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SUMMARY

The field of quantum simulations promises to tackle formidable problems which are in-
accessible to classical computers due to their complexity. These questions range from
the simulation of many-body effects in materials and fundamental questions of physics,
to the exact calculation of chemical and biological processes. A possible way to tackle
these problems is through the use of analog quantum simulators, a class of controllable
quantum systems in which the underlying Hamiltonian is directly mappable to the prob-
lem of interest. Combined with a high degree of control and tunability over individual
parameters, analog quantum simulators promise to reach practicality already at inter-
mediate device scales, without the need for scaling up to the hundreds of thousands of
sites necessary for their digital counterparts.

In this thesis, we study gate-defined semiconductor quantum dot arrays as a possible
candidate for analog quantum simulators. Semiconductor quantum dots have become
an attractive system for quantum technologies given their small footprint, fast opera-
tion, long coherence times and individual and in-situ tunability of couplings and on-site
energies. Additionally, the system is natively described by the Fermi-Hubbard Hamilto-
nian, a complex many-body Hamiltonian which is predicted to give rise to a variety of
interesting phases of matter. This makes quantum dot arrays a promising platform for
many-body quantum simulations. However, scaling beyond a few quantum dots while
maintaining a high degree of controllability has remained a long-standing challenge for
the field.

In this thesis, we study a 2×4 quantum dot array of Ge/SiGe quantum dots as an
analog quantum simulator, exploring the emergence of correlated spin and charge phe-
nomena. With the quantum dots arranged in a ladder geometry, this device constitutes
one of the first two-dimensional realizations of quantum dot arrays. After introducing
the relevant theoretical and experimental concepts, we showcase the experimental sim-
ulation of two different types of quasiparticles and their dynamics, each emerging in
a different parameter regime of the Fermi-Hubbard model. First, we look at the cre-
ation and transport of electron-hole pairs or excitons. Here, we crucially exploit the exis-
tence of strong Coulomb repulsion between both legs of the quantum dot ladder. Subse-
quently, we explore the dynamics of single-spin and two-spin excitations as they evolve
through the array. These so-called magnon and triplon excitations propagate thanks to
nearest-neighbor exchange interactions which we can locally and independently tune
over a large range of parameters. This is achieved thanks to a novel scheme of crosstalk
compensation which we develop and showcase in this thesis. In the last chapter, we
summarize our findings, discuss challenges going forward and provide a variety of pos-
sible experiments which could be attainable with current state-of-the-art quantum dot
quantum simulators.
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SAMENVATTING

Het vakgebied van kwantumsimulaties belooft formidabele problemen aan te pakken
die vanwege hun complexiteit ontoegankelijk zijn voor klassieke computers. Deze vraag-
stukken variëren van de simulatie van veeldeeltjeseffecten in materialen en fundamen-
tele vragen uit de natuurkunde tot de exacte berekening van chemische en biologische
processen. Een mogelijke manier om deze problemen op te lossen is door gebruik te
maken van analoge kwantumsimulatoren, een categorie van bestuurbare kwantumsys-
temen waarvan de onderliggende Hamiltoniaan direct kan worden toegepast op het pro-
bleem van interesse. In combinatie met een hoge mate van besturing en instelbaarheid
van individuele parameters beloven analoge kwantumsimulatoren reeds nuttig toepas-
baar te zijn op gemiddelde systeem grootten, zonder dat opschaling naar de honderd-
duizenden eenheden nodig is die vereist zijn voor hun digitale tegenhangers.

In dit proefschrift bestuderen we door elektrodes gedefineerde halfgeleider kwan-
tumpunt roosters als een mogelijke kandidaat voor analoge kwantumsimulatoren. Half-
geleider kwantumpunten zijn uitgegroeid tot een aansprekelijk systeem voor kwantum-
technologieën vanwege hun kleine voetafdruk, snelle manipulatie, lange coherentie tijd
en de individuele en ter plekke instelbaarheid van koppelingen en lokale energieniveaus.
Daarnaast wordt het systeem van nature beschreven door de Fermi-Hubbard Hamilto-
niaan, een complexe veeldeeltjes Hamiltoniaan waarvan voorspeld is dat deze leidt tot
een verscheidenheid aan interessante fasen van materie. Dit maakt kwantumpunt roos-
ters tot een veelbelovend platform voor veeldeeltjes kwantumsimulaties. Echter is het
opschalen voorbij een enkele aantal kwantumpunten met behoud van een hoge mate
van bestuurbaarheid een langdurige uitdaging gebleven binnen het vakgebied.

In dit proefschrift bestuderen we een 2×4 kwantumpunt rooster van Ge/SiGe kwan-
tumpunten als analoge kwantumsimulator, een verkenning van het ontstaan van gecor-
releerde spin- en ladingsfenomenen. Met de kwantumpunten gerangschikt in een ladder
configuratie vormt dit systeem een van de eerste tweedimensionale realisaties van kwan-
tumpunt roosters. Na het introduceren van de relevante theoretische en experimentele
concepten demonstreren we de experimentele simulatie van twee verschillende typen
quasideeltjes en hun dynamica, die elk ontstaan in een ander parameter bereik van het
Fermi-Hubbard model. Eerst onderzoeken we de creatie en het transport van elektron-
gat paren, oftewel excitonen. Hierbij is het cruciaal dat we gebruik maken van van het
bestaan van sterke Coulomb afstoting tussen beide poten van de ladder. Vervolgens ver-
kennen we de dynamica van enkele spin en twee spin excitaties terwijl deze zich door de
array bewegen. Deze zogenoemde magnon en triplon excitaties propageren dankzij ver-
wissel interacties, die we lokaal en onafhankelijk kunnen instellen over een groot bereik
van parameters. Dit wordt mogelijk gemaakt door een nieuwe methode voor het com-
penseren van crosstalk die we in dit proefschrift ontwikkelen en demonstreren. In het
laatste hoofdstuk vatten we onze bevindingen samen, bespreken we toekomstige uitda-
gingen en presenteren we een reeks mogelijke experimenten die haalbaar zouden kun-

xiii



xiv SAMENVATTING

nen zijn met de huidige meest geavanceerde kwantumsimulatoren uit kwantumpunt
roosters.



1
INTRODUCTION

I understand now that boundaries between noise and sound are conventions. All
boundaries are conventions, waiting to be transcended. One may transcend any

convention if only one can first conceive of doing so.

David Mitchell, Cloud Atlas (2004)
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2 1. INTRODUCTION

1.1. ONE HUNDRED YEARS

It is through the cracks of old theories that scientific revolutions are born. Exactly one
hundred years ago, Werner Heisenberg published his seminal work in which he pro-
posed a radically different mathematical structure of physics [1]. His work was followed
by Schