aBe-Brow) . g=c2a(By=Byon) 5.4)
2

with By,on and By, on the ON set-points of the two barriers.

In this example, we have set the prefactor c¢; to 5-h GHz with h the Plank constant, and

the effective barrier lever arms ¢, - & to 0.04 V1.
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Figure 5.16: Addressable exchange operation with a double barrier design. a, b Target tunnel coupling and
exchange required for fast two-qubit gates with interaction ON (bottom left corner), and OFF (top left, top
right, bottom left corners in the map). The exchange interaction of qubit pairs at (ON, OFF) crossing points
remains four orders of magnitude smaller than in the (ON, ON) cases. The parameters displayed are
calculated at the coordinates (0, 0), (0, 150), (150, 0), (150, 150) mV. In reference to the experimental results of
Fig. 5.6 and 5.7, the measurable tunnel coupling range (> 1 GHz) via polarisation lines is the bottom left
corner of panel (a) extending up to +24 mV on both axes.
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TWO-AXIS CONTROL OF THE INTERDOT TRANSITION LINE

By fitting the two-dimensional (e67, U67) charge stability maps (examples in Figs. 5.17a,
b), we obtain an estimate of the (3,1)-(2,2) charge interdot size L for the double dot sys-
tems Q6b-Q7 and Q6t-Q7. The size of the interdot line is indicative of the capacitive
coupling between the adjacent quantum dots. Consistent with the two-axis tunability of
the tunnel coupling, the interdot size is varied as the effective distance between the dots
and is modified by the action of the two tunnel barriers (Figs. 5.17c-f).
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Figure 5.17: Two-axis control of the quantum dot interdot transition line. a, b, Exemplary charge stability
diagrams taken at the Q6t-Q7 (3,1)-(2,2) charge interdot line. The two maps are taken at the diagonally
opposite points of the two-dimensional barrier scan, at g7, jer7 = (-330, -510) and (-270, -380) mV,
respectively. Orange lines represent a fit to the map following the procedure shown in ref. [43]. A black circle
identifies the fitted centre of the interdot, and the arrow illustrates the size in voltage of the interdot line. ¢, d,
Size of the Q6b-Q7 (3,1)-(2,2) charge interdot line as a function of the two virtual barriers. e, f, Same for the
Q6t-Q7 (3,1)-(2,2) charge interdot line. Outliers in the plot are due to non-accurate fits of the image.
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TWO-AXIS CONTROL OF THE Q6B-Q5M INTERACTION

We repeat the tunnel coupling experiments considering the double-dot pair Q6b and
Q5m by defining the virtual barriers #5h5 and jgps5 starting from the relative UB4 and LB6
barriers (Fig. 5.18):

P5 -1.63 -0.58
P6 ~1.61 -0.48
UB4|=]| 1 0 (F‘*’S)
LB6 0 1 | Vebs
SE_P) \-0.43 -0.02

We observe that the limited sensitivity at the interdot hinders a quantitative tunnel cou-
pling analysis. However, at a qualitative level, we still observe the expected pattern with
the size of the interdot tunable by both barriers.
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Figure 5.18: Two-axis control of the Q6b-Q5m interdot coupling. a Schematic of the crossbar indicating the
two intersecting virtual barriers (in red and blue) controlling the Q6b-Q5m interaction. b-e Charge stability
diagrams at different barrier voltages: (b) (fgp5, jgbs) = (-330, -380) mV; (c) (-270, -380) mV, (d) (-270, -510) mV,
(e) (-330, -510) mV. In (d), in the high interdot coupling regime, we add dashed lines as guide for the eyes on
weakly visible transition lines. Here, we display the signal from the SE charge sensor after subtraction of a
background.
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5.6.4. ELECTRON TEMPERATURE EXTRACTION
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Figure 5.19: Electron temperature extraction. a Coulomb peak width as a function of fridge temperature. b,
c. Exemplary data (scatter points) and best fits (black lines) collected at Tf =10 mK and Tf =540 mK,
respectively. For every temperature, we perform five plunger sweeps across the Coulomb peak (each averaged
500 times) and, by fitting the curves, we obtain five different estimates for the Coulomb peak width. In (a), we
show the average width. The depicted standard deviation is determined by considering the standard
deviation from the single fit itself or the standard deviation between the five different fitting estimates,
depending on which is dominant.

We estimate the electron temperature of our setup by fitting a temperature broad-
ened Coulomb peak of the SE charge sensor. We choose a source-drain voltage Vsp and
coupling energy to the leads hI" such that hT',eVsp « kpT,, with h and kg the Planck
and Boltzmann constants, respectively and I the lead-dot tunnel rate. The current I at
the Coulomb peak is fitted with the Lorentzian distribution

a -€
1 =a-cosh™ (ﬂ)+c, 5.5
model sz Te (5.5)

where a is an amplitude prefactor, @ .ns0r is the lever arm of the sensor plunger gate, €
is the plunger gate voltage and c an offset. The full width half maximum (FWHM) of the

peak is therefore given by
kg\/Te + T2
kg T, By/ o
FWHM = ——% = L (5.6)

A sensor QA sensor
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where T is the nominal fridge temperature and Ty the base electron temperature [51].
We use the FWHM dependence on the nominal fridge temperature to extract both Ty
and agensor- The result can be seen in Fig. 5.19 with two exemplary fits for 10 and 540
mK. The fit with Equation 5.6 results in Ty = 138 +9 mK and @ sez50r = 0.123 £0.002 eV/V,
which is consistent with an independent lever arm extraction from Coulomb diamonds.
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5.6.5. DETUNING LEVER ARM EXTRACTION

For an accurate estimation of the interdot tunnel coupling, we evaluate the quantum dot
detuning lever arm by fitting the sensor signal Sp; with a thermally limited polarisation
line (Fig. 5.20) as described in [38]:

) + ﬁe (5.7)
Oe '

€
S =59+ 65— -tanh
model 0 Q ( 2kz T,
with Sy the background signal of the charge sensor, § S the signal amplitude, € the detun-
ing energy, Q the energy difference between the two levels and the term %e alinear slope
due to cross-talk to the charge sensor. In the low-tunnelling regime, we can approximate
Q = Ve? + 412 = ¢, which reduces Equation 5.7 to

OCQD € 0S
S =S i(‘)‘S'tanh( )+—e. (5.8)
model 0 sz Te de
a b e67 (mV)
-40 -30 -20 -10 O 10 20 30 40
1 1 1 1 1 1 1
g, =0.0124 eV/V A
— 120
> ;
IS >
~ )
= N 110
S| )
/"
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Figure 5.20: Temperature limited polarisation line. a, Charge stability diagram of the uncoupled Q6b-Q7 at
the (3,1)-(2,2) charge interdot. In this configuration, the tunnel time in Q6b is small with respect to the ramp
time of the detuning axis, therefore the interdot is extended and the Q6b addition line is not clearly visible in
the map. b, Thermally limited polarisation line (blue trace) taken at the centre of the interdot shown in (a).
From the best fit (orange line), we obtain the detuning lever arm aeg, = 0.012(4) eV/V.
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5.6.6. CHARGE STABILITY DIAGRAMS AND APPLIED GATE VOLTAGES

In Fig. 5.21, we display the charge stability diagrams obtained for the first tune-up of the
device with the quantum dots in the few-holes regime. These maps are part of the data
sets that are used for the analysis presented in Fig. 5.9-5.13. The applied voltages at this
phase of the experiment are shown in Fig. 5.22.

The gate voltages of the crossbar in the odd-charge regime during the second tune
up are shown in Fig. 5.23.
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Figure 5.21: Tune-up of the crossbar array in the few-holes regime. a-p, Charge stability diagrams (raw
sensor signal after subtraction of a background) showcasing the 16 quantum dot system in the few-hole
regime. These measurements are taken in the first tune-up of the crossbar array. In each map, the first visible
transition lines from the right or the top are labelled and assigned to the relative quantum dot by dashed lines
with colours defined in the schematic at the top. The identification is performed via the results of Fig. 5.9-5.13.
The colour of the panel frame identifies the sensor used: NW in red, NE in blue, SW in green, and SE in ochre.
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a b c
Voltage (mV) Voltage (mV) Voltage (mV)
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Figure 5.22: Tune-up of the crossbar array in the few-holes regime. a-c, Schematics of the voltage applied at
all crossbar gates at the phase of the experiment shown in Fig. 5.21. The voltages are here optimised to
circumvent stray dots.

a b c
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Figure 5.23: Crossbar gate voltages. a-c, Voltages applied at the real P, LB and UB gates, respectively, when the
system is tuned in the odd charge occupation regime.

5.6.7. CHARACTERISATION OF THE VARIABILITY OF THE QUANTUM DOT AR-
RAY

We have characterised the level of homogeneity in the array considering two different
metrics.

First, we consider the onset voltage of the first hole in each quantum dot, as displayed in
Figs. 5.24a, b. We obtain an average first-hole voltage of -1660 + 290 mV, that indicates a
rather high variability across the quantum dot array. We also observe that a more nega-
tive voltage is required to accumulate the first hole when going toward the center of the
array (e.g. under P4 and P5). This trend is anticorrelated with the voltages set to the LB
barrier gates, that run in parallel to the plunger gates (Fig, 5.24c). The higher values of
LB4 and LB5 lead to more negative values of the plunger gates within the array, due to
cross capacitance. We note that the need to set LB4 and LB5 to a more positive voltage
comes from the demand to maintain the charge sensors well separated by the array. In
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practice, we have observed that the needs to preserve the quality of the charge sensors
and to set the interdot tunnel barriers seem conflicting. Therefore, we suggest in future
designs to dedicate to one gate the function to isolate the sensor to the dots and to an-
other gate to determine the interdot barriers.

A second metric to asses the variability in size and in dot lever arm relies on evaluat-
ing the homogeneity in quantum dot addition voltages, i.e. the spacing between two
consecutive charge transition lines [41]. We extract the charge addition voltages of all
the quantum dots from the corresponding stability diagrams (Fig. 5.25), and extract the
averaged spacing of the first and second hole to be 51 + 6 mV and 50 + 9, respectively, in-
dicating a ~ 10 — 20% variability of the quantum dot confinement properties across the
array.

Overall, this demonstrates that, while quantum dots are accumulated at rather different
voltages under each plunger gate, their size and plunger gate coupling are similar, owing
to the grid structure of our design.
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Figure 5.24: Onset voltages for the first hole. a, Colormap of the virtual plunger voltages required to
accumulate the first hole in each quantum dot. b, Averages first hole virtual plunger voltages. The error bars
represent the standard deviations around the mean. We note that, while the variability of dot voltages for the

same plunger is rather low, the overall variability of 290 mV remains high. c, Voltages of the LB gates in the
odd charge regime.
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Figure 5.25: Charge Addition voltages of all the quantum dots. Bar plot of the addition voltages of each

quantum dot considering the first spacings, when detectable in the already existing datasets. The three
horizontal lines identify the spread of the first hole addition voltage of 51 + 6 mV.
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OPERATING SEMICONDUCTOR
QUANTUM PROCESSORS WITH
HOPPING SPINS

Twould say that balance (while walking) was not difficult; however, 1 did some fairly high
Jjumps and found that there was a tendency to tip over backwards on a high jump. [1]

Neil Armstrong

Qubits that can be efficiently controlled are essential for the development of scalable quan-
tum hardware. Although resonant control is used to execute high-fidelity quantum gates,
the scalability is challenged by the integration of high-frequency oscillating signals, qubit
crosstalk and heating. Here, we show that by engineering the hopping of spins between
quantum dots with a site-dependent spin quantization axis, quantum control can be es-
tablished with discrete signals. We demonstrate hopping-based quantum logic and obtain
single-qubit gate fidelities of 99.97%, coherent shuttling fidelities of 99.992% per hop, and
a two-qubit gate fidelity of 99.3%, corresponding to error rates that have been predicted to
allow for quantum error correction. We also show that hopping spins constitute a tuning
method by statistically mapping the coherence of a 10-quantum dot system. Our results
show that dense quantum dot arrays with sparse occupation could be developed for effi-
cient and high-connectivity qubit registers.

Parts of this chapter have been published in Chien-An Wang, Valentin John, Hanifa Tidjani, Cécile X. Yu ,
Alexander S. Ivlev, Corentin Déprez, Floor van Riggelen-Doelman, Benjamin D. Woods, Nico W. Hendrickx,
William I. L. Lawrie, Lucas E. A. Stehouwer, Stefan D. Oosterhout, Amir Sammak, Mark Friesen, Giordano
Scappucci, Sander L. de Snoo, Maximilian Rimbach-Russ, Francesco Borsoi, and Menno Veldhorst, Operat-
ing semiconductor quantum processors with hopping spins, Sciernce 385, 447-452 (2024).
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0ss and DiVincenzo proposed hopping of electrons between two quantum dots as
L an efficient method for coherent spin control [2]. By applying discrete pulses to the
quantum dot gates, a single spin can be transferred between qubit sites with differently
oriented spin quantization axes, thereby enabling two-axis control of the qubit. Uni-
versal quantum logic is then achieved through a tunable exchange interaction between
spins residing in different quantum dots. That work initiated the field of semiconductor
spin qubits and inspired more than two decades of extensive research, but a successful
implementation of Loss and DiVincenzo’s initial proposal has remained elusive because
of experimental challenges [3].

Alternative methods for coherent single-spin control have emerged, including elec-
tron spin resonance [4, 5] and electric dipole spin resonance using either micromag-
nets [6, 7] or spin-orbit interaction [8-11] to enable a coupling between the electric field
and the spin degree of freedom. However, all of these methods rely on resonant Rabi
driving and require high-power, high-frequency analog control signals that already limit
qubit performance in small quantum processors [12-14]. The development of local, ef-
ficient, low-power control mechanisms of semiconductor spins is now a key driver [15-
17]. To this end, qubits encoded in multiple spins and in multiple quantum dots, such
as singlet-triplet, hybrid, and exchange-only qubits, have been investigated as possible
platforms [3]. Although these qubit encodings have enabled digital single-qubit con-
trol, they also come with new challenges in coherence, control, and creation of quan-
tum links. For example, the exchange-only qubits are susceptible to leakage outside of
their computational subspace and require four exchange pulses to execute an arbitrary
single-qubit gate and = 12 exchange pulses for a single two-qubit gate [18-20].

Here, we demonstrate that single-spin qubits can be operated using baseband con-
trol signals, as envisaged in the original proposal for quantum computation with quan-
tum dots [2]. We used hole spins in germanium quantum dots, in which the strong spin-
orbit interaction gives rise to an anisotropic g-tensor that is strongly dependent on the
electrostatic and strain environment [21]. We harnessed the resulting differences in the
spin quantization axis between quantum dots [22, 23] to achieve high-fidelity single-
qubit control using discrete pulses by shuttling the spin between quantum dot sites. A
key advantage in such a hopping-based operation is that the spin rotation frequency
is given by the Larmor precession. The latter remains sizeable even at small magnetic
fields where quantum coherence is substantially improved [24, 25]. This enabled us to
perform universal quantum control with error rates exceeding the thresholds predicted
for practical quantum error correction[26] while also operating with low-frequency base-
band signals. We then exploited the differences in quantization axes to map the spin de-
phasing times and g-factor distributions of an extended 10-quantum dot array, thereby
efficiently gathering statistics on relevant metrics in large spin qubit systems.

6.1. HIGH-FIDELITY SINGLE-QUBIT OPERATIONS AND LONG
QUBIT COHERENCE TIMES AT LOW MAGNETIC FIELD

A large difference in the orientation of the spin quantization axes between quantum
dots is essential for hopping-based qubit operations. Holes in planar germanium het-
erostructures manifest a pronounced anisotropic g-tensor, with an out-of-plane g-
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factor g, that can be two orders of magnitude larger than the in-plane component,
g [21, 25, 27, 28]. Consequently, a small tilt of the applied magnetic field from the in-
plane g-tensor will lead to a strong reorientation of the spin quantization axis in the
out-of-plane direction. Subsequently, when an in-plane magnetic field is applied, the
orientation of the spin quantization axis is highly sensitive to the local g-tensor, and
thus to confinement, strain, and electric fields, thus becoming a site-dependent prop-
erty [22, 25, 29, 30]. Here, we exploited this aspect to establish hopping-based quantum
operations in two different devices: a four-quantum dot array [31] arranged in a 2x2
configuration and a 10-quantum dot system arranged in a 3-4-3 configuration.
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Figure 6.1: Hopping-based single-qubit operations - schematics and tune-up. (A) Left: scanning electron
microscopy image of the 2x2 quantum dot array device [31], including gate-defined charge sensors at two
corners. Scale bar, 100 nm. Right: schematic of the two spin qubits, Qs and Qg. The black dashed lines mark
the relative quantization axis direction in the quantum dot pair D1-D4 (D2-D3), with the angle 614 (623). (B)
Example of a baseband pulse €14 (#) used to manipulate qubit Qp, by shuttling the spin back and forth
between quantum dots D1 and D4 and allowing the spin to precess in the individual quantum dots for the
time #4 and #;. (C) Tune-up procedure of a four-shuttle pulse for the X,/ gate of Q at 20 mT. Top: pulse
sequence of the experiment. Bottom left: measured spin-up probability Pa; (71, f4). Bottom right: simulation
results. The red markers identify the timings for implementing an X;;/» o gate and corresponds to the
maximal spin-up probability. The markers are periodic in #; and #4, but for clarity we only plot a few of them.
(D) Calibrated pulse for X;/2 A gate with unequal wait time #4 and tz,t‘
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We populated the four-quantum dot array with quantum dots Dm with m € [[1, 4]]
with two hole spins Qa and Qg which can be shuttled between quantum dots by electri-
cal pulses on the gate electrodes (Fig. 6.1A). A magnetic field up to 40 mT was applied
to split the spin states and positioned in-plane up to sample-alignment accuracy (see
Section 6.4). The relatively small magnetic fields ensured that the maximum qubit fre-
quency (140 MHz) and its corresponding precession period (7 ns) were within the band-
width of the arbitrary waveform generators used. In combination with engineered volt-
age pulses with sub-nanosecond resolution [22] (Section 6.5.4), we were able to shuttle a
spin qubit to an empty quantum dot and thereby accurately change the qubit precession
direction several times within one precession period. Altogether, this enables efficient
single-qubit control through discrete voltage pulses (Fig. 6.1B).

The net effect of a multiple-shuttle protocol is a rotation R(f1,6) of the spin state
around an axis i and with an angle 8. To implement a specific rotation such as the
quantum gate X2, the number of required shuttling steps depends on the angle be-
tween the two quantization axes. Because of the large angle between the axes of D1 and
D4, 6,4 > 90°/4 = 22.5°, a pulse consisting of four shuttling steps is sufficient to realize
a precise quantum gate X;/2 A. As outlined on the top right panel of Fig. 6.1C, such a
four-shuttle pulse moves the spin between D1 and D4 four times with waiting periods #;
and 1, respectively. By measuring the spin-flip probability of Qa, Pat, after two consec-
utive rotations R(f}, 8)%, we could determine the values of ¢; and #; where Pay is maximal,
which occurs when R(}, 0) = X;/24.

Although this method allows calibration of the pulse timing to compose an X;/2.A
gate, it is not necessarily the optimal trajectory. Different choices of (1, t4) are possible
(Fig. 6.1C), including a composition of four-shuttle pulses with different waiting times in
D4. The latter implementation allows for the construction of gates with a rotation angle
0 less sensitive to Larmor frequency fluctuations in D4. We constructed such a gate by
fitting the data in Fig. 6.1C to an effective model and determined the quantization axes
angle 614 between the quantum dots D1 and D4, the individual Larmor frequencies, and
the effective precession time during the ramp. Through simulation of the qubit dynam-
ics, we designed a more noise-resilient X;/2 o gate based on four shuttling steps with
unequal wait times 4 and t, in D4 (Fig. 6.1D). Following the same approach, we design
an Xz /2,8 gate for Qp that only requires a two-shuttle protocol because the angle of the
difference in quantization axes of D2 and D3, 0,3, is very close to 45°.

We further calibrated the pulse timing using repetition sequences, as shown in
Fig. 6.2C, and in AlIXY sequences [32]. The Y/, gate in the AlIXY sequences was realized
by Yr/2 = Zy/2Xz12Z372 and the Z;» gate was implemented by idling the qubit for the
time defined by its precession in the lab frame. The calibrated X/, gates had a total gate
time of 98 (35) ns for Qa (Qp), corresponding to effective qubit rotation frequencies of 2.6
(7.1) MHz, considerable compared with the Larmor frequencies fym) = 42.6 (89.5) MHz
at the in-plane magnetic field of 25 mT.

The high ratio between qubit rotation and Larmor frequency results in low power
dissipation, which is a critical aspect for scaling up quantum processors [33]. To com-
pare the power consumption of the hopping-based single-qubit control with the elec-
tric dipole spin resonance technique, we defined the required number of voltage os-
cillations to flip a qubit, Ncycles, and the derived energy efficiency, 7 =1/ Ncycles, which



6.1. HIGH-FIDELITY SINGLE-QUBIT OPERATIONS AND LONG QUBIT COHERENCE TIMES AT

LOW MAGNETIC FIELD 133
: 5 ®
\1>Jﬂ—xﬂﬂ—@
/2 /2 310_5
G
27 N\
T LR | T
1 10 40
B (mT)
(o] D C, G ¢, G
N A M
‘ l>_€nﬂ9_@ Xv(/ZZn/ZXﬂ/Z(Zﬂ/Z)3 Xn/Z Zn/ZXn/Z
X, mﬂﬂ.ﬂﬂ_...Jﬂ.ﬂﬂ_@
1
0.9 1 FCIiffor "= 99.967(4)%
2 -
o a*
0 T 0.5
1
I 0 REREAn M ?\ ! It 09 Feiitorar = 99-960(6)%
< ULILILILIL Ll dbdlatalalaloldl sl sl 2| ¢ 6| 2
& PR o .
NERERONeRRRRIRIRENeY os i
0 40 80 . 0 2000 4000 6000

number of X, gates N number of Clifford gates

Figure 6.2: Hopping-based single-qubit operations - gate fidelity and coherence times at low magnetic
field. (A) Free induction decay obtained from Ramsey experiments at 25 mT. (B) T2* as a function of magnetic
field. The data points are fitted with an effective model including electric noise and nuclear noise. (C)
Spin-up probability after applying a varying number of X;;/» gates on each qubit. (D) Example of a pulse
sequence in Qp single-qubit randomized benchmarking and the measurement results of both qubits. The
uncertainties are obtained from bootstrapping with 95% confidence intervals.

we found largely determines the power dissipation under the assumption that dielectric
losses are dominant over other dissipation mechanisms (Section 6.5.1). For our system,
we estimate an efficiency of n = 25(50)% for Qa(Qg). By comparison, previous demon-
strations of high-fidelity universal qubit logic in silicon exhibited 7 in the range of 0.04
t0 0.07% [12, 13, 16]. Moreover, despite applying sizeable amplitudes to move the spins
between localized orbitals of adjacent quantum dots, we still obtained a factor of 20 re-
duction in power dissipation with respect to the electric dipole spin resonance technique
(Section 6.5.1). Engineering lower required pulse amplitudes and increasing the orthog-
onality of the spin quantization axes will enable a further reduction of the dissipated
power. Furthermore, the hopping-based approach can simplify the signal delivery and
required control electronics and thus alleviate the detrimental heating effects.

Having established universal single-qubit control, we used the set of gates {Xz/»,
Yy/2} to investigate the qubit coherence times at low magnetic fields. By using a Ramsey
sequence (Fig. 6.2A), we obtained a dephasing time Tz* 0f7.0 (4.5) us at 25 mT for QA (Qp),
an order of magnitude larger than that measured at 1 T in the same sample [24, 31]. We
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were able to further extend the coherence times using Hahn and Carr-Purcell-Meiboom-
Gill (CMPG) techniques, obtaining Ti! = (32 + 24) us and TS™ME™512 = 1.9(1.7) ms, re-
spectively. The dependence of the dephasing times as a function of magnetic field
(Fig. 6.2B) indicates that charge noise remains the main cause for decoherence for mag-
netic fields as low as 5 mT (Suppl. Section 5 of Ref. [34]).

We characterize the single-qubit gate fidelity using randomized benchmarking (RB)
and gate set tomography (GST) [35-37] (Suppl. Section 6 and 7 of Ref. [34]). The results of
RB with average Clifford fidelity (Fig. 6.2D) set the lower bounds of the X;;/, average gate
fidelity at Fx,,, o = 99.967(4)% and Fx,,, 8 = 99.960(6)%. Using GST we benchmarked the
Xz/2 and Y,/ gates, obtaining an average gate fidelity 2 99.9%. From the GST analy-
sis, we infer that dephasing is the dominant contribution to the average gate infidelity.
Taking into account the multiple shuttling steps to execute a single gate, we estimate a
coherent shuttling fidelity per hop as high as Fghyte = 99.992% (Suppl. Section 9 of Ref.
[34]).

6.1.1. HIGH-FIDELITY TWO-QUBIT EXCHANGE GATE

We now focus on assessing the single-qubit and two-qubit gate performance in the two-
qubit space. We implemented a two-qubit state preparation and measurement (SPAM)
protocol (Figs. 6.3A,B). For the state preparation, we adiabatically converted the two-
spin singlet in D2 to the triplet |QaQg) = || |). For the state measurement, we performed
sequential Pauli spin blockade (PSB) readouts on Q4 and Qg by loading ancillary spins
from the reservoir and adiabatic conversion to the state |||) in quantum dots D3 and
D4. The difference in the effective g-factor between the quantum dots D1 and D2 allows
for the construction of a controlled-Z (CZ) gate even at low magnetic fields. We did so
by pulsing the virtual barrier gate voltage vBj2, which controls the exchange coupling J
between Qa and Qg from 10 kHz to 40 MHz (Fig. 6.4C) (Suppl. Section 10 and 11 of Ref.
[34]). Because the maximum exchange coupling strength is non-negligible compared
with the Zeeman energy difference AEz and the qubit frequency fa, pulse shaping is
essential to mitigate coherent errors [13, 38]. We implemented exchange pulses with a
Hamming window and performed the CZ gate calibration (Fig. 6.4D) (Suppl. Section 12
of Ref. [34]).

We now advance to benchmarking a two-qubit gate in germanium, by executing two-
qubit randomized benchmarking. Individual Clifford gates were implemented by se-
quentially applying one or more of the gates CZ, Xﬁg), Zﬁg), and I. From the fit of the de-
cay constants of the reference and interleaved sequence in Fig. 6.4E, we determined the
average Clifford gate fidelity as Fgjitford2 = 98.60(6)% and the average CZ gate fidelity as
Fcz =99.33(10)%. For the single-qubit gate performance in the two-qubit space, we esti-
mate the lower bound of fidelity, averaged between both qubits, as 3 (Fx,, A + Fx,,,8) =
99.90(5)%. We believe that these high fidelities to result from the high driving efficiency
and relatively long T, at low magnetic field.
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Figure 6.3: High-fidelity two-qubit gate in germanium - schematics. (A) Schematics of two-qubit
initialization, manipulation and individual readout. |Qa Qg) was initialized by relaxing to the singlet ground
state in D2 and then adiabatically moving one spin to D1. Quantum circuits consisting of single-qubit gates

(spin hoppings) and two-qubit gates (exchange pulse J(¢)) were performed. The final quantum state was read
out by preparing ancillary spins and then performing two PSB readouts. In each readout, the chemical
potentials of the quantum dots were pulsed such that the spin can either move to the neighboring dot
(indicated by arrows) or stay in the original dot (indicated by arrows with x markers) with probabilities

depending on the spin state |[Qa(p)). (B) Two dimensional histograms of the sensor signals formed by 500
single-shot measurements for four different two-qubit states, which are prepared by applying X;/2 o(B) gates.
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Figure 6.4: High-fidelity two-qubit gate in germanium - measurement results. (A) Exchange coupling as a
function of virtual barrier gate vB12, measured by Ramsey (Hahn echo) experiments in the large (small)
coupling regime. The idle position corresponds to the barrier voltage where single qubit gates were
performed, but at slightly different plunger gate voltage. The empirical formula for mapping vBj and J is
detailed in Suppl. Section 12 of Ref. [39]. The bending on the left side of the plot results from the energy level
anti-crossing when J ~ fa. (B) The voltage pulse of the CZ gate was shaped to have exchange j(¢) in the form
of a Hamming window, as illustrated on the bottom left. The CZ gate calibration circuit for single-qubit
phases is on the top, with the measurement outcome plotted on the bottom right. The target qubit (Q5) phase
depends on the control qubit Qp being in the state |]) in blue (|1) in purple). The red dashed line marks the
required single-qubit phase of Q4 for the CZ gate. (C) Gate sequence and measurement result of two-qubit
interleaved RB.
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6.2. HOPPING SPINS TO BENCHMARK LARGE AND HIGH-

CONNECTIVITY QUANTUM DOT ARCHITECTURES

The presented sparse occupation of a quantum dot array allows the construction of high-
fidelity hopping-based quantum logic, but it may also facilitate the implementation of
quantum circuits with high-connectivity. Although two-dimensional quantum circuits
with nearest neighbor connectivity can already tolerate high error rates [26, 40, 41], an
increased connectivity may substantially lower the physical qubit overhead and lower
the logical qubit error rate [42]. We therefore envision a qubit architecture with sparse
occupation (Fig. 6.5A) to be a potential platform. Here, qubits may be shuttled to re-
mote sites for distant two-qubit logic, and single-qubit logic can be executed during this
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Figure 6.5: Hopping spins to benchmark large and high-connectivity quantum dot architectures. (A) Our
vision of a semiconductor quantum computing architecture comprising hopping Loss-DiVincenzo (LD) spin
qubits (black arrows), readout units (eyes), and empty quantum dot sites for shuttling operations. (B) Layout
of the 10 quantum dot array, with gate-defined charge sensors labelled in analogy to the four cardinal points
(NS, ES, WS, and SS). (C) Control sequence used to characterize the array. A spin originally in D4 was shuttled
across the whole array, allowed to evolve at a certain quantum dot, and read out. (D) Qubit rotations induced

by the difference in quantization axes as a function of idling time in quantum dot D6 and magnetic field.

(E) D6 Larmor frequency, extracted from the Fourier analysis of (D) versus magnetic field. Linear fit yields an
estimated g-factor of 0.062. Inset shows the shuttling trajectory of the spin qubit from D4 to D6. (F) Extended

time evolution in D6 at B = 41.4 mT, yielding a qubit frequency of 34.51 MHz and a dephasing time of

TZ* =1.12 us. The experimental trace was fitted (dashed lines) as described in Section 6.5.6. (G and H) Table

and visualization of the extracted parameters: g-factors and T, respectively.
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trajectory.

As a first step toward such architectures, we developed and characterized an ex-
tended system comprising 10 quantum dots. The system (Fig. 6.5B) consists of a multi-
layer gate architecture with quantum dots, Dn with n € [[1,10]], and peripheral charge
sensors, which may be integrated within the array through development of vertical in-
terconnects such as in [43]. By exploiting dedicated (virtual) barrier and plunger gate
voltages, we prepared the quantum dots D1 and D4 in the single-hole regime, leaving
the others empty (see Section 14 of the supplementary material, and Section 6.5.5).

The hopping-based qubit gates were used to rapidly characterize the different quan-
tum dot g-factors and coherence times. After initializing the associated qubit pair Q1,Q4
into its |1|) eigenstate, we diabatically shuttled the Q4 spin to another quantum dot site,
Dn. We let it precess for a time tp,, after which the spin was shuttled back and read
out. The misalignment between the spin quantization axes gives rise to spin rotations
with the Larmor frequency fp, [22]. The resulting oscillations are shown as a func-
tion of waiting time in D6, fpg, and magnetic field (Fig. 6.5D). From the linear scaling
of the D6 Larmor frequency with the magnetic field, we extracted an effective g-factor of
0.062 (Fig. 6.5E) and from the decay of the oscillations a dephasing time of T, = 1.12 us
(Fig. 6.5F). Repeating this protocol to reach all the quantum dots, we extracted the Lar-
mor frequency and dephasing time at each site, as displayed in Figs. 6.5G, H. For the case
of Q1 (Q4), we shuttled the spin to D5 (D8) back and forth twice, interleaved by a varying
precession time in D1, fq1 (in D4, tq4), which we explain in detail in subsection 6.5.3.
Our experiments showed an average T, of 1.3 + 0.4 us at a magnetic field of 41.4 mT
(Section 6.5.6), and we attribute the fast dephasing of D9 (T, = 290 ns) to charge noise
originating from a fluctuator nearby. Furthermore, we obtained an average g-factor of
0.04 £ 0.03. The observed variability in this distribution is likely a result of multiple fac-
tors: the heterogeneity inherent in the shapes of the quantum dots (dot-to-dot variabil-
ity), the presence of strain gradients in the quantum well arising from the gates above or
the SiGe strained relaxed buffer below, and the impact of interface charges. The average
g-factor that we obtained was considerably lower than what has been observed in the
literature [11, 25, 31, 44]. We suggest that this reduction is primarily due to two phe-
nomena: a precise in-plane magnetic field configuration and an appreciable renormal-
ization of the gyromagnetic ratio from the pure heavy-hole value of ~ 0.18 [10, 29, 45].
Such renormalization is driven by substantial inter-band mixing between the heavy-hole
and the light-hole band, which we attribute to asymmetries in the strain. Furthermore,
these simulations indicate that such a low average effective g-factor only occurs when
the misalignment of the magnetic field is smaller than 0.1° with respect to the plane of
the g-tensors, emphasizing the importance of accurately controlling the magnetic field
orientation when operating with germanium qubits.

6.3. CONCLUSION

We have shown that hopping spin qubits between quantum dots with site-dependent
g-tensors allows for coherent shuttling with fidelities up to 99.992%, single-qubit gate
fidelities up to 99.97%, and two-qubit gate fidelities up to 99.3%. This method allows for
efficient control with baseband pulses only and fast execution of quantum gates even
at low magnetic fields where the coherence is high. Using this approach for the con-
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trol of dense quantum dot arrays with sparse qubit occupation can alleviate challenges
in crosstalk and heating, while providing high connectivity. Recent theoretical develop-
ments predict that increased connectivity can substantially improve logical qubit per-
formance and reduce the required overhead on physical qubits [42]. Sparse spin qubit
arrays could be particularly suited for error correction schemes requiring either a larger
number of nearest neighbors or coupling beyond nearest neighbors. A substantial chal-
lenge remains in addressing the qubit-to-qubit variation. This was already highlighted
in the original work by Loss and DiVincenzo [2]. We envision that the characterization
of larger qubit arrays and statistical analysis will become pivotal, with the presented 10-
quantum dot array already providing a first indication that design considerations can
determine relevant qubit parameters. Site-dependent quantization axes can be realized
by g-tensor engineering such as in elongated quantum dots [46], by using nanomag-
nets, or by applying currents through nanowires above the qubit plane [47]. The devel-
oped control methods for high timing accuracy can also advance exchange-only qubits
that are operated using baseband pulses [20] and affect platforms such as supercon-
ducting qubits [48]. We envision establishing high-fidelity quantum operation through
low-power control in uniform and large-scale systems to be a critical step in realizing
fault-tolerant quantum computing.

6.4. METHODS

We estimate a possible misalignment angle between the device plane and the magnetic
field axis of £2°. We also note that due to an offset in the height position of the 10 quan-
tum dots chip on the cold finger of the cryostat with respect to the center of the field, the
effective magnetic field is 69% of the applied field. We have determined this factor us-
ing the Ge-73 gyromagnetic ratio, measured via CPMG sequences on a different device
mounted in the same position in a different cool-down. This factor also agrees well to
what estimated using simulations of the coil field.
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6.5. SUPPLEMENTARY

6.5.1. POWER DISSIPATION AND SCALING ADVANTAGES OF SHUTTLING-
BASED CONTROL

To execute the shuttling operations, trapezoidal voltage pulses are applied on the gates.
To achieve high-fidelity single qubit control a handful of such shuttling pulses are re-
quired, each with ramp times of a few nanoseconds between two discrete voltage lev-
els. This stands in stark contrast with state-of-the-art electron dipole spin resonance
(EDSR) control where typically high frequency, sinusoidal pulses are applied, and many
oscillations of the driving signal are needed to achieve the desired gate fidelity [12, 13].
This gives an advantage to a shuttling-based architecture considering energy dissipa-
tion, crosstalk and complexity of the required control electronics.
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Figure 6.6: Heat dissipation. a, Schematic of the model of the heat dissipation, due to some capacitor C with
loss tangent tan(d). b, For equal pulse amplitude and DC-offset, the heat dissipated per cycle is the same
independent of the pulse shape. C-tan(d) = 10 x 10”18 F was assumed in this example.

Already at the current system sizes, EDSR-based devices experience a drift in qubit
frequency that is linked to heat dissipation of the signal [17]. When resistive losses are
limited, this heat-dissipation is believed to result from a dielectric loss of energy stored
in the electric field around the signal-line. Effectively the system is a capacitor with some
loss tangent tan(5), defined as tan(6) = €” /¢’ in a non-conductive system, with ¢’ and ¢’
the imaginary and real part of the electric permittivity [49]. During each charging cy-
cle, a fraction proportional to tan(d) of the stored electric energy is lost as depicted in
Fig. 6.6. With a DC bias around zero the total capacitive energy stored and discharged
by the signal line is proportional to C VAZC, where C is the capacitance and V¢ the EDSR
amplitude, with which the capacitor is charged. The total energy lost is proportional to
E10ss = Neycles tan(6) CVKC, where Neycles gives the number of oscillations required to per-
form a qubit operation. In a simplified model, we can take the electric permittivity and
with it the loss tangent of silicon and germanium to be largely independent of frequency
in the relevant frequency range [50, 51]. In this model, for an identical geometry and
driving amplitude, the energy dissipation is assumed to solely depends on the number
of cycles of the operation and not on the pulse-shape, as indicated in Fig. 6.6. Hence
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1/ Neyeles is a measure of the efficiency of the operation.

For an EDSR-based Xj-gate the number of cycles is given by Ncycles,EDSR = %,
which is exactly the inverse of the efficiency n as defined in the main text. The driv-
ing efficiency is inherently limited by the relatively small Rabi frequency frabi < fLarmor
when operating in the weak-driving (adiabatic) regime, in which the rotating-wave ap-
proximation holds. We note that while faster driving is possible, it requires complex
amplitude and phase modulation for high-fidelity implementations [38, 52] which also
dissipate additional heat. An experimental demonstration of high-fidelity qubit logic is
given by Xue et al. operated with Rabi (Larmor) frequencies of frabi = 2MHZ (fLarmor =
12GHz) [13, 16]. This corresponds to an efficiency of 7 = 2 frapi/ fLarmor = 1/3000. Simi-
larly Noiri et al. demonstrated 1 = 1/1500 [12]. For the prior device, an EDSR amplitude
of Vac = 5mVisreported at the bond pads of the chip [16]. This corresponds to an energy
dissipation of Ey s = 0.075tan(8)C V? per Xy -gate for high-fidelity EDSR control.

Shuttling based gates do not face a similar inherit efficiency limitation, instead be-
ing limited by the relative tilt in quantization axis. In the main part of the paper we
demonstrate that to perform an X;-gate using shuttling, the hole is shuttled two to
four times back and forth depending on the angle between the quantization axes of
the quantum dot pairs. With periodic pulse timings and negligible ramp times this cor-
responds to Neycles = 1/7. This is done with a typical amplitude Vac = 20mV. Using
the Neycles = 4 figure, this corresponds to a heat-dissipation corresponding to Epgss =
2-0.0016tan(6)C V2 = 0.0032 tan(8) C V2, where the additional factor of two accounts for
the two plunger gates on which the voltage is applied.

Crosstalk, like heat dissipation, is a problem observed in the current spin-qubit de-
vices and is expected to become more significant as the number and density of qubits
increase [14]. This crosstalk can originate from close spacing of signal lines, both on and
off the qubit chip. As the density of the quantum dots increases, the capacitance be-
tween the gates is expected to grow accordingly, increasing the crosstalk further. Since
the admittance between signal lines is directly proportional to the signal frequency, the
capacitive crosstalk will be less for low-frequency shuttling-based pulses, compared to
high-frequency EDSR experiments which face challenges similar to conventional high-
frequency integrated circuits [53]. In integrated circuits design, a rule of thumb is to keep
the distance between traces to three times the trace width [53]. This might pose a signif-
icant limitation for qubit routing, especially for larger 2D arrays. An architecture based
on the demonstrated high-fidelity shuttling gates is thus expected to be less sensitive to
crosstalk, which will be advantageous in scaling to large qubit counts.

In large spin systems consisting of many hundreds or thousands of qubits, the scal-
ability of control electronics is a major consideration. The electronic hardware required
to generate the IQ modulated sinusoidal EDSR pulses need high analog voltage reso-
lution, which is significantly more involved than the shuttling pulses consisting of two
voltage levels. The lower required voltage accuracy and precision of the shuttling based
control allows scaling the qubit count while limiting the electronic overhead, cost and
energy consumption. The required timing resolution of shuttling based control should
be below 90 ps for a 40 MHz Larmor frequency (Section 6.5.4), higher than the sampling
resolution of the IQ modulated EDSR driving. However, EDSR signals need to control
the qubit phase with a similar precision as the shuttling pulses, thus requiring a simi-
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larly high resolution.

6.5.2. CHARGE TUNING AND VIRTUAL GATE CONTROL OF THE 10 QUANTUM

DOT ARRAY
We prepare the 10 quantum dot system shown in Fig. 6.7 in the charge configuration
with D1 and D4 in the single-hole regime, and the others in the empty charge regime.
Figs. 6.8a-k display the charge stability diagrams acquired via charge sensing as a func-
tion of virtual plunger gates. At first, a virtual gate framework, with virtual matrix shown
in Fig. 6.9, is defined in software to:

* compensate the cross-capacitance of each gate with fast (ac) control to the four
charge sensors;

* achieve independent control of the quantum dots chemical potentials via virtual
plunger gates vP1-vP10.

A second matrix, shown in Fig. 6.10, is used for the definition of virtual barriers J1-J12, as
a linear combinations of vB1-vB12 and vP1-vP10. J1-J12 serve to independently control
the interdot tunnel couplings, without changing the quantum dots chemical potentials.
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Figure 6.7: The 10 quantum dot array device. a, Layout of the device indicating the names of the relevant
gates. Plungers and barriers are labelled with P and B, respectively. In analogy to the cardinal coordinates, the
sensors plunger gates are labelled as NP (north), EP (east), SP (south), and WP (west). b, Atomic force
microscopy image of the device.
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Figure 6.8: Charge tune-up in the 10 quantum dot array. a-k, Charge stability diagrams of the 10 quantum
dot system showcasing the transition lines of each quantum dot. At the centre of each map (white square),
quantum dots D1 and D4 are prepared in the single-hole regime, while all the other quantum dots are in an
empty state. In the schematic above each map, the green quantum dot is tuned by the gate swept on the x axis,
and the red dot by the gate swept on the y axis. The horizontal lines at AvP6 ~ 15 mV in panel h and at AvP10
~ 20 mV are spurious quantum dots transition lines, while the deformation of the vertical transition lines in i
is due to charge latching effects. AvPi indicates a relative voltage swing with respect to the dc voltage point.



6.5. SUPPLEMENTARY 145
$8§808¢0¢0¢8¢8 58836888888 ¢
1 | | | | | | | | | | | | | | | | | | | | | | | | |
NGB [ | [ feogood | [ | | [ | focqooqorqorqoodocd foogoogoogoc] |
-l <Al EEEN el | | 019
we [l | ---- EW |
se -HHN ~HEN o3
P“l---mlﬁﬂ |
P2 --IIIN |
ps -l - | |
o+l DT .
P%l---ﬁﬁ--m-lﬁﬂ---l----l- | ‘
rs -l B 058
P7 -l | 06
e - |
ro - I IIWEEINW---I---III | '
P10 —.- 4 - - 0.2
B1 ‘. - 0.0
=2 - o -0.2
= -l HHNENEEEEEEEEE - EEEEEN = Ny
B4 - -0.
B5 - B

=0 - HH NN - EN
= - NN -
= - NN -
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Figure 6.10: Virtual barriers matrix. ] barriers are built as control parameters defined as linear combinations
of the virtual barriers and virtual plungers. They are defined to obtain independent control over the interdot
couplings, while leaving the quantum dots chemical potentials unaffected.
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6.5.3. HOPPING-INDUCED OSCILLATIONS IN OCCUPIED QUANTUM DOTS
Obtaining shuttling-induced oscillation in occupied quantum dots (as for the case of
the filled quantum dots D1 and D4 of the main text) requires shuttling the spin back and
forth between the corresponding quantum dot and an empty neighboring dot. In this
section we motivate our procedure and explain why shuttling two times is required.

We assume to have two quantum dots D1 and D2 with a spin qubit Q1 in D1, and D2
empty. For simplicity, both sites have a g-factor of 0.05 and have a quantisation angle
difference of 0.37. If we want to obtain shuttling-induced oscillations of Q1 in D1, it is
not sufficient to shuttle Q1 using the sequence D1 — D2 — D1, since the rotation in D1
needs to be projected onto another quantisation axis. Hence, we require shuttling the
spin Q1 using this sequence: D1 — D2 — D1 — D2 — D], as displayed in Fig. 6.11a.
Here, we vary the second time in D1 and wait 10 ns between all shuttle events. This pro-
tocol enables to convert the free evolution in D1 around the z axis to a rotation around
a different axis of the D1 Bloch sphere. The resulting oscillation is shown in Fig. 6.11b.
The corresponding state evolution in the Bloch sphere for the points labelled as i-viii in
Fig. 6.11b, are shown in Fig. 6.11c.

M M
11 T

b tsweep

€12

0.0

T T
0 100 200
tsweep (NS) quantisation axes  time evolution

tar Q2 ° Q1 °Q2

Figure 6.11: Hopping-induced oscillations in occupied dots. a, Shuttling sequence that moves Q1 from D1 to
D2 and back to D1, twice. In the experiment, we vary the time in Q1, indicated as Isweep b, Calculated spin
down probability as a function of sweep time in D1. The visibility is dependent on the waiting times in D2 and
the difference in quantization axis. ¢, State evolution during the shuttling sequence for different waiting times
in D1, as indicated in b. The final time evolution around the z-axis is not displayed for clarity.
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6.5.4. TIMING PRECISION OF SHUTTLING PULSES

High fidelity hopping-based gates require a precise timing of shuttling pulses. A qubit
fidelity above 99.99% can be achieved when the rotation has an incoherent error of less
than 1.3 degrees. In a simplified example where two quantum dots having quantization
axes which are perpendicular, the timing error of ramps for an X/, shuttling gate on a
qubit with a Larmor frequency of 40 MHz should be less than 90 ps. This timing preci-
sion is far below the sample rate of 1 GSa/s of the used AWG. Ramps can be timed with
precision higher than the sample rate, because the voltage resolution of the AWG can
be used to shift the ramp in time as shown in Fig. 6.12a. The time resolution A, of a
ramp with a duration long enough to be not affected by the transients at the start and
end of the ramp can be approximated by Afres = frampAV/ A, where f;amp the duration of
the ramp, AV the voltage resolution of the AWG and A the amplitude of the ramp. This
approximation assumes that the low-pass filter has a cut-off frequency just below the
Nyquist frequency. Surprisingly, the sample rate has no direct effect on the time resolu-
tion of the ramp. A higher sample rate combined with a higher cut-off frequency allows
the generation of shorter ramps and shorter ramps have a higher time resolution. The
voltage resolution and thus the time resolution effectively decrease when oversampling
is used, i.e. when the cut-off frequency is significantly lower than the Nyquist frequency.

We have used AWGs with a voltage resolution of 0.37 mV and pulses with an ampli-
tude on the order of 200 mV at the AWG outputs (this translates to 25.2 mV on the device
due to the attenuation on the line) and a ramp time of 2 ns. This setting gives a time reso-
lution of 3.7 ps, which meets the requirement for high-fidelity gates. However, the ramps
for the shuttling pulses are short with respect to the transient response of the low-pass
filter. The filter of the AWG adds small wiggles to the short ramps making the timing
less precise. This effect is shown in Fig. 6.12d, where the time deviation for the ramps
with different time shift g, are plotted. From these calculated ramps we have derived

a ramp startat 1 ns b <105 = d 5034
(t,,=0ns) £ R

shi Ay ]
--- ideal 2 100 Ry

— sampled 3 % é; 7 ]

filtered e (ns)2.05 = 04

¢ <101 5 <
ramp startat 1.6 ns £ [‘.‘

(tsh\ftz 0.6 ns) 3 100 . ‘ 1

<= ideal 2 g9l -0.031

0 1 2 3 4 5 —sampled 2.59 2.61 0 ¢
t(ns) — filtered t(ns) nir (NS)

Figure 6.12: Pulse timing. a, Digital inputs and analogue outputs of the AWG for two pulses with time shifts
tehife = 0 and 0.6 ns. The dotted lines are the ideal linear ramps with 0.6 ns time shift that we are aiming for.
The solid lines are the digital inputs, represented by the discrete sampling with 1 ns resolution. To produce a
time shift of 0.6 ns, a 60 mV decrement of the digital input is made on the rising ramp. The low-pass filtering
of the AWG results in the smoothened output voltages represented by the solid curves, as well as the
oscillations (ringing) after the ramp. b, ¢, Zoom-in of the pulses around the middle of the ideal ramps. The
deviation in time between the ideal ramps and the analogue outputs at half of the voltage amplitude is
denoted as At. d, The deviation At as a function of time shift #y,;,. The data set is generated with equally
distributed time shifts from 0 to 0.999 ns. The mean of the distribution corresponds to At = 0. The analogue
outputs in all the plots are calculated using the measured step response of the AWG.
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a maximum deviation of 30.4 ps from the average and a standard deviation of 19.4 ps,
satisfying the basic requirements for 99.99% fidelity.

6.5.5. SHUTTLING ACROSS MULTIPLE QUANTUM DOTS: DETUNING AND

BARRIER VOLTAGE DEPENDENCE
We probe the oscillations induced by differences in quantization axes as a function of
detuning and barrier voltages. In practice, to shuttle from D4 to D8, we follow this pro-
tocol:

1. initialize the D1, D4 double quantum dot system in the |1]);

2. ramp the gate voltages from the set point defined as (1,0) to the (0,1), passing
through the (1,0)-(0,1) charge anticrossing (AC). Here, the first number defines the
filling of D4, and the second of D8. Ramp times in between these points are of ~
10 ns;

3. wait in the (0,1) point for a varying free-precession time;
4. pulse back to the AC, and to the (1,0) setpoint;
5. readout the spin via Pauli spin blockade.

To probe the dependence of the D8 Larmor frequency, we sweep the detuning of the (0,1)
set point. The results of this measurement are shown in Fig. 6.13a. Oscillations starts to
arise when the gate voltage overcomes the charge anticrossing, that is found at €43 = 10
mV. For lower detuning voltages, the spin remains in D4, and therefore oscillations are
not present. The Fast Fourier Transform of the data shows well the dependence of the
Larmor frequency in the detuning voltage window. Similar measurements are shown for
the case of a spin transfer from D8 to D5 (Fig. 6.13b), from D6 to D10 (Fig. 6.13c) and
from D3 to D7 (Fig. 6.13d). We observe that, except for the region around the charge
anticrossing, the qubit frequencies are not strongly affected by the detuning voltages.
Rather, barrier gates do have a much stronger effect on the qubit frequencies, which
mostly shift linearly, as illustrated in Fig. 6.14. Interestingly, the D7 Larmor frequency
crosses zero as a function of J6, suggesting a change of sign in the g-factor of the qubit.
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Figure 6.13: Detuning dependence of the hopping-induced spin oscillations. a, We vary the detuning gate
voltage of the (0, 1) set point, corresponding to the shuttling sequence that moves the single spin from D4 to
D8, i.e., from the (1,0) to the (0,1) charge state, across the charge interdot. Similarly to ref. [22], oscillations
arise when the spin is transferred from one dot to the other. We observe that the onset of the oscillations
corresponds to the charge interdot point. The panel on the right shown the FFT of the data. In b, ¢, d,, we
illustrate similar measurements taken for spin shuttling from D8 to D5, from D6 to D10, from D3 to D7,

respectively.
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Figure 6.14: Barrier gate dependence of the hopping-induced spin oscillations. a, Device layout indicating
the two quantum dots D8 and D7, together with the surrounding barrier gates. b, ¢ D7 Larmor frequency
evolution while sweeping the J6 and J12 voltages, respectively. d, e D8 Larmor frequency evolution as a
function of J7 and J8. Small changes in the barrier voltages induce a linear shift of the D8 frequency.
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6.5.6. DEPHASING TIMES AND LARMOR FREQUENCIES IN THE 10 QUANTUM

DOT ARRAY

We study the dephasing times (T5") of the 10 quantum dots by shuttling a spin diabati-
cally from the double quantum dot system D1, D4 to each of the quantum dots, and let
it evolve for a varying idle time. We measure the decay of the oscillations as a function
of the time spent in each site by fitting the data shown in Fig. 6.15 and Fig. 6.5F using the
equation: A-sinQrft+ $)exp(—(¢/T;)?)+ C. Here, 2- A s the visibility, f the Larmor
frequency, t the free precession time, ¢ the starting phase, and C the oscillations offset.

The Larmor frequency of an isolated Loss-diVincenzo spin qubit satisfies the relation:
f= #, with g the g-factor, ug the Bohr magneton, B the applied magnetic field and
h the Planck constant. From the measurements of the oscillations as a function of mag-
netic field, we extract the g-factor for all the 10 quantum dots (Fig. 6.16). We find that
except for the tunnel coupled Q1, Q4 qubits, f shows a linear dependence to the mag-
netic field. The deviation from the linear trend can be explained from the coexistence of
finite exchange coupling and non-parallel quantization axes.

In general, the lower-than-unity and varying visibilities of the hopping-induced os-
cillations (Figs. S21, S22, S24, S25) are caused by both SPAM errors and by the non-
orthogonality of the quantization axes of adjacent quantum dots. As the estimated SPAM
fidelities are typically in the range of 80-95% (Suppl. Section 6 and 7 of Ref. [34]), we
speculate that the origin of oscillation amplitudes below ~ 0.8 and their variability are
mainly due to unfavourable spin alignment. In the current approach, we adopted a sim-
ple and sequential tuning approach, which can result in reduced rotations in the Bloch
sphere. However, we could envision more involved tuning protocols that would lead to a
higher contrast if desired, such as further optimization of the time spent in each dot and
possibly additional shuttling steps to ensure that a phase rotation in a dot leads to a full
amplitude rotation.
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Figure 6.15: T, of the 10 quantum dot array at 41.4 mT. a-j, Each panel is measured using the same method
as presented in Fig. 6.5. We fit the dataset of D9 from 68 ns onward as we observe a frequency shift in the first
~ 100 ns possibly due to a delay in the electrical response.
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Figure 6.16: Single-qubit rotations as a function of in-plane magnetic field for the 10 quantum dots. a-j, We
repeat the experiments shown in Fig. 6.5 and Fig. 6.15 as a function of magnetic field to obtain a more
accurate estimate of the g-factors. We linearly fit the oscillation frequencies as a function of the magnetic
field. We observe that all qubits but Q1 and Q4 display a Larmor frequency that intersects zero at zero
magnetic field.
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ROBUST AND LOCALISED CONTROL
OF A 10-SPIN QUBIT ARRAY IN
GERMANIUM

Ten cubits away stood those of royal blood; ten cubits further back were the intimates of
Shapur; the king of kings [...] ten cubits still further away could be found the king’s
entertainers, [...]. Behind them the musicians and singers of the second rank took their
places, then ten cubits further back the mass of lute, zand or mandolin player. [1]

From The Garden of Life by Armin Malouf

Quantum computers require the systematic operation of qubits with high fidelity. For
holes in germanium, the spin-orbit interaction allows for electric, fast and high-fidelity
qubit gates. However, the strong g-tensor anisotropy of holes in germanium and their sen-
sitivity to the operational and environmental conditions challenge the operation of large
qubit arrays. Here, we investigate a two-dimensional 10-spin qubit array with single-
qubit gate fidelities above 99%, and obtain surprisingly uniform qubit properties. By tun-
ing the hole occupation, we demonstrate control over the spin susceptibility, enabling fast
plunger gate driving with Rabi frequencies consistently above 1.45 MHz/(mV-T). More-
over, we probe the locality of electric dipole spin resonance and find that the configuration
with three-hole occupancy driven by the associated quantum dot plunger gate reduces
crosstalk, lowering it by an average factor of 2.5 to nearest neighbours, compared to single-
hole plunger driving. Theoretical modelling points towards the pronounced anisotropy of
p-like orbitals as the main mechanism with significant contributions through Coulomb
interactions, giving directions for reproducible control of large qubit arrays.

Parts of this chapter have been published in Valentin John, Cécile X. Yu, Barnaby van Straaten, Esteban A.
Rodriguez-Mena, Mauricio Rodriguez, Stefan D. Oosterhout, Lucas E. A. Stehouwer, Giordano Scappucci, Max-
imilian Rimbach-Russ, Stefano Bosco, Francesco Borsoi, Yann-Michel Niquet, Menno Veldhorst, Robust and
localised control of a 10-spin qubit array in germanium, Nat Commun 16, 10560 (2025)
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EMICONDUCTOR spin qubits have seen significant progress over the last few years,
S with four-qubit and six-qubit quantum processors demonstrated across different
platforms and encodings [2-5]. In pursuit of scaling beyond these systems, larger quan-
tum dot (QD) arrays have been explored showcasing charge tune-up in a 4x4 QD array
using a crossbar architecture [6], qubit characterisation of a two-dimensional 10-QD ar-
ray by coherent single spin shuttling [7], and demonstration of a linear array comprising
12 qubits [3].

Hole spin qubits in planar strained Ge/SiGe heterostructures emerged as a com-
pelling platform that can offer all-electrical control, fast Rabi driving, long coherence
times, and absence of valley degree of freedom [9-11]. However, the strong anisotropy of
the g-tensor opens a narrow window around the in-plane magnetic field direction, con-
taining sweet but also weak operation spots for electric dipole spin resonance (EDSR)
and coherence times [12-15]. The magnetic field directions of these optimal and weak
spots are hard to predict and sensitive to electrostatic and strain fluctuations [16, 17],
which differ across quantum dots due to device-specific and cooldown-dependent po-
tential landscapes. Beyond optimising global qubit parameters, such as material growth
properties or magnetic field orientation, qubit performance can also be tuned by adjust-
ing local control parameters, such as dot occupation or drive gate. For holes in silicon,
it was observed that the hole occupancy can have little effect on the g-tensor [18, 19].
For electrons in silicon operated with a micromagnet, it was shown that higher charge
occupancies can increase the Rabi driving [20]. This was speculated to result from an in-
creased mobility of the qubit charge in the magnetic field gradient, though more recent
theoretical work also considered the effect of spin-orbit interaction via the quadrupolar
contribution [21]. This raises the question whether the hole occupancy can be used to
improve EDSR driving, in particular in systems with strong spin-orbit interaction, and
whether further optimization is possible by choosing the gate drive.

In this work, we investigate a two-dimensional 10-QD device hosting 10 hole-spin
qubits, with two central qubits each connected to four different neighbours. We sys-
tematically evaluate the EDSR drive efficiency of each qubit for QDs occupied with one,
three, and five holes, to assess how charge configuration influences driving mechanisms.
We apply a magnetic field slightly out-of-plane just outside the narrow window contain-
ing sweet and weak spots. This analysis is extended across all 22 available gates in the
device for each qubit, which gives us insights about the locality and crosstalk of EDSR
driving. Additionally, to probe the variation in noise sensitivity in each configuration,
we perform longitudinal spin-electric susceptibility (LSES) measurements by analysing
the changes in resonance frequency as a function of gate voltages under different charge
configurations, which is closely related to the qubit coherence. Crucially, we find that
it is possible to have systematic efficient driving with limited crosstalk when operating
with three-hole occupancy using the plunger gate.

7.1. THE TWO-DIMENSIONAL 10-SPIN QUBIT ARRAY

Figure 7.1a displays our device, comprising 10 QDs arranged in a 3-4-3 configuration,
and four charge sensors located at the cardinal points of the array, identical to the de-
vice layout described in Ref. [22]. In this work, the quantum device is fabricated on a
Ge/SiGe heterostructure grown on a germanium wafer [23], exhibiting a high mobility
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Figure 7.1: A high-fidelity 10-spin-qubit array in germanium. a, A false-coloured scanning electron
microscope image of a nominally identical device, with the 10 quantum dot plunger gates highlighted in
orange, the twelve barrier gates shown in blue, and the screening gates that screen the fanout of the plunger
gates to avoid accumulation outside the quantum dot array in purple. Four single hole transistors labelled as
N, E, W and S are located at the edge of the array. The 10 qubits are labelled as Q1-Q10. The applied magnetic
field is 41.4 mT. The scale bar on the bottom right represents 500 nm. b, Simplified gate layout of the
quantum dot array where the plunger gates are labelled as P1-P10 and the barrier gates as B1-B12.
¢, Randomised benchmarking single-qubit gate infidelities with the corresponding charge occupation of the
10 quantum dots annotated.

of 3.4(1) x 108 cm?/Vs, indicating a uniform and low-noise potential landscape for QD
arrays [22]. The QDs are defined and operated using plunger and barrier gates, as il-
lustrated in Figure 7.1b. A magnetic field of 41.4mT is applied by a uniaxial solenoid
magnet, tilted approximately 2-3 degrees from the in-plane orientation [22].

The 10-QD array is tuned to a dense charge configuration, with an odd number of
holes at each QD site, defining 10 qubits labelled Q1-Q10. Each qubit is initialised and
readout pairwise using Pauli spin blockade with a nearby charge sensor [24, 25]. Fig-
ure 7.1c shows the occupation of each QD in the initial tune-up, along with the cor-
responding single-qubit gate infidelity, all below 0.6%, obtained through randomized
benchmarking [26] (see subsection 7.6.3). All qubit properties in this initial tune-up in-
cluding the drive gate of each qubit used for randomised benchmarking are indicated
in subsection 7.6.4. An in-depth noise analysis detailed in Ref. [22] indicates that the
qubit performance is bounded by a hyperfine-limited T, of approximately 2 us arising
from the out-of-plane component of the magnetic field, which could be alleviated by
using purified germanium [27, 28]. We also demonstrate tunable exchange interactions
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between neighbouring qubit pairs (see subsection 7.6.5), making this spin qubit array
representative for future quantum processors based on densely occupied QD arrays.
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Figure 7.2: Statistical analysis of the 10-spin qubit arrray. a, Flow diagram of g* -tunability and driving
efficiency extraction. After selecting one of the qubits, Q1-Q10, and looping over the one-, three-, and
five-hole occupation, the g* -tunability and drive efficiencies are extracted sequentially for each of the 10
plunger and 12 barrier gates. For the g* -tunability each of the gates is scanned in the range of +8mV while
sweeping the microwave frequency across the corresponding qubit frequency on a dedicated fixed gate. By
fitting the peak in the recorded signal, the frequency slope can be determined in MHz/mV, which can be
converted into a g-factor slope in 1/mV. For the driving efficiency the amplitude is swept from 1 to 15 mV,
while applying a microwave pulse on each of the gates. By performing a fast-Fourier transform and fitting the
dominant frequency contribution with a linear fit, the driving slope in MHz/mV can be extracted. b, Boxplots
in Spear style containing the ratios of g*, LSES, driving efficiency, and quality factor in the three- and
one-hole occupation for plunger drive. Each boxplot contains 9 data points with all 10 qubits except Q2. The
orange line denotes the median value and the whiskers are from the first quartile to third quartile. ¢, g* of all
10 qubits in the one-, three-, and five-hole occupation.
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and Q6 as a function of all 10 plunger and 12 barrier gates. Each row corresponds to a different hole
occupation of one, three, and five respectively.
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7.2. QUBIT DRIVE EFFICIENCY AND TUNABILITY

This two-dimensional 10-qubit array provides a sufficiently large and robust platform to
gather a comprehensive dataset on the effects of varying qubit sites and hole occupan-
cies while avoiding device-to-device variability. By systematically performing the mea-
surement protocol shown in Figure 7.2a, we characterise the LSES and driving efficiency
fr!/ A, with fr the Rabi frequency and A the applied drive amplitude on the device level,
across all qubits with one-, three-, and five-hole occupancy.

These driving properties are intimately linked to the sensitivity of the g-tensor to
the electrostatics and its environment [29, 30]. Indeed, Rabi oscillations are governed
by modulation of the transverse component of the g-tensor through AC gate voltages,
while the LSES measures the gate ability to tune the longitudinal component, which
influences qubit coherence in the charge-noise-limited regime via T oc 1/¢ with ¢ =

\/ Zgate (og*/ 6Vgate)2 [13, 31]. Here, the effective g-factor for a given magnetic field is

expressed as g* = |gl3|, with g representing the g-tensor and b=B/ |B| the normalised
magnetic field direction. The total longitudinal susceptibility, {, encompasses all the
gates of the device and assumes uncorrelated noise contributions between them. The
interplay between driving efficiency and longitudinal susceptibility can be captured by
a qubit quality factor, defined as Q = fr/¢ o fr- T, [32]. The quality factor Q enables
identification of operational sweet spots and their dependence on hole configurations.

Figure 7.2b summarises qubit statistics collected across the 10 qubits for single- and
three-hole occupations, visualising their ratios in a boxplot. We refer to plunger drive
when the qubit is driven with a plunger gate, and barrier drive when a barrier gate is
used. For the drive efficiency, we only focus on the plunger drive for each qubit. As
the hole occupancy increases from one to three, both g* and ¢ show minimal variation,
while the plunger drive efficiency improves by a median factor of 3.6. With a modest
median increase of 1.3 in &, the quality factor improves by a median factor of 2.0°. No-
tably, the whisker representing the Rabi frequency and quality factor ratio for single- and
three-hole occupancies extends towards infinity, as no measurable driving of Q3 using
the plunger gate P3 was observed in the single-hole occupancy within the applied volt-
age amplitude range, which confirms the importance of investigating the gate and hole
occupation dependence of EDSR in large qubit arrays.

The underlying data of the g-factor variability is visualised in Figure 7.2c across dif-
ferent hole occupancies and qubit sites. Despite holes in germanium having a large g-
tensor anisotropy, we find a small relative variation in g-factors across 10 qubits within a
single device and different hole configurations, with an average g-factor of0.58+0.03. We
believe that this small variability results from the large contribution of the perpendicular
component of the g-tensor when the magnetic field is oriented out-of-plane.

Exemplary data for the central qubits, Q5 and Q6, which are measured across one-,
three- and five-hole occupancies, are shown in Figure 7.3. The data show a distinct in-
crease in qubit plunger drive as the hole occupation increases from one to three, while
the efficiency of the barriers remain approximately unchanged. However, increasing the
hole occupation to five reverses this pattern, with the qubit plunger drive becoming sig-

OHere, we refer to the median values, as the average is skewed by Q3, which is barely driven by the plunger gate
in the single-hole occupation regime.
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nificantly weaker while the barrier drives become stronger. The observed g*-tunability
patterns include barriers exhibiting both negative and positive 0g™/0Vgate, but the rel-
ative positions of these barriers do not reveal clear trends across the full array, making
it challenging to identify their origin. Generally, barriers along the diagonal often have
approximately opposite values, e.g., for Q5 barrier gates B2 and B9 have similar mag-
nitude but opposite sign for the single and three-hole occupation, while B3 and B8 are
both weak. The dg*/0Vyaee value associated with the qubit plunger gate is always posi-
tive, but its magnitude is comparable to that of the associated barriers. These patterns
are supported and further explained by numerical simulations in Supplementary Note
6 in Ref. [33]. The trend of increased top plunger driving efficiency from one to three
holes is observed in eight of the nine measured qubits (Q2 has only been measured in
the five-hole regime). The exception is qubit Q4, which exhibits a constant plunger drive
efficiency from one- to three-hole occupation. The complete dataset for g*-tunability
and driving efficiency across all qubits and gates is provided in Supplementary Note 7
and 8 in Ref. [33]. Overall, the three-hole regime is a more favourable regime for opera-
tion, as the driving mechanisms are more robust, with importantly no instances of zero
driving, unlike in the single-hole regime.

7.3. MODELLING OF SINGLE- AND MULTI-HOLE QUANTUM
DOTS

The improvement of driving efficiency in the three-hole regime is captured by simu-
lations of a realistic geometry using a four-band Luttinger-Kohn Hamiltonian and full
configuration interaction for the Coulomb correlations. These simulations help under-
standing the trends of the LSES and Rabi frequency shown in Figure 7.2 and Figure 7.3
(see also Supplementary Note 6 in Ref. [33]).

Our analytical and numerical modelling suggests that the enhancement of the driv-
ing efficiency of the plunger gate in the three-hole regime results from the interplay be-
tween symmetry breakings and Coulomb interactions. In the single-hole regime, the
ground state is a spin doublet with a quasi-circular s-like envelope. When driven by the
plunger gate, the radius of the envelope oscillates, but its shape remains circular result-
ing in an isotropic response of the in-plane g-factors. This modulates the longitudinal
(LSES) component much stronger than the transverse (Rabi) component of the Larmor
vector g- b. This could be the reason why Q3 could not be driven by the plunger in the
single-hole occupation.

In the non-interacting three-hole regime, the ground state doublet is an elongated p-
like orbital p, whose in-plane axis u is oriented along the direction of weakest confine-
ment. It is energetically split from an orthogonal py, orbital by bias and disorder-induced
asymmetries, giving rise to a well-defined qubit. This py, orbital as well as its response to
the plunger gate are much more anisotropic, enabling stronger transverse coupling and
thus faster Rabi oscillations. The same argument could also explain a decrease in Rabi
frequency of the plunger gate in the five-hole regime. The next spin doublet now occu-
pies the py orbital, which is however less responsive to the plunger gate because its axis is
oriented along a stronger confinement direction. The shape of the spin wave-function is
less relevant for the barrier gates, whose highly anisotropic potentials can couple states
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Figure 7.4: Simulated ¢ and Rabi frequency fi as a function of magnetic field angle at 41 mT in single- and
three-hole occupancies. Data has been obtained through full configuration interaction simulations. a, ¢ in
the single-hole occupation, b, ¢ in the triple-hole occupation, ¢, fr in the single-hole occupation when
driving with the top plunger, d, fg in the triple-hole occupation when driving with the top plunger, e, fg in
the single-hole occupation when driving with the most efficient barrier, f, f in the triple-hole occupation
when driving with the most efficient barrier. The dashed and dotted lines indicate the estimated operation
field angle of the experiments.

with any symmetry.

The above considerations, drawn in the non-interacting limit, can be extended to the
interacting case. The Rabi frequency can generally be split into single-particle (SP) and
many-body (MB) contributions: fg = ‘ fSP + fMB ) The latter depends on the strength of
the Coulomb interactions and the gap between the single-particle orbitals. By mixing or-
bital configurations together, the Coulomb interactions reshape the hole density and the
response of the ground state doublet to the drive fields. Interestingly, the MB contribu-
tions can be mapped to a disordered Hubbard spin model, where the sites correspond to
the orbital states,. Consequently, the Rabi driving could be enhanced similar to flopping-
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mode qubits [34] (see Supplementary Note 6C in Ref. [33]). In general, we find that our
full configuration interaction simulations still match the trends of the non-interacting
model but reveal that the Coulomb interactions have a significant quantitative impact
on the Rabi frequencies, especially for barrier gates.

Maps of simulated ¢ and Rabi frequencies for the plunger gate and one of the bar-
rier gates are shown in Figure 7.4 as a function of the magnetic field orientation. They
highlight the increase of the efficiency of the plunger gate in the three-hole regime, and
the strong dependence of all quantities on the azimuthal angle ¢ when the magnetic
field goes in-plane (6 = 90°). In particular, the driving efficiency approaches zero while
¢ is large (hence T, small) at specific angles ¢. The device-to-device variability of these
angles resulting from bias conditions is a considerable challenge for the tuning and cal-
ibration of large-scale systems. We envision that imprinting an initial anisotropy, strain
or potential, can help in reducing these variations.

The simulations thus clearly show the benefits of avoiding the region around 8 = 90°
and setting the magnetic field slightly out-of-plane in the region indicated by the dashed
lines. The Rabi frequency of the plunger gate is sufficiently strong and more uniform in
¢ in the three-hole regime, while the charge susceptibility is much improved (smaller ¢).
Consequently, driving three-hole qubits with the plunger gate and magnetic field slightly
out-of-plane may provide a reliable and uniform operation mode for scaling up to large
arrays in nuclear spin-free purified germanium [27, 28].

7.4. DRIVING LOCALITY IN EXTENDED QUBIT ARRAYS

EDSR is commonly expected to be a local driving mechanism due to the localized nature
of the electric field [9, 35, 36]. However the locality of EDSR may be altered by elec-
tric crosstalk, which can arise from capacitive coupling between gates or electric field
propagating in the heterostructure. Here we aim to assess the extent of this locality. To
do so, we analyse the acquired data by focusing on the driving efficiency of each gate
to each qubit. Specifically, we evaluate the driving locality when applying a microwave
pulse to any of the 22 available plunger and barrier gates. In this analysis, we consider
four distinct cases involving either barrier or plunger drive and either one- or three-hole
occupation. The five-hole occupation is excluded in this study due to insufficient data
across the array. For each driving gate, the corresponding target qubit is defined as the
qubit closest to the driving gate. We note that the plunger gates are patterned after the
barrier gates and they are separated by a 10 nm thick oxide layer.

In Figure 7.5, driving efficiency is categorised by the physical distance of each gate
to each qubit. Independent of direction, we then define nearest neighbours based on
this physical proximity. Driving efficiency is quantified by the averaged results for all
n-th nearest qubits over all driving gates. Figure 7.5a-d present the Rabi driving efficien-
cies as boxplots up to the sixth nearest neighbour for both barrier and plunger drive,
with a corresponding maximum physical distance of 550 nm in the device plane (all
distances of the n-th nearest qubits and their ranks are listed in subsection 7.6.8). To
evaluate drive locality, we express our data in terms of the normalized driving efficiency
v/ féarget, obtained by normalizing the Rabi driving efficiency relative to that of the tar-
get qubit. Lower normalized driving efficiencies for distant qubits indicate less cross-talk
and more localized driving. For qubits located beyond the sixth nearest neighbour, driv-
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Figure 7.5: Rabi driving locality a-d, Boxplots in Spear style depicting the Rabi driving efficiency for all gates
up to the sixth nearest qubit with indicated mean (green line) and median value (orange line). Data are shown
for (a) barrier drive in the single-hole occupation, (b) plunger drive in the single-hole occupation, (c) barrier
drive in the three-hole occupation, and (d) plunger drive in the three-hole occupation. The colour of each
boxplot represents the Rabi frequency normalized to that of the target qubit. e-h, Projection of the
normalized Rabi frequency onto an extended, densely populated two-dimensional spin qubit array. Data are
shown for barrier drive in the single-hole occupation (e), plunger drive in the single-hole occupation (f),
barrier drive in the three-hole occupation (g), and plunger drive in the three-hole occupation (h).
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ing efficiency falls below 0.01 MHz/mV, which is below the sensitivity of the measure-
ment within the range of applied drive amplitudes. We generally observe a decrease in
driving efficiency for larger distances in both one- and three-hole cases, for both plunger
and barrier drives. The drop in mean driving efficiency from the first to the second near-
est qubit is largest for the three-hole plunger drive and single-hole barrier drive. These
results are compatible with the expected electric field decay as further discussed in sub-
section 7.6.9.

To illustrate the impact of cross-talk, we project the measured results onto an ex-
tended densely populated two-dimensional spin qubit array. When driving a target qubit
with a specific gate, the n-th nearest qubits are colour-coded according to the mean of
the normalized Rabi efficiency measured experimentally and presented in the boxplots
of Figure 7.5a—d. This visualization highlights how much each qubit would be affected
when driven using a plunger or barrier gate under single- and three-hole occupations.

Figure 7.5e and g depict the projected cross-talk for barrier driving. By design, bar-
rier gates drive the two nearest qubits equally, leading to pronounced cross-talk between
them. Beyond the first nearest qubits, the single-hole occupation exhibits significantly
reduced cross-talk. Figure 7.5f and h illustrate the projected cross-talk for plunger driv-
ing. In the three-hole regime, cross-talk is small. In contrast, in the single-hole regime,
plunger driving can result in negligible or even vanishing driving efficiencies, requiring
large drive amplitudes and consequently inducing substantial cross-talk.

Comparing the different regimes, the most localized driving is observed for plunger
driving in the three-hole regime and barrier driving in the single-hole regime. Among
these, the former achieves minimal cross-talk while maintaining the highest driving
efficiencies, making it here the most favourable driving scheme in terms of efficiency
and cross-talk mitigation in a two-dimensional array with dense occupation. In sub-
section 7.6.10, we further estimate that this operational regime enables the control of
extended 2D arrays by engineering repeating tiles that require only eight unique Larmor
frequencies across the entire array.

7.5. CONCLUSIONS

Our results demonstrate that despite the strong sensitivity of the highly anisotropic ger-
manium g-tensor, remarkably uniform qubit characteristics can be obtained in a 10-
qubit array. We have observed an enhanced and highly localized drive when manipulat-
ing qubits in the three-hole occupation regime using the plunger gate, consistent across
the entire array. Numerical and analytical simulations reinforce these findings, high-
lighting the impact of p-like orbital anisotropy and intra-dot Coulomb interactions in
the multi-hole regime. For future quantum processors based on spin qubits in strained
Ge/SiGe quantum wells, we envision that an effective approach may be to orient the
magnetic field slightly out of plane to avoid weak spots and ensure robust, localized
control, as demonstrated here. Our work also highlights the importance of including
parameters such as the hole occupation and drive gate into the design considerations of
large qubit arrays.
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7.6. SUPPLEMENTARY
7.6.1. RAW SEM IMAGE

Figure 7.6: Scanning electron microscope image of a device nominally identical to the one utilised in the
experiments without any false colouring.
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7.6.2. READ-OUT VISIBILITIES

Since the system has been re-tuned for various charge configurations, visibilities and
integration times do vary. Exemplary values for each qubit during randomised bench-
marking are given in the following table:

Table 7.1: Read-out visibilities and integration times of Q1-Q5

Q1 Q2 Q3 Q4 Q5
PSB pair Q1,Q4 Q2,Q6 Q3,Q7 Q1,04 Q5,Q9
Sensor Swest SNorth SEast Swest Ssouth
Visibility 0.44 0.66 0.68 0.49 0.66
Imeasure (1S) 12 6 5 15 8
Isettle (US) 0.5 0.5 0.5 0.5 3
Table 7.2: Read-out visibilities and integration times Q6-Q10.
Q6 Q7 Q8 Q9 Q10
PSB pair Q2,Q6 Q3,Q7 Q4,08 Q5,Q9 Q7,Q10
Sensor SNorth SEast Swest Ssouth SEast
Visibility 0.62 0.85 0.68 0.58 0.50
Imeasure (1S) 6 5 8 12 3
Tsettle (US) 0.5 0.5 0.5 0.5 0.5

While the readout visibility is currently limited, this is due to the lack of readout pa-
rameter optimization, which can decrease SPAM errors significantly. Improved visibility
could be achieved by refining ramp times, and initialisation sequences such as larger
exchange coupling during initialisation.
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7.6.3. SINGLE-QUBIT GATE RANDOMISED BENCHMARK

We perform randomised benchmarking (RB) to measure the single-qubit gate fidelity of
the 10 qubits in the initial hole configuration, outlined in Table 7.6 and 7.7, using the set
of Clifford gates defined in Table 7.3. Details about this Clifford group can be found in
Ref. [37].

Table 7.3: Single-qubit Clifford sequence and their composition. X;/» and Z,/, are referring to 7/2 rotation

around the x-axis and the z-axis, respectively, of the Bloch sphere of a single-qubit. The average number of

elementary gates per Clifford composition is 2 as the Z rotation is generated by a change of qubit’s reference
frame in software, which makes it error-free.

Clifford Composition

Cl Xn/ZX—n/Z

) Xrr2Xn/2

Cs Z712Xn12X512Z7 /2

Cqy Xni2Zni2Zmi2Xni2

Cs Xn12Z-n12X512Z7/2

Cs Xn12Zni12Xn12Z712

Cs Xoni2Z—n12Xn12Z512

Cs Xonr2Zni2Xgi2Z-n12

Co Zn12Xn12Zm12X5 /2

Cio Zni2Xni2Zui2X-mi2

Cn Zri12Xn12Z-712X512

Cr2 Zr12Xni12Z-m12X-7/2

Cis3 Z512Xn12Zn12X512Z 512
Cus Zai2X-n12Z-ni2X-n12Zm /2
Cis Xni2Zni2X-g/2

Cis Xn12Z-ni2X-n12

Ci7 Xenr2Zni2oZni2X—n12Z-n/2
Cis Xeni2Z-gi2Z-ni2X-g/2Z512
Cig Xn12Z-mi2Xn/2

Cao Xni2Zni2Xmi2

Co Z-ni2Xni2ZuroXnr2Znr2
Co2 Zn12Xg12Zni12X-512Z-7/2
Cas Xn12Xn12Zn 12

Caq Xogr2X-pi2Z-nr2

The randomised benchmarking data for all 10 qubits are shown in Figure 7.7. We
assume an exponential decay of the form Peye, = aF™ + b where F is the circuit level
fidelity, n is the number of Clifford operations, a and b are fitting parameters depending
on the state preparation and measurement. The Clifford fidelity is then given by

Fc=1-(1-F)/2, (7.1)
and the native gate fidelity is

Foae =1—-(1- FC)/(ZNavg); (7.2)
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where Ny is the average gate number per Clifford, which for our chosen Clifford set is
2 [37]. For each of these datasets we have probed up to either 100, 200, or 400 numbers
of Clifford gates in either 100 or 199 steps. We use for each Clifford gate number 10 ran-
domisations. The gate fidelity and its corresponding standard deviation are calculated
using maximum likelihood estimation (MLE). The standard deviation here captures the
statistical error of the fit following MLE, and does not take into account systematic errors.
To capture these coming e.g. from drifts over time or gate-dependent depolarising noise
one would need to perform more elaborated measurements such as blind RB or gate set
tomography [38, 39]. We estimate the systematic error to be of the order of 0.1%, i.e.
the systematic error is likely dominant over the small statistical error. Hence, the gate
fidelities given in Figure 1c of the main manuscript are represented in discrete steps of
0.1%, while the fits in Figure 7.7 are shown with the statistical error.

Table 7.4 and 7.5 show the expected (obtained from Rabi oscillations just before the
RB measurement) and measured offset and amplitude for the RB decay. The fits are close
to the expected fitting parameters. Particularly, the fits for Q1, Q2, and Q8, which all do
not reach saturation have very good agreement between the expected and measured am-
plitude and offset. We also plot the decay curve for a gate fidelity of 99% and 99.9% using
the same amplitude and offset as obtained from the maximum likelihood estimation.
The data shows that all single qubit gate fidelities of the ten qubits are clearly above 99%.

Table 7.4: Offset and amplitude of measured Rabi oscillations.

Q1 Q2 | Q3 Q4 | Q5| Q6| Q7 Q8 | Q9 | Q1o
A| 022 033 034| 024 | 033 | 031 | 042 | 034 | 029 | 025
B| 041 | 039 | 057 | 047 | 044 | 040 | 047 | 040 | 037 | 0.44

Table 7.5: Fitting parameters of the RB datasets.

QL | Q2 | Q3 | Q4 | Q5 | Q6 | Q7 | Q8 [ Q9 | Q1o
A | 0.197 | 0.323 | 0.353 | 0.203 | 0.336 | 0.371 | 0.407 | 0.357 | 0.366 | 0.305
B | 0.436 | 0.385 | 0.529 | 0.382 | 0.504 | 0.444 | 0.465 | 0.424 | 0.474 | 0.488
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red line is the exponential fit to extract the gate fidelity Fgate and the grey area covers the standard deviation of the data. The error bar denotes the statistical error of
the fit obtained through maximum likelihood estimation. The systematic error is expected to be on the order of ~ 0.1%. We note that while sequence lengths of 100

Cliffords are sufficient to reach saturation for fidelities below 99%, longer sequences may be required to accurately resolve the fidelities of higher-performing qubits.
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7.6.4. QUBIT PROPERTIES IN THE INITIAL HOLE CONFIGURATION

Table 7.6: Q1-Q5 properties in the original charge configuration at 41.4 mT.

label Q1 Q2 Q3 Q4 Q5
Charge occupation 3 5 1 1 1

Larmor frequency (MHz) 302 293 319 347 361
g-factor 0.52 | 0.51 | 0.55 | 0.60 | 0.62
coherence time Tz* (ns) 2381 | 2252 | 1710 | 2238 | 2041

Drive gate P1 p2 B5 B7 P5

Maximum driving strength MHz/mV) | 0.15 | 0.19 | 0.05 | 0.06 | 0.08
Single-qubit fidelity (%) 99.9 | 99.6 | 99.5 | 99.6 | 99.6

RB Rabi frequency (MHz) 2.00 | 2.00 1.25 1.25 1.25

Table 7.7: Q6-Q10 properties in the original charge configuration at 41.4 mT.

label Q6 Q7 Q8 Q9 Q10
Charge occupation 3 1 3 3 1

Larmor frequency (MHz) 321 355 335 327 331
g-factor 0.55 | 0.61 | 0.58 | 0.56 | 0.57
coherence time T2* (ns) 2134 | 2319 | 2207 | 2018 | 1975

Drive gate P6 B12 P8 P9 B12

Maximum driving strength (MHz/mV) | 0.21 | 0.13 | 0.15 | 0.09 | 0.11
Single-qubit fidelity (%) 99.8 | 99.6 | 99.7 | 995 | 99.6

RB Rabi frequency (MHz) 2.00 | 2.00 | 2.00 | 1.00 | 2.00
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7.6.5. EXCHANGE INTERACTION IN THE 10-QUBIT ARRAY

Here we show the exchange interaction spectroscopy measurements for all ten qubits
where we observe the exchange splitting between each qubit and one neighbouring
qubit, see Figure 7.8. Figure 7.9 shows qubit pairs, where we measured exchange in-
teraction splitting for both qubits demonstrating the connectivity of the qubit array. The
exchange interaction is probed as a function of virtual barrier gates that are defined in
section 3.4.
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7.6.6. LSES EXTRACTION

To extract the g-factor susceptibility of a qubit to each gate, microwave frequency sweeps
around the Larmor frequency have been performed, while changing the applied voltage
on each gate one after the other. In this experiment, we used a chirp signal to probe
the resonance frequency of each qubit. After, the resonance frequency for each config-
uration is determined and fitted with a linear fit. The corresponding slope indicates the
gate susceptibility 0 frapi/0Vgate- In Figure 7.10 and 7.11 examples of the data and the
corresponding linear fits are plotted.
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Figure 7.10: LSES contribution of plungers for Q6 with 1, 3, and 5 hole occupation.
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7.6.7. DRIVING EFFICIENCY EXTRACTION

To extract the EDSR driving efficiency, Rabi measurements are performed as a function
of drive amplitude. Next a fast-Fourier transform is applied to the raw data, and then
fitted. In Suppl. Figs. 7.12-7.15 examples of the data and the corresponding linear fits
are plotted. The slope determines the driving efficiency.
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Figure 7.12: EDSR driving of plungers for Q6 with 1, 3, and 5 hole occupation.
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Figure 7.15: FFT and linear fit of EDSR driving of barriers for Q6 with 1, 3, and 5 hole occupation.
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7.6.8. PHYSICAL DISTANCE FROM GATES TO QUBITS

To categorise the driving efficiency of all gates to all qubits, we calculate the physical
distance in the device plane from the expected qubit position at the centre of its top
plunger, to any of the 22 gates. Afterwards, we rank each physical distance for plunger
and barrier gates independent from each other, and assign it an integer number n cor-
responding to the n-th nearest qubit-to-gate distance. We use these assigned ranks to
calculate an average value for the n-th nearest qubit for a plunger and barrier gate drive
as shown in Figure 4 of the main text.

Table 7.8: Physical distance from each gate to each qubit in yum

QI [Q2 [Q3 [Q4 [Q5 [Q6 [Q7 [Q8 [Q9 |[Qio
Pl | 0.00 | 028 | 055 | 0.20 | 0.20 | 0.44 | 0.70 | 0.28 | 0.39 | 0.62
P2 | 028 | 0.00 | 028 | 0.44 | 020 | 020 | 0.44 | 0.39 | 0.28 | 0.39
P3 | 055 | 0.28 | 0.00 | 0.70 | 0.44 | 020 | 0.20 | 0.62 | 0.39 | 0.28
P4 | 020 | 0.44 | 0.70 | 0.00 | 028 | 055 | 0.83 | 0.20 | 0.44 | 0.70
P5 | 020 | 020 | 044 | 028 | 0.00 | 0.28 | 0.55 | 0.20 | 0.20 | 0.44
P6 | 044 | 020 | 020 | 055 | 0.28 | 0.00 | 0.28 | 0.44 | 0.20 | 0.20
P7 | 070 | 0.44 | 020 | 0.83 | 055 | 0.28 | 0.00 | 0.70 | 0.44 | 0.20
P8 | 028 | 039 | 062 | 020 | 020 | 044 | 0.70 | 0.00 | 0.28 | 0.55
P9 | 039 | 028 | 039 | 0.44 | 020 | 0.20 | 0.44 | 0.28 | 0.00 | 0.28

P10 | 062 | 039 | 028 | 0.70 | 0.44 | 020 | 0.20 | 0.55 | 0.28 | 0.00
Bl | 0.10 | 035 | 0.62 | 0.10 | 0.22 | 0.49 | 0.76 | 0.22 | 0.40 | 0.65
B2 | 010 | 022 | 049 | 022 | 010 | 035 | 062 | 022 | 029 | 0.53
B3 | 022 | 010 | 035 | 035 | 0.10 | 0.22 | 0.49 | 0.29 | 0.22 | 0.40
B4 | 035 | 010 | 022 | 049 | 022 | 0.10 | 0.35 | 0.40 | 0.22 | 0.29
B5 | 049 | 022 | 0.10 | 0.62 | 035 | 0.10 | 0.22 | 0.53 | 0.29 | 0.22
B6 | 062 | 035 | 0.10 | 0.76 | 0.49 | 0.22 | 0.10 | 0.65 | 0.40 | 0.22
B7 | 022 | 040 | 0.65 | 0.10 | 0.22 | 0.49 | 0.76 | 0.10 | 0.35 | 0.62
B8 | 022 | 029 | 053 | 022 | 010 | 035 | 0.62 | 0.10 | 0.22 | 0.49
B9 | 029 | 022 | 040 | 035 | 010 | 022 | 049 | 0.22 | 0.10 | 0.35

BIO | 040 | 022 | 029 | 049 | 022 | 010 | 035 | 0.35 | 0.10 | 0.22

Bl | 053 | 029 | 022 | 062 | 035 |0.10 | 022 | 049 | 0.22 | 0.10

Bl2 | 065 | 040 | 0.22 | 0.76 | 0.49 | 0.22 | 0.10 | 0.62 | 0.35 | 0.10
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Table 7.9: Ranked physical distance determining the n-th nearest neighbours
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7.6.9. SPATIAL LOCALITY OF THE ELECTRIC FIELD AND QUBIT DRIVE

We can make a basic electrostatic estimation of the electric field coming from a plunger
gate by approximating it as a charged circular disk. The value of the charge density is not
important here, since we are only interested in the relative change of the electric field as
a function of the vertical distance z and the radial distance r. We assume electric field
propagation in vacuum and evaluate the electric field along r and z by integrating the
contribution of each point of the charged disk using Coulomb law. We also assume the
qubit site to be a single point in space. In Figure 7.16a one can see the total electric field
at each point for z ranging from -20 nm to —150 nm and r ranging from —800 nm to
+800 nm, normalised to the maximum of the total electric field E{lr“,vax at z=-72nm. The
positions of qubit sites relative to the plunger gate positions are indicated by the black
dots. In Figure 7.16b a linecut of the total electric field Eqy has been taken at z = —72
nm, which corresponds to the distance of the plunger gate layer to the quantum well.
Hence, we denote the linecut with the subscript qw. The dashed vertical lines indicate
qubit sites relative to the plunger gate. In Figure 7.16c and d we separate the electric
field contribution into a radial (E;) and horizontal (E;) part. We can see that E; falls
of substantially even towards the nearest neighbour. In contrast the radial electric field
starts to dominate for all qubit sites of the nearest neighbour and beyond.

To connect the electric field decay with the observed locality of the qubit drive, we
assume that we can fully separate the qubit drive coming from E, and E,. We note that
in a more accurate picture, the electric field of the qubit is non-separable [40]. Since the
vertical and horizontal driving mechanism differ, we can assign relative weights to these
driving mechanisms (denoted w!", wlP, w3, and w3"), such that the experimentally
observed decay in driving efficiency matches

fRTb oc /1wy Er)2 + (1w E-e/9)?) (7.3)

where ¢ is the phase difference between the radial and horizontal drive. Such an assign-
ment of the weights is shown in Figure 7.16e, where wgh =1 and all other weights are rel-
ative to that. The result from assigning these weights can be seen in Figure 7.16e, where
the proportionality is compared with the measurement data of fﬁl’ pand fﬁl’ p» Which is
also displayed in Fig. 4b and d of the main manuscript. It shows very good agreement
with the experimental data. Interestingly, the assigned phase difference does not make a
big difference since heavy constructive and deconstructive interference is only happen-
ing before the electric field hits the first neighbouring qubit site. The assigned weights
also align well with the the FCI simulations. We know from Figure 7.4 that barrier drive,
which has a significant E, component, does not change as much between 1-hole and
3-hole occupation. This is in contrast to the plunger drive, which has exclusively an E,
component. These observations are reflected in the weights, where w}" and w?" are
similar but w!” and w?" change significantly.
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Figure 7.16: a. Electric field of a circular disk with diameter 130 nm assuming electric field propagation in
vacuum. The black dots indicate the positions of qubits. b-¢c. normalised electric field taken along z = -72nm
for E, Er, and E; respectively. The dashed vertical lines indicate qubit positions. The red dashed line is a fit of

the electric field simulation data to extract a decay exponent of the electric field. e. Rabi drive efficiency as a
function of spatial distance. The displayed data including the represented standard deviation is the same as
in Fig. 4b and d of the main manuscript. The continuous and dashed lines indicate weighted drive
contribution estimates of electric field with constructive and deconstructive interference of the r-drive and
the z-drive respectively.
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7.6.10. FREQUENCY CROSS-TALK

The cross-talk analysis in the main text is focused on achieving locality in qubit driving
independent of frequency detuning between neighbouring qubits. Specifically, we anal-
ysed crosstalk under the worst-case scenario where all qubits share the same resonance
frequency. This sets the minimum distance at which no two qubits should operate at the
same frequency.

If assuming that we can reliably target Larmor frequencies, it becomes possible to
operate a quasi-periodic two-dimensional qubit array composed of repeating tiles QX,
each requiring only eight distinct Larmor frequencies. We note that due to its electrical
tunability these frequencies can be tuned around the given target value. An example of
such a frequency mapping is shown in Fig. 7.17, where Larmor frequencies between 200
and 400 MHz have been assigned across the array. The nearest-neighbour resonance
frequency differences range from 62.4 MHz between QX6 and QX7 to 200MHz between
QX11 and QX12.

To estimate the local qubit-to-qubit crosstalk )(li‘,’}?al, we combine the measured spa-
tial decay of drive strength (i.e. its dependence on nearest-neighbour distance) with
a frequency-dependent suppression factor coming from the magnitude-squared of the
complex valued spectral density of the pulse shape. Specifically, we approximate the
global crosstalk contribution between two qubits using the following expression, which
constitutes the worst-case scenario assuming a square pulse envelope:

2
global _ rabi (74)

M Lot ai = fop?

where fi,p; is the Rabi frequency of the driven qubit. The full local crosstalk )(lioj?al is

then obtained by weighting this frequency response with the spatially dependent drive
strength extracted from the nearest-neighbour dataset (Figure 7.5f):

lobal

xg,ojcal — A(di,j) '7(?’; a (7.5)

where A(d; ;) is the experimentally determined rotation of the residual drive at the

location of qubit j when driving qubit i, as a function of their distance d;,;. This ap-

proach incorporates both spatial and spectral selectivity, and provides a quantitative es-

timate of crosstalk for arbitrary frequency allocations. Table 7.10 summarises both the

maximum max( xﬁ‘}ml ) and the total ), xﬁ‘}c‘” crosstalk per qubit. The maximum values

range from 107° to 107#, and the total crosstalk from 107 to 1073, Pulse shaping can
further suppress these values by many orders of magnitude [41-44].

Usually itis beneficial to have a Ag between neighbouring qubits as large as possible,
as long as the Larmor frequencies remain large enough to avoid triggering multi-photon
resonances [45, 46] and breaking the rotating wave approximation [47]. However, com-
monly one has to adapt to other operation and design constraints that only allow Lar-
mor frequencies within a certain window, e.g. 200 - 400 MHz to be able to drive them
with state-of-the-art arbitrary waveform generators (considering convenience and eco-
nomics).
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Figure 7.17: Eight unique frequencies that can make up an infinite dense qubit array. The frequencies are
selected within a 4x4 unit cell.

Table 7.10: Assigned Larmor frequencies and experienced crosstalk.
Subnumber i  frarmor (MHZ) m]ax ( XllOJcal) (1073) Z XIZO;:al (1073)
J
1 400.00 0.07 0.45
2 200.00 0.08 0.52
3 381.04 0.10 0.63
4 216.91 0.08 0.66
5 253.21 0.10 0.78
6 331.23 0.09 0.70
7 268.83 0.10 0.72
8 347.48 0.10 0.77
9 381.04 0.10 0.63
10 216.91 0.08 0.66
11 400.00 0.07 0.45
12 200.00 0.08 0.52
13 268.83 0.10 0.72
14 347.48 0.10 0.77
15 253.21 0.10 0.78
16 331.23 0.09 0.70
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GE HOLE SPIN QUBITS WITH A
ROOM-TEMPERATURE MAGNET

For my ally is the Force, and a powerful ally it is. [1]
Yoda

Germanium spin qubits exhibit strong spin-orbit interaction, which allow for high-
fidelity qubit control, but also provide a strong dependence on the magnetic field. Su-
perconducting vector magnets are often used to minimize dephasing due to hyperfine in-
teractions and to maximize spin control, but these compromise the sample space and thus
challenge scalability. Here, we explore whether a permanent magnet outside the cryo-
stat can be used as an alternative. Operating in a hybrid mode with an internal and
external magnet, we find that we can fine-tune the magnetic field to an in-plane orien-
tation. We obtain a qubit dephasing time T, = 13 ps, Hahn-echo times T2H = 88ys, and
an average single-qubit Clifford gate fidelity above 99.9%. Then we demonstrate that it is
possible to operate qubits with the internal superconducting magnet switched off, so the
magnetic field is produced only by the external magnet. In this regime we find long co-
herence times for holes with T, = 31us and Hahn-echo T2H = 252 us, while using natural
germanium. These results show that room temperature magnets allow for high qubit per-
formance. Our approach may be used to scale semiconductor qubits and use the increased
sample space for the integration of cryogenic control circuitry and wiring to advance to
large-scale quantum processors.

This chapter has been published as Cécile X. Yu, Barnaby van Straaten, Alexander S. Ivlev, Valentin John,
Damien R. Crielaard, Stefan D. Oosterhout, Lucas E. A. Stehouwer, Francesco Borsoi, Giordano Scap-
pucci, Menno Veldhorst, Optimising germanium hole spin qubits with a room-temperature magnet,
arXiv:2507.03390 (2025)
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PIN qubits in semiconductor quantum dots are an attractive platform for quantum
S computing, as they offer long coherence times, allow for high-fidelity quantum
gates, and have high compatibility with industrial semiconductor fabrication [2]. Ger-
manium has emerged as a promising material for hosting hole-based spin qubits, offer-
ing strong spin-orbit interaction and all-electrical control [3-6]. Despite these advan-
tages, achieving precise control over the qubit properties requires accurate alignment of
the external magnetic field to the substrate plane to optimise coherence and fidelity due
to the strong g-tensor anisotropy [7-10].

Even if the g-tensor plane is aligned with the sample crystallographic axes, achiev-
ing sub-degree accuracy in magnetic field alignment is challenging due to factors such as
sample mounting variability and the differential thermal contraction of materials within
the cryostat. While vector magnets can compensate for these misalignments to min-
imise hyperfine-induced dephasing and enhance the efficiency of electric dipole spin
resonance (EDSR) operations [7, 11], their implementation requires considerable space
and thermal load within the cryostat, and limit the available sample space [12].
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Figure 8.1: Experimental set-up. a, Diagram showing the XYZ stage used to position the permanent magnet
(grey block). The stage is attached to the vacuum can of the fridge. b, Diagram showing a simulation of the
magnetic field lines produced by the superconducting solenoid magnet (red) and the permanent magnet
(black).The sample board is shown in green mounted in the centre of the solenoid magnet. ¢, Device layout
indicating the qubits investigated in the experiments. The scale bar corresponds to 400 nm.

This work explores an alternative approach using a movable permanent magnet out-
side the dilution refrigerator to fine-tune the magnetic field at the qubit location in addi-
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tion to the uniaxial superconducting magnet in the cryostat. This internal magnet pro-
vides a primary magnetic field of a few tens of millitesla, chosen to be small enough that
any misalignment can be effectively corrected using the external magnet.

To characterise the feasibility of this approach, we perform EDSR drive on the qubit
to evaluate its resonance frequency as a function of the uniaxial superconducting mag-
netic field strength, as well as the position of the external magnet relative to the sample.
This study is further extended by characterising the qubit performance through Ramsey
and Hahn echo experiments, along with single-qubit gate randomized benchmarking
and gate set tomography. Our findings demonstrate that a qubit fine-tuned by an exter-
nal magnet can achieve high quality qubit control, with fidelities exceeding 99.9%. We
then switch off the uniaxial superconducting magnet to demonstrate that qubit opera-
tion is possible with the field produced by the permanent magnet only. We characterise
the qubit properties under this field, finding long coherence times.

8.1. EXPERIMENTAL SET-UP

In this experiment, we use a standard cryogen-free dilution refrigerator equipped with a
uniaxial superconducting magnet. To fine-tune the magnetic field, we move an NdFeB
N45 block magnet of dimensions 110.6 x 89 x 19.5 mm, in three dimensions beneath
the fridge (see Figure 8.1a). The motion of the external magnet is accomplished by sus-
pending a Cartesian gantry system from the vacuum can of the dilution refrigerator, with
motion along the x, y, and z axes controlled remotely by linear actuators and an Arduino
board. A complete description of the system is provided in subsection 8.7.1.
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Figure 8.2: Effect of the internal magnetic field magnitude. Microwave spectroscopy of the qubit frequency
as a function of permanent magnet position in x, with y = 0 and z = -200 mm at different internal magnetic
field magnitude. Py)ockade defines the probability of the even spin state being blockaded and fp is the
microwave drive tone frequency. The resonance around 130 MHz corresponds to the resonance frequency of
the readout resonator.

For our coordinate system, we take the z axis as parallel to the vertical axis of the di-
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lution refrigerator. If the sample were mounted perfectly, fields applied in this direction
correspond to the [110] crystallographic direction and therefore are in-plane. In previ-
ous work on this device [13], we estimate there is a 2-3 degree misalignment, meaning
that the magnetic field of the internal superconducting solenoid has a small out-of-plane
component. We define the x axis close to parallel to the heterostructures [001] growth
direction; therefore, fields applied in this direction are out of plane. The permanent mag-
net was oriented with its magnetisation axis along the z-axis, so that at x, y = 0 its field
is parallel to that of the solenoid, see Figure 8.1b for a Magpylib simulation of the field
lines [14]. By moving the magnet in the x direction, we expect to be able to compensate
and cancel out the orthogonal field component, provided the external magnetic field is
sufficiently strong.

We perform our qubit experiments on a 10-quantum dot device on a Ge/SiGe het-
erostructure as detailed in Ref. [10, 13] and investigate the effect of the magnetic field.
We focus on qubits Q8 and Q3, which are initialised and read out using ancilla qubits
Q4 and Q7, respectively, see Figure 8.1c. The coordinate system is defined relative to the
sample, meaning that (x, y,z) = (0,0,0) corresponds to the sample. We will refer to the
magnetic field applied by the superconducting uniaxial solenoid inside the fridge as Bjp,
and Bey as the magnetic field generated by the external magnet.

8.2. QUBIT FREQUENCY TUNABILITY

(b)

50
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25
g =
g 0 100 &
ES 3
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_50 50

Figure 8.3: Experimentally measured Larmor frequencies of the qubit as a function of magnet position at
|Bin| = 25 mT. a, Larmor frequency in the xz-plane of the permanent magnet at y = 0 mm. b, Larmor
frequency in the xy-plane of the permanent magnet at z = —200 mm. The contour lines are defined by
connecting the corresponding experimental data points.

We begin by assessing the effect of the external magnet on the total magnetic field
sensed by the spin qubit. The total field sensed by the qubit is By = Beyx¢ + Bin, which
gives rise to a qubit Larmor frequency of & f; = pplgBr|, where g is the germanium hole-
spin g-tensor [7]. Relative to gyromagnetic axes of the spins, we anticipate this g-tensor
to take the form g = diag(gy, gy, &) with significant anisotropy such that g, > g, g,.
We expect the axis corresponding to g, to be aligned to within a few degrees with the
crystallographic [001] axis and therefore also to within a few degrees of the x-axis. We
will label this axis g;.
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Figure 8.4: Qubit coherence times at the magnetic field sweet-spot. a, b, Larmor frequency f, as a function
of the x-position of the permanent magnet extracted from the microwave spectroscopy. ¢, d, Dephasing times
T2* as a function of the magnet position in x measured with a Ramsey sequence. e, f, TZH measured with a
Hahn echo sequence. The dashed grey lines indicate the optimal field spot at the minimum of the Larmor
frequency where the magnetic field points in-plane. The error bars represent the precision of the fit.

To probe the effect of Bey;, we perform EDSR on qubit Q8 while varying the ex-
ternal magnet position along the x-axis from 0 to —250 mm, with the magnet held at
(3, 2) = (0,—200) mm. For each position, we map the qubit Larmor frequency at different
amplitudes of the internal field Bj,. As the external magnet is displaced, both B! and
B vary, leading to a change in the orientation of the total field By relative to g,. Be-
cause of the large anisotropy in g, even small components of B7 parallel to g, strongly
affect the enhance g-factor and hence the Larmor frequency.

At low |Bj,| (see Figure 8.2a-b), the resonance frequency exhibits both a minimum
and a local maximum as a function of magnet position. The minimum corresponds
to the point where BE" cancels the out-of-plane contribution parallel to g, of Bi, and
thereby minimizing the effective g-factor. Moving the magnet further off-axis, B be-
gins to overcompensate the internal field while the magnitude of Bey; at the qubit de-
creases with distance. This competition produces a local maximum in the Larmor fre-
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quency before it falls off again.

At larger |Biy| (see Figure 8.2c-d), the external field is no longer strong enough to
fully cancel the out-of-plane component of Bj,, and the resonance frequency evolves
smoothly with a parabolic dependence on the magnet position. Finally, we note that in
the low-field regime of Figure 8.2a-b, the qubit initialization and readout fidelity de-
creases as the total field rotates from out-of-plane to in-plane. We attribute this to
reduced initialization of the |1|) state: in-plane fields enhance the quantization-axis
mismatch between the two qubits, which increases the probability of preparing the
|T_)=|l]) state [15].

Now we set |Bj,| = 25mT and fully characterise the tunability of the Larmor fre-
quency in the xz- and xy-planes as shown in Figure 8.3. The Larmor frequency, fi,, varies
from 50 MHz to 150 MHz, with the x-axis playing the dominant role by determining the
out-of-plane component of the total magnetic field, and thus causing the strongest tun-
ability on the qubit frequency. In the xz-plane, the qubit resonance frequency exhibits
a minimum corresponding to the optimal field orientation where the external magnet
compensates the internal magnetic field, resulting in a fully in-plane configuration. In
contrast, in the xy-plane, variations in magnet position primarily tune the in-plane mag-
netic field orientation.

8.3. QUBIT COHERENCE TIMES

We now focus on the qubit performance at the magnetic field sweet spot to enhance
the qubit dephasing times. We fix the z-position to —200 mm and the y-position to zero,
while the x-position is varied around the point corresponding to the minimum Larmor
frequency. At this position, the magnetic field is expected to be aligned within the plane
of the sample, where dephasing noise is minimized due to the hyperfine interactions
with nuclear spins being minimal [7, 16]. Thus, to enhance the qubit dephasing times,
the magnetic field has to be aligned perpendicular to the growth direction, where the
anisotropic hyperfine interaction between heavy hole states and nuclear spins is ex-
pected to be negligible [16].

We measure the coherence times of Q8 by means of Ramsey and Hahn echo experi-
ments to probe the impact of field tuning on spin coherence as shown in Figure 8.4. We
find that when the Larmor frequency reaches its minimum value, T, and TZH are simul-
taneously maximised, indicating an in-plane magnetic field orientation. By orienting
the magnetic field fully in-plane at the hyperfine noise sweet spot, the dephasing time of
the qubit reaches T, = (13.41+0.53) us while the echo time T2H =(88.77£9.99) ps. This is
comparable with coherence times measured at the magnetic field sweet spot in a vector
magnet [7]. Qubit Q3 also exhibits the same trend as a function of the external magnet
position along the x direction, see subsection 8.7.2. For comparison, without the exter-
nal magnet, the Ramsey and Hahn echo experiments on Q8 (subsection 8.7.3) indicate
coherence times of T, = (1.70 £0.12) ys and TZH = (4.23 £ 0.11) ps, respectively, revealing
a hyperfine noise limited regime [13]. In subsection 8.7.4, we also show the Rabi drive
efficiency of Q8 as a function of the magnet x-position. It reveals a peak in drive effi-
ciency that coincides with the maximum coherence time, indicating that, for this qubit,
an in-plane magnetic field is beneficial for both long coherence times and fast driving
[7, 8].
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We furthermore evaluate the single-qubit gate fidelity using both randomized bench-
marking (RB) and gate set tomography (GST). We perform RB using the Clifford set de-
tailed in subsection 8.7.5, giving us an average Clifford fidelity of Fc = (99.936 £ 0.005) %.
Detailed methods and results for the GST are provided in Supplementary Note 5 of Ref.
[17]. By dividing the average gate fidelity by the number of native gate per Clifford opera-
tion, we obtain a single-qubit gate fidelity of (99.980 + 0.002) %, comparable to the high-
est reported values for qubits and measured using vector magnets [7, 18]. GST, which
is more sensitive to systematic errors, reports average fidelities of 99.95 + 0.02% for the
X90 gate and 99.88 + 0.02% for the Y90 gate. The lower fidelities reported by GST are
expected to come from dynamical decoupling effects present in the RB sequence [19].
subsection 8.7.6 displays additional qubit coherence and fidelity data as a function of
the magnet position with the device in a different electrostatic configuration.

8.4. ZERO INTERNAL FIELD OPERATION

A key challenge in scaling towards large-scale quantum processors is represented by the
limited space available at the base temperature in a cryostat [20]. By removing the su-
perconducting magnet inside the cryostat, the available sample space can be increased
substantially, allowing for more control lines and improved prospects of scalability.

Here, we simulate this scenario by switching off the internal magnetic field, such that
the qubit only senses the magnetic field of the permanent magnet. In this configuration,
we measure the Larmor frequency as a function of the external magnet’s position along
the x-axis. By tuning the magnet position to the point where the qubit Larmor frequency
reaches its minimum, approximately 9.5 MHz, we identify the optimal operating field.
This process was slightly complicated by a small hysteretic effect in the magnet position,
discussed in subsection 8.7.7. At this working point, we re-optimise the initialisation and
readout pulse sequence using an optimiser based on Ref. [21]. We then observe long co-
herence times of T, = 31.4ps and TZH = 252.0ps for hole-spin qubits in germanium. We
attribute these long coherence times to the suppression of charge noise at low magnetic
fields, as well as to the reduced hyperfine interactions achieved by aligning the magnetic
field in the plane.

However, operating at low magnetic fields also reduces the achievable Rabi fre-
quency. Under these conditions, we obtain a Rabi frequency of fr = 52kHz using a drive
amplitude of A = 8.4mV at the sample. Consistent with the slow Rabi frequency, we
measure single-qubit Clifford gate fidelities of 99.7% using EDSR, confirmed through
randomized benchmarking, see subsection 8.7.8.

By contrast, hopping-based gates are expected to operate at rates orders of magni-
tude faster than EDSR, with characteristic frequencies that reach a substantial fraction
of the qubit Larmor frequency [5]. Incorporating such hopping gates could therefore
dramatically accelerate qubit control in the low-field regime, enabling fast, high-fidelity
spin manipulation without requiring large magnetic fields. Should EDSR be required,
higher magnetic fields at the device level up to 1T could be achieved by using a block
magnet placed inside the cryostat near the qubit chip [22, 23]. This can be combined
with a room-temperature permanent magnet to fine-tune the magnetic field orientation
for optimal qubit operations.
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Figure 8.5: Zero internal field qubit Larmor, Rabi, Ramsey and Hahn echo measured with the external
magnet at (x, y, z) = (-7, 0, -200)mm a, Qubit Larmor resonance along with the fit to extract the qubit Larmor
frequency. b, Qubit Rabi oscillations along with the fit to extract the qubit Rabi frequency. ¢, Ramsey
oscillations along with the fit to extract T, with an integration time of 30 minutes. d, Hahn echo with the

qubit initialised in both the up and down states, along with the fit to extract TZH.

8.5. CONCLUSION

Superconducting magnets inside dilution refrigerators require considerable space, and
can introduce current noise or ground loops into the qubit system. We demonstrate that
a room-temperature permanent magnet offers an effective alternative to fine-tune the
magnetic field experienced by germanium spin qubits. Our versatile room-temperature
magnet setup enables in-plane magnetic field alignment, allowing natural germanium
devices to operate in regimes less affected by hyperfine noise, thereby enhancing qubit
coherence and gate fidelity. Even qubits hosted in isotopically purified materials [24, 25]
will need to be tuned to optimal operating conditions [10], which can similarly done with
the external magnet approach presented here. The cryostat space may then be used to
integrate control wiring and cryo electronics for the construction of large-scale quantum

hardware.

8.6. METHODS

The spin qubit device and general setup is the same as in chapter 7. The NdFeB N45
block magnet is commercially available under article ID Q-111-89-20-E, its dimensions
are 110.6 x 89 x 19.5 mm and it has an adhesive force of 200 kg. Its magnetic field strength
is probed using 3D magnetic Hall sensors integrated on a printed circuit board (ref.
TLE493D-P3XX-MS2GO).
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Figure 8.6: Measured magnetic field amplitude of the permanent magnet as a function of distance. The grey
shaded area denotes the z-range used in the experiments and the inner plot shows the field strength in this
z-range.

In the experiments, we initialise the qubit by pulsing from the (0,2) singlet state to
the center of the (1,1) state adiabatically to prepare a |1, |) state. We then perform qubit
manipulation via EDSR before reading out the spin state using Pauli spin blockade read-

out.

8.7. SUPPLEMENTARY

8.7.1. EXTERNAL MAGNET ASSEMBLY

The external magnet is a neodymium-iron-boron (NdFeB) magnet with a grade of N45,
corresponding to a maximal energy product of = 44 mega gauss-oersted and a demag-
netisation temperature above 80°C. The dimensions of the magnet are 110.6mm x
89mm x 19.5mm, magnetised along the short axis, resulting in a specified total holding
force of 1960 N.

This magnet is mounted onto a gantry system (see Figure 8.1a) which provides linear
movement in three dimensions, along the x, y and z-axis. The magnetisation direction
of the magnet is aligned along the z-axis. Linear movement is enabled by a total of 4
NEMA17 stepper motors, two of which are used for the vertical z-direction and one for
each horizontal direction. The two motors for the z-direction have a specified holding
torque of 0.55 Nm, sufficient to move the system up and down, and a specified resolution
of 1.8° per step. The horizontal direction is powered by motors with a higher resolution
of 0.9°, but a lower holding torque of 0.21 Nm. All motors axels are attached to a 2mm
pitched lead screw using a flexible coupler. Given the step-resolution of the motors and
the lead screw pitch, the system achieves a theoretical resolution of 50pum in the hori-
zontal direction, and 100um in the vertical direction. In practise this resolution will be
limited by mechanical tolerances in the assembly which have not been quantified di-
rectly, as they were deemed small enough to not limit the resolution on the qubit drive

frequency.
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8.7.2. ADDITIONAL QUBIT DATA

Here we plot the coherence times as a function of the magnet position along x direction
for qubit Q3 that is located on the east side of the device, see Figure-1c in the main text.
This qubit demonstrates the same trend in Larmor frequency and coherence times as a
function of the magnet x-position. Note that we cannot compare the sweet spot position
in x-direction between Q3 and Q8 investigated in the main text due to hysteresis effect
of the magnet movement (see subsection 8.7.7). For these measurements we positioned
the permanent magnet at y =0, z = —200 and |Bj,| = 25 mT.
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Figure 8.7: a, b, Larmor frequency fi, as a function of the x-position of the permanent magnet extracted from
the microwave spectroscopy. ¢,d, Dephasing times T, as a function of the magnet position in x measured
with a Ramsey sequence. e, f, T2H measured with a Hahn echo sequence. For both Ramsey and Hahn echo

sequences, tyair denotes the total free evolution time. The dashed grey lines indicate the optimal field spot at

the minimum of the Larmor frequency where the magnetic field points in-plane. The error bars represent the
precision of the fit.
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8.7.3. QUBIT COHERENCE TIMES WITHOUT THE EXTERNAL MAGNET

In Figure 8.8, we measure the coherence times of qubit Q8 by operating with the internal
magnet set to 25 mT while the external magnet is 700 mm away from the sample such
that we assume it has no effect on the total magnetic field. We estimate that here the
magnetic field points 2-3 degrees out-of-plane and the qubit coherence times are ex-
pected to be hyperfine limited [10, 13].
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Figure 8.8: Coherence times of qubit Q8 without the external magnet. The blue curves represent the
measurement data, and the green dashed lines show the fits for a Ramsey sequence (a) and a Hahn-echo
sequence (b).



212 8. GE HOLE SPIN QUBITS WITH A ROOM-TEMPERATURE MAGNET

8.7.4. DRIVING EFFICIENCY
In Figure 8.9 we plot the Rabi drive efficiency and the dephasing time T, of Q8 as a
function of the external magnet position in the x direction.
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Figure 8.9: We define the driving efficiency as frapi/ (f1. - A), with frapi being the Rabi frequency, fi, the
Larmor frequency and A the drive amplitude at the qubit level.
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8.7.5. RANDOMISED BENCHMARKING

In this work we perform single qubit RB in an identical fashion to that described in [18].
In particular, we randomly sample Clifford gates, composed from the native X90 and Y90
gates according to Table 8.1. We then append a recovery gate, taken to be the Clifford
gate which is the inverse of the sequence proceeding it. We evaluate the outcomes of
this sequence for increasing numbers of randomly sampled Clifford gates. We then fit a
decaying exponential of the form

N
Pplockade = Aa™¢ + B,

where A represents the visibility of the system, a is the depolarizing parameter, N is
the number of Clifford gates in the sequence, and B corresponds to the average signal of
the |00) and |01) subspace (where the first index corresponds to the qubit being bench-
marked) [26]. For a single qubit, the depolarizating parameter is related to the average
Clifford fidelity according to

Fe=1-(1-a)/2.

For comparison with GST we then convert the Clifford gate fidelity, F¢ to a native gate
fidelity Fy, this is achieved by dividing the Clifford infidelity by the average number of
gates per Clifford, such that

1-Fy=(1 —Fc)/l’lc,

where nc is the average number of native gates per Clifford, which in our case is 3.217.
Single qubit benchmark of Q3 at the hyperfine noise sweet spot is shown in Figure 8.10a.
We perform a bootstrapping analysis at the single-shot level to estimate the uncertainty
in the fidelity Fyy. For each Clifford depth, the single-shot data are repeatedly resampled
with replacement, and the fitting routine is applied to each resampled dataset to obtain
a distribution of Fy, shown in Figure 8.10b. The error bars correspond to the 2.5th and
97.5th percentiles of this distribution, representing a 95% confidence interval.
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Operation Pulse Sequence
PauliI (Identity) I

Xg0X90 (X)

Pauli 7 rotations Y90 Yoo (V)

Y90 Y90 X990 Xgo (Z)
Xog0 Yg0

X0 Yg0 Yoo Yoo
X90X90Xg0 Yao
Y90 Y90 X90 Yoo
Y90 X90

Y0 X90 X90 X0
Y90 Yo0 Y90 Xoo
Y90 Xg0 Yoo Yoo
Xa0

X90X90Xg0

Ya0

Y90 Yo0 Yoo

Y90 Xg0 Yoo Y90 Yoo
Y90 Y90 Y90 X90 Yoo
Xg0X90 Yoo

Y90 X90 X90

Y90 Y90 X90

Xg0 Y90 Yoo

Y90 X90 Yoo

Y90 X90 X909 X90 Yoo

27 /3 rotations around v1/3[+1,+1,+1]

/2 rotations around [+1,0,0], [0,+1,0], [0,0, £1]

Hadamard-like 7 rotations

Table 8.1: RB Clifford gates decomposed into native X9 and Ygg pulses [18]. The gates are ordered from left to
right to indicate their temporal sequence, as opposed to the operator notation where the first gate is the
rightmost.
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Figure 8.10: (a) Single-qubit randomized benchmarking (RB) of Q3 measured at the in-plane magnetic field.
The solid blue line is a fit to the standard RB decay model, yielding an average Clifford gate fidelity of
Fy= 99.981f8:88§%. Black points show the measured blockade probability Ppjockade, and the error bars
represent the standard error of the mean over 20 random sequences. (b) Bootstrap kernel density estimate
(KDE) of the extracted gate fidelity. The solid vertical line indicates the mean Fy;, while the dashed lines mark

the 68% confidence interval. The Clifford set used is listed in Table 8.1.
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8.7.6. ADDITIONAL QUBIT COHERENCE AND FIDELITY DATA

This section presents additional datasets showing the coherence times and gate fidelities
as functions of the external magnet’s position. These measurements were acquired after
the device had been fully retuned, resulting in gate voltages that differ from those used
for the datasets presented in the main text.

Metric Slightly out of plane In-plane
External magnet x position (mm) 0 -29
Larmor frequency f;, (MHz) 98.3 58.8

Rabi frequency fr (MHz) 0.48 0.41

Xgp time (ns) 520 604
Dephasing time T (us) 1.80 7.1

Hahn Echo coherence TZH (us) 6.1 41

RB avg. Clifford fidelity Fy (%) 99.772+9:053 99.973*0:001
GST Xgo fidelity (%) 99.593 + 0.1484 99.955 + 0.0461
GST Yy fidelity (%) 99.535 + 0.1446 99.961 + 0.0389

Table 8.2: Qubit properties measured at two different magnet positions. The first corresponds to a few
degrees out of plane and the second in plane.



8.7. SUPPLEMENTARY

217

(a)

Ty = 1.80 &+ 0.09 ps
08 L 2 M

0.6

04

Pilockade

0.2

0.0
(b)

04 F

0.3 F

Pijockade

0.2 F

01 F ——= T =465+ 0.14 us ]
1 1 1 1 1

0 5 10 15 20
Time (ps)

Figure 8.11: Ramsey and Echo coherence with the external magnet at x = 0.
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Figure 8.12: Ramsey and Echo coherence with the external magnet at x = —29.
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8.7.7. HYSTERESIS EFFECT IN THE MAGNET MOVEMENT

Here, we quantify the hysteresis effect observed in the magnet motion on three differ-
ent qubits Q1, Q4 and Q8. The movement of the magnet is non-linear, which introduces
hysteresis when repeating runs involving multiple start-and-stop motions. From Fig-
ure 8.15, we estimate an offset of 2.5 mm per run of 51 data points. This corresponds
to an approximate offset of 50 um per start-and-stop event during a magnet movement
of 1 mm. We note that this 50 um corresponds to the theoretical spatial resolution of the
gantry system, so we expect to be roughly one step of the stepper motor off. Given the re-
producibility of the offset, it could be compensated in software by a correction of 50 um
to each data point. The system can also be improved by replacing the motors with ones
that include integrated calibration routines, similar to those used in 3D printers, or by
incorporating a distance measurement system that provides real-time feedback on the
magnet position to enable in-situ calibration of the existing setup.




220 8. GE HOLE SPIN QUBITS WITH A ROOM-TEMPERATURE MAGNET

(a) QL PSB(1,4)  Pockade 0.0 o 1.0(b) Q4 PSB(1, 4)

y

=
|}
=

60 -

L L L L
0-50 —40 -30 -20 —10 0
 (mm)

L L L L L
—10 0-50 —40 -30 -20 —-10

L L L
-50 —40 -30 -20

z (mm)

Figure 8.15: Hysteresis effect of the magnet movement probed over three different qubits Q1, Q4 and Q8.
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the run-to-run variation in qubit response to the external magnet position.
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8.7.8. ZERO INTERNAL FIELD DATA
In Figure 8.16 randomised benchmarking at zero internal magnetic field is shown. All

the magnetic field comes from the external magnet.
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Figure 8.16: Randomised benchmarking of the qubit with magnet at x, y, z = (-=7,0,-200) mm.
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A GAPLESS SINGLE-SPIN QUBIT

When divine Art conceives a form and face,
she bids the craftsman for his first essay

to shape a simple model in mere clay

this is the earliest birth of Art’s embrace. [1]

Michelangelo

All-electrical baseband control of qubits facilitates scaling up quantum processors by re-
moving issues of crosstalk and heat generation. In semiconductor quantum dots, this is
enabled by multi-spin qubit encodings, such as the exchange-only qubit. However, their
performance is limited by unavoidable leakage states that are energetically close to the
computational subspace. In this work, we introduce an alternative, scalable spin qubit
architecture that leverages strong spin-orbit interactions of hole nanostructures for base-
band qubit operations while completely eliminating leakage channels and reducing the
overall gate overhead. This encoding is intrinsically robust to local variability in hole spin
properties and operates with two degenerate states, removing the need for precise calibra-
tion and mitigating heat generation from fast signal sources. Finally, our architecture is
fully compatible with current technology, utilizing the same initialization, readout, and
multi-qubit protocols of state-of-the-art spin-1/2 systems. By addressing critical scalabil-
ity challenges, our design offers a robust and scalable pathway for semiconductor spin
qubit technologies.

Parts of this chapter have been published in Maximilian Rimbach-Russ, Valentin John, Barnaby van Straaten,
and Stefano Bosco, A gapless single-spin qubit, Pliys. Rev. Lett. 135, 197001 (2025).
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EMICONDUCTOR quantum-dot-based spin qubits are a promising platform for large-
S scale and fault-tolerant quantum processors using industrial fabrication [2-7].
Among them, hole spin qubits in silicon (Si) and germanium (Ge) quantum dots are
leading candidates for scaling [8-19]. Their strong spin-orbit interaction (SOI) enables
ultrafast all-electric local operations [19-28] and long-distance interactions beyond the
nearest neighbor [29-34]. Furthermore, SOI also provides a means to control the prop-
erties of the qubit performance in situ, offering sweet spots to improve the performance
of the qubit [15, 35-45]. In analogy to superconducting qubits, most spin qubits are con-
trolled using microwave pulses [21, 46-48], which introduce critical scaling challenges
such as crosstalk and heating [49, 50] posing significant barriers to the development of
large-scale devices [51, 52]. Progress has been made toward discrete baseband control
of hole qubits through spin hopping in Ge quantum dots [19], but this approach still re-
quires high-frequency signal generators and high-bandwidth pulses for diabatic gates,
adding considerable technological constraints on electronic control.

The exchange-only (XO) qubit does not have such strict electronic requirements. The
XO qubit uses multi-spin encoding with degenerate qubit states during idling, making
phase tracking and dynamic pulse shaping obsolete and allowing electric two-axis con-
trol via inter-dot exchange interactions [10, 53-57]. While XO qubits have shown high-
fidelity single- and two-qubit gates, readout, and state initialization [58], they are heav-
ily impacted by leakage into close-in-energy states, requiring complex pulse sequences
for high-fidelity quantum gates and large overhead in fault tolerance. Furthermore,
readout and initialization are also limited by additional close-in-energy orbital leakage
states [59].

In this work, we propose a novel qubit implementation by electrically tuning a hole
spin qubit in the presence of strong SOI such that the qubit energy splitting, its Larmor
frequency, can be tuned to zero”. Our resulting gapless single-spin (GS2) qubit combines
the best features of XO and single spin qubits; simple and fast baseband controlled gates,
no phase tracking, simple calibration, and the absence of leakage states. Remarkably, the
GS2 qubit further enables a scalable architecture (See Fig. 9.1a)) suppressing additional
crosstalk and observer errors, multiple read-out axes, and flexible high-fidelity two-qubit
gates. By mitigating these key issues, our GS2 qubit encoding paves a path to scalable
architectures for a full fault-tolerant quantum processors.

9.1. ARCHITECTURE

Fig. 9.1 a) shows our envisioned quantum processor architecture. Each qubit requires
five gate electrodes for universal control, a central plunger gates surrounded by four
control gates, thus, has a similar or smaller gate per qubit count than alternative im-
plementations [10]. We note, that the double barrier design was already demonstrated
in Ref. [16] and gives rise to a stronger suppression of residual exchange coupling and
reduced electrostatic crosstalk due to the larger spacing. At the same time, the larger
separation and sparser nature of the qubit array allows easier fabrication and fanout in
contrast to dense 2D qubit arrays. By design, such a densely occupied design (with indi-

OWe remark, that artificial spin-orbit interaction through micromagnets, nanomagnets, or magnetic textures
can also be used instead [60].
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Figure 9.1: a) Proposed architecture for our novel single-spin spin-orbit qubit (GS2) qubit. Each qubit is
controlled using five gate electrodes. Single-qubit gates are operated by electrically compressing and
stretching the qubit. Readout, initialization, and two-qubit gates can be implemented along x and y

directions. Readout and initialization uses Pauli-spin-blockade and either requires a close by charge sensor or
readout resonator. During idling, qubit states are not subject to any dynamics. b) Effective g-tensor
* =||¢B||/||B|| in the optimal optimal magnetic field direction B || [110] (for B || [110] axes are flipped) as a
function of characteristic confinement lengths of the groundstate wavefunction in X, Y -direction, assuming
biaxial strain. The GS2 qubit condition is a dot radius = 14nm. The inset shows GS2 conditions assuming
asymmetric strain. ¢) The GS2 qubit conditions for different heavy-hole light-hole coupling strengths as a
function of strain asymmetry (€ x — eyy) (€xx +€yy).

vidual control) can be used to implement 2D quantum error corrections codes such as
the surface code [61]. However, we note that using a sparse qubit occupation combined
with hopping or shuttling interconnects [19, 62] or conveying the full qubit [63, 64], novel
and more efficient codes may be implemented [65, 66].

9.2. GS2 QUBIT

For our qubit encoding, we consider a single Kramers doublet of a confined particle with
half-integer spin in a semiconductor quantum dot. In the presence of a magnetic field,
the Hamiltonian of such a system is given by

1
H= EpBa-%B. 9.1)

Here, B = (By, By, B,)T is the magnetic field vector, pp is Bohr’s magneton, and ¥ is the
(anisotropic) gyro-magnetic matrix 3 x 3 [67], also called the g-tensor. For our qubit de-
sign, we use two properties. Firstly, at least two eigenvalues of the g-tensor, so-called
principal values, can be electrically tuned to zero. Secondly, the magnetic field is not
collinear with one of the principal axes of the g-tensor and is orthogonal to the principal
axis with non-zero eigenvalue. While not exclusive, these requirements are often met
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in semiconductor hole qubits, e.g. hole qubits in silicon and germanium heterostruc-
tures [12, 68, 69].

Without loss of generality, we now consider for the reminder of the article planar ger-
manium grown in [001] directions and prove that both requirements can be fulfilled in
state-of-the-art materials. The g-tensor for planar strained germanium approximately
consists of three parts [70, 711 4 = 9y + Ystrain + Geont- The first term is the bare g-tensor,
which for heavy-hole ground states is given by %, = diag(3g,—3¢,6x +27q/2) and is
highly anisotropic |x| > |q|. The second and third expressions are g-tensor corrections
arising from strain and confinement.

Explicitly, considering an in-plane magnetic field, the Hamiltonian of the ground
doublet is approximately

1 1
H =2 115 (BxSx + ByGxy) 0+ - 15 (BySyy + ByGy)ry 9.2)

with the electrically tunable g-tensor components [70-74]

6K Dy (€xx) = (eyy) 6P = A" (pY))

G..~3qg— 9.3
=2 Anr, moAnL ©-3
6KD, ((€xx) — (€,))  BA (P — A (p2))
%yy ~—3q- v gx vy i y X X , (9.4)
HL moAgL
4v3xdyery 12A{pxpy)
Gry,yx = £ AL + modiL (9.5)

Here the average (-) is with respect to the in-plane component of the groundstate wave-
function. The material dependent scaling parameters A = 27 hy% —Ky2, N =2npy3Y2 —
KY2, A= 2np(y2ys + yg) —KY3, and K = k — 27,3 depend on the material dependent
Luttinger parameters Y1, Y2, and y3, deformation parameters a,, b,, and d, [75], and
inter-band couplings, 1, and 7, which depend on matrix elements between out-of-
plane wave functions. Conveniently, 7, and 7j; and (p;p;) are electrically control-
lable. In principle, {(¢;;) is also electrically tunable, although usually less predictable.
In Figure 9.1 b) we show the energy splitting of Hamiltonian (9.2) without shear strain,
{€xy) = (€xz) = {€yz) = 0, and separable wave-functions (pxpy) = (pxpz) = (pypz) =0
with symmetric and asymmetric strain. Here, we introduced for better understanding
the characteristic length of the in-plane wavefunction (p?) = #?/(2L%) with i = x,y. We
can clearly identify the operation regime of our GS2 qubit at characteristic confinement
lengths of 10 — 20 nm using parameters from Ref. [70]. The zero-crossings can be analyt-
ically expressed as

my [ AuLg 2byK({exx) — (€yy))

e e e T 9.6)
mo [ AgLg 2byK ({exx) — €yy))

(P =pa= S et - ;ij = Y 9.7)

While the required characteristic confinement lengths seem small, simulations and ex-
perimental demonstration show that they are feasible, see Figure 6.14 in chapter 6. In
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Fig. 9.1-c), we show the GS2 condition for varying strain asymmetry (€xx — €yy)/ (€xx +
€yy) that may arise from disorder [76] and for different heavy-hole light-hole coupling
strengths . Conveniently, typical strain fluctuations arising from dislocations are on
length-scales multiple quantum dot radii [76], thus each GS2 qubit can be tuned to its
own respective operation point. We also remark, that the GS2 condition is predicted to
be possible in other material and device structures [38, 68, 69].

Shear strain from metallic top gates [70] or strong confinement [77] adds terms of
the form (Bx%.x + By%.y)o, to Hamiltonian (9.2) giving rise to errors. However, due
to the interplay of confinement and strain, there still exist a confinement that fulfills
our requirements (see general expressions in Ref. [71]). In practice, one wants to avoid
these shear contributions, for example, through deeper quantum wells, gate designs that
minimize average shear strain, or materials with a smaller differential thermal expansion
coefficient.

9.3. QUBIT STATES AND OPERATIONS

The qubit states are encoded in the two-fold degenerate doublet, defined as |1, |). The
operation condition is visualised in Figure 9.2a, where by tuning the isotropic confine-
ment potential the g-factor g* can be tuned to zero. This typically requires to confine the
spin tightly. Unlike conventional Loss-DiVincenzo qubits and similar to exchange-only
qubits, the degeneracy ensures that our qubit has no dynamics during idling. Unlike
exchange-only qubits, however, our qubit has no leakage states since only a single dou-
blet is used and excited states are separated by more than 1 meV. Therefore, our design
combines the best of both worlds. To the best of our knowledge, there is no equivalent
encoding with a single particle in any quantum computing platform.

Single qubit operations Single qubit gates are enabled by small deviations from the
degeneracy condition (p%) = p3 ,+(p3), and ( pf,) = pf,, 2+ pf,) , thatlead to the standard
Hamiltonian

Hyg=bxox+byoy 9.8)

with by, = i%ﬂBBx’ym(/l <p?c,y>A -\ (pix)A) and neglecting out-of-plane tilts.
Using the layout shown in Fig. 9.1 a), (p2) and (pf,) can be individually and elec-
trically controlled, giving rise to arbitrary single qubit rotations. Orthogonal rotations
<p)2¢v)’)A _ A2
i, A
In Ge/SiGe quantum wells /A" ~ y3/y, ~ 4/3. Notably, a misaligned magnetic field in
the x, y-plane only affects the gate speed and not the rotation angle of the quantum gate.
Consequently, the fastest operations are achieved if B || [110] or B || [110]. We remark
that in realistic structures due to cross-capacitance coupling, orthogonal control might
require an additional calibration step [79] or sufficient virtualization [80]. In addition,

around the X, Y-axis can be realized by pulsing

as depicted in Figure 9.2b.

1A value of n = 0.42 was reported in Ref. [77] assuming symmetric biaxial strain.
2 Alternatively, rotations around the oy + oy-axes can be achieved by the condition (pf,) (BPA-A) = (B2A -
A)(p%) with f = By/By.
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Figure 9.2: Operation of the GS2 qubit. a. The Larmor vector can be scaled isotropically by isotropically
tightening the wavefunction confinement. Stronger confinement increases the g-factor, which eventually
crosses zero, inverts its sign, and grows in magnitude upon further confinement. The configuration at which
the g-factor vanishes defines the idle point, where no state evolution occurs. b. Single qubit gates are
performed by squeezing the wavefunction in opposite directions starting from the idle point. The wait times
t12 and t»3, during which the state evolves around the corresponding quantisation axes, can be calibrated to
yield an arbitrary rotation before pulsing back to the idle point. c. Initialisation and readout protocol using
g-tensor modulation to maximise the |00) — S(0,2) anticrossing.
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Figure 9.3: Schridinger-Poisson simulation using QTCAD [78]. a. Simulated device structure with the
indicated names of the gates. The GS2 qubit is made up of the gates C, L, R, T, B. Two additional gates at the
side (SL, SR) and a screening gate (SC) are also included. The simulated heterostructure resembles a typical

heterostructure used in experiment. The SiGe spacer has been increased from 55 nm to 60 nm to account for
the difference in effective height due to the emittance of an additional gate oxide. b. Mesh generated with
QTCAD. c. Confinement as function of the top gate for three different gate diameters (80, 100 and 120 nm).
The black dash line is the target confinement with the g-factor approaching zero. The solid line is a linear
regression with (kf,) =1.2x10m™2 +4.1x 10 m2v~1 Vg around the operation point at g* = 0 for 80 nm
gate diameter. d. Same as c., but sweeping V¢, V7 and Vp, all together. c., d. confinement potential at a given
voltage setting. e., f. wavefunction at the same given voltage settings.
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even with non-orthogonal rotation axes, arbitrary single-qubit gate can be calibrated
similar to the ones with hopping spin [19].

We have performed Schrodinger-Poisson simulations of a gate layout similar to
Fig. 1a) and a heterostructure as discussed in Ref. [19] to estimate the tunability of our
GS2 qubit. The simulated device and the extracted data can be seen in Figure 9.3. We
have simulated gate voltages ranging from zero to —0.65V. For more negative volt-
ages, the wave function escapes the quantum well. Generally, the simulated devices
with smaller gate diameter have a larger tunability over the wavefunction confinement.
Gate diameters of around 80 nm are therefore most promising in reaching an idle point
with g* = 0. Around the idle point, we estimate a local tunability of 4.1 x 10 m™2V~! Vg
around the operation point, which should be sufficient to obtain sizable Zeeman split-
ting upon pulsing.

Readout and initialization The GS2 qubit can be read out using conventional Pauli-
spin blockade (PSB) methods, where spin-selective charge transitions are observed.
While PSB readout is generally used to read out any quantum dot spin-qubit, the un-
blocked spin state depends on the interplay of the Zeeman and the exchange interaction
between spins in neighboring quantum dots. We distinguish three cases: i) For a uniform
magnetic field and a uniform g-tensor without spin-orbit interaction, the spin singlet
state |S) = (|10 —|01))/v/2 is unblocked. We call this PSB-S and is typically used for elec-
tron spin qubits without micromagnet, singlet-triplet, and EO qubits. ii) For magnetic
fields with a parallel gradient or a uniform magnetic field along a (common) principal
axis of the g-tensors without spin-orbit interaction, the [01) or |10) state is unblocked.
We call this the PSB-Z and is typically used for electron spin qubits with a micromagnet.
iii) For magnetic fields with an orthogonal gradient, a uniform magnetic field along a
(common) principal axis of the g-tensors, or spin-orbit interaction, the |11) is unblocked.
We call this the PSB-T and is typically implemented for hole spin qubits.

We conceive a two-step high-fidelity PSB readout and initialization protocol, which
is visualised in Figure 9.2c: i) We start from the idling position with g* = 0. ii) We elongate
the wave-functions such that they get closer and the tunnel coupling between the two
dots is increased. Ideally, we elongate them orthogonal to each other, such that we in-
crease the quantisation axis difference. iii) While tilting the two dots by sweeping the de-
tuning ¢ from the charge symmetry point at € = 0 towards the interdot transition at € > 0,
we additionally compress (stretch) the first (second) wavefunction such that b;‘ =~ —bf 3,
This ensures that we open the anti-crossing between the |00) and |Sy,) states even in the
presence of small spin flip tunnelling to ensure PSB-T.

In germanium, PSB-T readout and initialization protocols similar to our method
achieves high fidelities [81]. We further remark, that faster pulses with higher fidelity
can be achieved using optimal control, especially the QUAD protocol allows for consis-
tently high transfer fidelity [82-85]. Consequently, high-fidelity state initialization can
be achieved by reversing the upper protocol.

3In practice, maintaining the condition b4 = b)lf = 0 during the readout process might be challenging. The only
strict requirement for our protocol is to first turn on one axis and then maintain adiabaticity while turning on
the other parameter.
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Two qubitgates The two qubit gates are implemented similar to traditional spin qubits
using the exchange interaction originating from the wavefunction overlap [18, 48, 86,
871.

9.4. GS2 QUBIT IN PRACTICE

To demonstrate the GS2 qubit experimentally, a shift in quantum dot array design is re-
quired. Traditionally, spin qubit arrays use a single dedicated plunger and barrier gate
per site, which define the qubit potential and the coupling between sites. Typical plunger
gate diameters are between 100 and 130 nm [21, 88]. The numerical estimates in Fig-
ure 9.3 indicate that smaller gate diameters of 80 nm would be advantageous, with five
gates arranged in a cross pattern to define a single qubit. Although this increases the
number of gates per qubit site, the approach fits naturally with sparse-array concepts
and compares favourably to other encodings such as singlet triplet (S-T) and exchange-
only qubits, which require a similar number of gate electrodes. Unlike these qubits,
which operate exclusively in dense architectures, the GS2 qubit is inherently suited for
sparse layouts and is compatible with conveyor-mode shuttling. This flexibility enables
more efficient gate routing and reduces fabrication complexity at scale.

With these considerations, we propose the device shown in Figure 9.4a and b as a
first proof-of-concept. It consists of a linear array with three GS2 qubit sites (Q1, Q2
and Q3) and a 250 um-long conveyor with a repeating unit cell (x781). In the fanout,
the elements of each repeating unit cell are shorted together, such that only four control
lines are needed to operate the conveyor in a four phase scheme. A single-hole transistor
is placed at each end of the array for read-out. Because the coupons are cut along the
[110] crystallographic direction, the design must be rotated by 45 deg so that the GS2
qubit sites align along [100] and [010]. Ideally, this device allows the demonstration of:

1. tunability of the g-factor to zero at all three GS2 qubit sites
2. high-fidelity single-qubit gates by locally realigning the quantisation axis

3. high-fidelity initialization and read-out through the GS2 protocol, which controls
the anticrossing between the |00) and |Sy,) states

4. high-fidelity two-qubit gates
5. compatibility with conveyor-mode shuttling
6. spatial evaluation of strain effects on the g-factor

7. tunability of the g-factor at all three GS2 sites large enough to, in principle, tune all
g-factors obtained in the conveyor to zero

8. coherent shuttling across a macroscopic distance (optional)
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Figure 9.4: GS2 device and architecture, a. Proof-of-concept device to realise a GS2 qubit including three
qubit sites and a coveyor. b. AFM image of a fabricated proof-of-principle device. The image is rotated by
45 deg since coupons are cut along the [110] crystallographic direction. c. GS2 architecture with unit cells
consisting of four GS2 qubit sites each and a sensor in its centre. GS2 qubit unit cells are arranged on a grid
and connected through a conveyor network.
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9.5. GS2 QUBIT ARCHITECTURE

The most basic GS2 qubit architecture is shown in Figure 9.1a, featuring a dense array
of GS2 qubits with sensors indicated at the periphery. For near-term devices, this layout
yields the highest qubit count and supports coupling to up to four nearest neighbours.
Its main limitations for further scaling are the required gate density and the absence of
shuttling. The ability to shuttle spin qubits increases connectivity and enables the use
of dedicated operation zones, where qubit gates, initialization and read-out can be per-
formed depending on the zone type. As a result, shuttling offers much greater flexibility
in quantum processor unit design. We therefore propose an alternative GS2 architec-
ture shown in Figure 9.4c. It consists of a unit cell containing one sensor and four GS2
qubits, arranged in a sparse grid. This ensures sufficient separation between qubits such
that chip-level crosstalk is strongly suppressed. Each unit cell is surrounded by a con-
veyor network that links all cells. In this scheme, every GS2 qubit can be initialized and
read out locally while retaining full algorithmic flexibility through high connectivity en-
abled by shuttling. The conveyor network can be operated largely through shared con-
trol, while some degree of multiplexing is envisioned for the unit cells. A module may
contain n x m such cells, with modules interconnected by long-distance shuttling lanes.
This would make it possible to place cryogenic control electronics directly on the chip,
as proposed in [89]. The architecture is flexible with respect to gate electrode density and
requires only baseband pulses for full control. We therefore expect that this proposal can
serve as a guiding blueprint for scaling the GS2 qubit beyond the initial proof-of-concept
device.

9.6. CONCLUSION

We have introduced the GS2 qubit, a qubit encoding without the need for complex con-
trol electronics, that can be controlled fully using only baseband pulses, possess no no-
ticeably leakage states, and allows fast and high-fidelity qubit gates. Our encoding fully
leverages the potential of hole qubits and spin-orbit interaction through the g-tensor.
Remarkably, our qubit can be implemented in state-of-the-art materials. This makes the
GS2 qubit a truly promising encoding to realize a large-scale quantum processor.
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CONCLUSION

"Da steh ich nun, ich armer Tor, und bin so klug als wie zuvor!" [1]
"And here, poor fool, I stand once more, no wiser than I was before!"

Dr. Heinrich Faust in Johann Wolfgang von Goethe’s Faust. Der Tragddie erster Teil
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T is encouraging to see the field advance, yet many scientific questions about the oper-
I ation of hole spin qubits in germanium remain unresolved. A natural continuation of
the current work is a systematic study of g-tensor variability as well as proof-of-concept
demonstrations of extended sparse arrays and shuttling-based qubit operations. Beyond
these directions, research into novel and improved qubit encodings and control schemes
will become increasingly relevant and will likely delineate the roles of industrial R&D and
academic groups. Industrial efforts will rather concentrate on established approaches
such as single-spin qubits with microwave control and exchange-only qubits. These ap-
proaches still present significant challenges, which leaves ample space for academic re-
search to contribute at the leading edge and to pursue more exploratory concepts.

10.1. G-TENSOR

Despite this progress, mastering the g-tensor remains one of the central obstacle to
achieving truly large-scale quantum computation with germanium spin qubits. While
experimental studies at scale are still missing, it appears reasonable that much of the
spin qubit variability can be assigned to variability in the g-tensor [2-4]. Therefore a
solid understanding of its emergence and variability are critical. Improvements in the
material platform should go hand-in-hand with wafer scale g-tensor variability studies.
The main barrier to such a study is the substantial overhead in qubit characterisation.
A wafer scale investigation will require automated calibration and device tune-up be-
yond the level that is feasible today. It remains unclear to what extent the g-tensor can
be predicted and matched, and it is likely to remain a major research question for the
foreseeable future.

10.2. ADVANCING SCALABILITY

Scalability sits at the centre of all economic efforts toward large-scale quantum comput-
ing [5]. Yet the range of associated challenges is so broad that almost any incremental
result can be framed as a step toward scalability, even when it neglects or contradicts
other fundamental requirements. This risks turning the term into an empty label, in-
voked constantly but never truly realised. In practice, genuine scalability is a final objec-
tive relevant primarily to industry, and it is uncertain whether a fully scalable system can
be engineered at economically acceptable cost. Ultimately, this question will depend on
the willingness of governments, shareholders and venture capital to sustain long-term
investment in the technology.

Academic research can and should address aspects of scalability, but with a clear
understanding of the limitations and the specific facet being targeted. Many of these
facets demand pushing far beyond what is currently feasible. It is essential to remain
explicit about these limits and about how far each aspect can realistically be advanced.

On the device level, scaling challenges include g-tensor variability [2-4], noise, qubit-
gate crosstalk, the number of required (individual) control lines per qubit [6], and the
complexity of control pulses. On the fabrication side, the issues extend to gate pitch,
routing density and the complexity of the back-end-of-line [7, 8]. Beyond fabrication
lies the challenge of controlling the array itself. Current approaches rely heavily on arbi-
trary waveform generators and external microwave sources, which do not scale beyond
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small arrays. Dedicated cryo-CMOS hardware capable of handling most of the classical
logic is therefore essential [8, 9]. Existing demonstrations remain limited in flexibility
[10, 11], but increased industrial involvement and convergence toward a small set of ar-
chitectures will facilitate further development.

Additional system-level constraints also matter, including the removal of bulky
solenoid magnets [12], simplified cabling, reduced power consumption and increased
refrigerator cooling power. The dominant challenge will be to address all these issues
simultaneously and integrate them into a coherent and viable architecture.

10.3. GAPLESS SPIN QUBIT

After experiencing many of the challenges myself in over 4 years working in the field, the
proposal of the gapless spin qubit in chapter 9 [13] constitutes a very promising direc-
tion in addressing many of the operation and scalability issues. If the encoding works as
predicted, it opens up a lot of opportunities that can simplify operation and deal with
variability. A first step should be to realise an experimental proof-of-concept, and eval-
uate the g-tensor variability across the tens of micrometre range.

10.4. SPIN QUBITS AT CROSSROADS

While the underlying physics is compelling and the ability to manipulate a single fun-
damental particle remains remarkable, spin qubits have reached technological cross-
roads. Scaling beyond few-qubit devices in an academic setting is not realistic, because
academic institutions are not structured for sustained, large-scale device development
that requires continuous and substantial engineering workforce. For many years, the
dominant bottleneck in the field was reliable device fabrication with acceptable yields.
A major shift occurred when industrial (and semi-industrial) actors such as Intel, HRL
Laboratories and imec entered the field [14-16]. Intel, the most prominent example, has
been active since 2015 [17]. After a decade, Intel is slowly advancing device technology to
a point unreachable for academia, including the fabrication of a 12-dot linear array in a
300-mm line [14] and even larger devices shown at conferences. This progress is encour-
aging, yet their experimental demonstrations lag behind, particularly when compared
to other quantum hardware platforms.

Similarly, after years of development, imec-based devices are beginning to show
strong performance. In collaboration with imec, Diraq, an Australian quantum start-
up, recently demonstrated high-fidelity operation across all relevant metrics [18]. The
limitation is that the results were obtained on four double quantum dot devices, which
are comparatively simple to operate and can host at most two qubits. While relevant and
encouraging, this highlights a shift in the core bottleneck. As industrial fabrication im-
proves and larger devices become available, the limiting factor is increasingly the ability
to control these arrays at scale.

The next years will be critical for implementing and validating control strategies for
large spin qubit systems that go significantly beyond the numbers we see today in the
spin qubit community. It is exciting times seeing industrial efforts ramping up. It will be
interesting to see how industrial fabs and start-ups are going to scale their operation, and
how the economic landscape evolves. In particular, the emergence of Groove Quantum,
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which has spun out of TU Delft and is working exclusively on the Germanium platform,
is exciting.
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SUMMARY

Is spin-orbit coupling a blessing or a curse? For the operation of spin qubits, the answer
to this seemingly simple question is far from obvious. It provides convenient control
mechanisms that are difficult to predict with precision, which leaves it unclear whether
s-type electrons or p-type holes offer a simpler route to engineering quantum processing
units.

At the start of my PhD, holes in germanium had only just established themselves
as a promising alternative to electrons in silicon [1-5]. Prior experiments demonstrated
that proof-of-principle quantum processors are feasible in germanium heterostructures,
showing that spin-orbit interactions are not detrimental to device performance but can
even be an important asset. While the potential of germanium quantum devices was
clear, a pathway for scaling them up and a solid physical understanding of their be-
haviour were still missing.

Subsequent theoretical work [6-9] and experimental progress [10-13], including
chapter 6, 7 and 9 of this thesis, have substantially advanced our understanding of hole
spin qubit devices in germanium. The concept of spin quantisation axes has proved par-
ticularly effective in interpreting shuttle-induced dynamics and relating the g-tensor to
spin evolution. This enabled hopping-based, high-fidelity single-qubit gates and the ex-
ploration of a ten-qubit array in chapter 6. In chapter 7, we tuned a ten-qubit array across
several charge configurations, identified their driving mechanisms, and found promis-
ing operation points that support more reliable and local control at scale. Improved in-
sight into the g-tensor also opened pathways to new qubit encodings and manipulation
schemes, one of which is presented in chapter 9. Additional side gates shape the wave
function and thereby tune the g-tensor, enabling access to distinct operation regimes.
Experimental validation is ongoing.

Motivated by scalability challenges in large arrays, chapter 4 examines bichromatic
driving, where two microwave signals applied to orthogonal lines locally mix to drive
the qubit. This operation scheme is specifically designed for architectures with shared
control lines. In chapter 5, a unit cell of such a shared control architecture has success-
fully been realised by showcasing the charge tune-up of a quantum dot array with shared
control lines. While we brought the full array into the odd-charge configuration for the
first time, device variability prevented progress toward qubit operation. In chapter 8, we
explored qubit performance using an external magnet placed outside the dilution refrig-
erator. Despite the initially counter-intuitive idea of operating highly anisotropic spin
qubits with a permanent magnet, we show that sufficient in- and out-of-plane tunabil-
ity exists to reach favourable operating regimes, improve coherence times, and simplify
system hardware.

In summary, we have demonstrated that spin-orbit coupling enables a wide range
of opportunities for high-fidelity qubit control, from hopping-based gates to g-tensor
engineering. We advanced germanium spin qubit devices from four-qubit systems to a

253



254 SUMMARY

ten-qubit array, while also identifying and applying strategies to further enhance scal-
ability. Germanium hole spin qubits controlled through intrinsic spin-orbit interac-
tion remain at the forefront of scientific and technological advancement in the field of
semiconductor-based quantum processing units.



SAMENVATTING

Is spin-baan-koppeling een zegen of een vloek? Voor de werking van spinqubits is
het antwoord op deze schijnbaar eenvoudige vraag allesbehalve duidelijk. Spin-baan-
koppeling biedt handige controlemogelijkheden die moeilijk nauwkeurig te voorspellen
zijn, waardoor onduidelijk blijft of s-type elektronen of p-type gaten een eenvoudigere
route vormen voor het ontwikkelen van kwantumprocessoreenheden.

Aan het begin van mijn PhD hadden gaten in germanium zich nog maar net geves-
tigd als een veelbelovend alternatief voor elektronen in silicium [1-5]. Eerdere exper-
imenten toonden aan dat proof-of-principle kwantumprocessors haalbaar zijn in ger-
maniumheterostructuren en dat spin-baan-interacties niet schadelijk zijn voor de appa-
raatprestaties, maar juist een belangrijk voordeel kunnen bieden. Hoewel het potentieel
van germaniumkwantumapparaten duidelijk was, ontbraken een opschaalbare route en
een solide fysisch begrip van hun gedrag.

Vervolgwerk op theoretisch gebied [6-9] en experimentele vooruitgang [10-13],
waaronder chapter 6, 7 en 9 van dit proefschrift, hebben ons begrip van gatenspinqubits
in germanium aanzienlijk verdiept. Het concept van spin-kwantisatieassen bleek bij-
zonder effectief voor het verklaren van shuttle-geinduceerde dynamica en het koppe-
len van de g-tensor aan spin evolutie. Dit maakte hopping-gebaseerde, hoog-fideliteit
enkelqubitpoorten mogelijk en de verkenning van een tienqubitaray in chapter 6. In
chapter 7 stemden we een tienqubitaray af over meerdere ladingsconfiguraties, iden-
tificeerden we hun aandrijfmechanismen en vonden we gunstige werkpunten die be-
trouwbaardere en lokaal schaalbare controle ondersteunen. Verbeterd inzicht in de g-
tensor opende ook nieuwe routes naar qubit-encoderingen en manipulatieschema’s,
waarvan er een wordt gepresenteerd in chapter 9. Extra zijgates vormen de golffunctie
en stemmen daarmee de g-tensor af, wat toegang geeft tot verschillende werkregimes.
Experimentele validatie is nog aan de gang.

Gemotiveerd door schaalbaarheidsuitdagingen in grote arrays onderzoekt chap-
ter 4 bichromatische aandrijving, waarbij twee microgolfsignalen op orthogonale lijnen
lokaal mengen om de qubit aan te sturen. Dit schema is specifiek ontworpen voor archi-
tecturen met gedeelde controllijnen. In chapter 5 is een eenheidscel van zo'n gedeelde-
controlearchitectuur succesvol gerealiseerd door de ladingsafstemming van een quan-
tumdotarray met gedeelde controllijnen te demonstreren. Hoewel we de volledige ar-
ray voor het eerst in de oneven-ladingsconfiguratie brachten, verhinderde apparaat-
variabiliteit verdere vooruitgang richting qubitwerking. In chapter 8 onderzochten we
qubitprestaties met een externe magneet buiten de verdunningskoelkast. Ondanks het
op het eerste gezicht contra-intuitieve idee om sterk anisotrope spinqubits met een per-
manente magneet te bedienen, laten we zien dat er voldoende instelbaarheid in en uit
het vlak bestaat om gunstige werkregimes te bereiken, de coherentie te verbeteren en de
systeemhardware te vereenvoudigen.

Samengevat hebben we aangetoond dat spin-baan-koppeling een breed scala
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aan mogelijkheden biedt voor hoog-fideliteit qubitcontrole, van hopping-gebaseerde
poorten tot g-tensor-engineering. We hebben germaniumspinqubits ontwikkeld van
vierqubitsystemen tot een array van tien qubits, terwijl we ook strategieén hebben
geidentificeerd en toegepast om de schaalbaarheid verder te vergroten. Germanium
gatenspinqubits die worden aangestuurd via intrinsieke spin-baan-interactie blijven de
voorhoede vormen van wetenschappelijke en technologische vooruitgang op het gebied
van halfgeleidergebaseerde kwantumprocessoreenheden.



DATA AVAILABILITY

The PhD thesis is accompanied by a research data collection published on the 4TU plat-
form under the following DOI: 10.4121/cc3cb254-6a92-4776-8117-cbfec2604212.v1. It
links to the accompanying research data and underlying code of each chapter. The cor-
responding datasets are also given in the following table.

Chapter Repository DOI
4 10.4121/bb43fe1d-f503-49e8-9f17-ce7d734f015d
10.5281/zenodo.8083119
10.4121/158ba07a-4375-4c17-bf7b-289726f5452a
10.4121/5ee5b0d3-e838-478e-990d-02c50b75eeab
10.4121/eb6053c1-e70c-401c-914e-576e612869a5
10.5281/zenodo.17137077

<] Noc] IEN] Ner) &)

Table 10.1: The data repositories of individual chapters.
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EDITORIAL METHODS

This PhD thesis has been edited using generative Al tools such as ChatGPT following the
editorial policies of Springer Nature as in place in December 2025 (see https://www.
nature.com/nature-portfolio/editorial-policies/ai).
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years and I have to admit that they are almost as cool as the experimentalists. In par-
ticular Edmondo and Chris, the 'Social Maxists’, who are noisy on one hand but funny
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natiirlich meine Schwester Marina. Es macht immer Spall, wenn du da bist, egal ob
wir gemeinsam shoppen gehen oder an den Strand fahren. Ich wiinschte, wir kénnten
uns héufiger sehen. Auch mochte ich meiner Halbschwester Melanie danken, deren
Ratschldge zur Uni ich mir immer zu Herzen genommen habe. Ich bin sehr gliicklich,
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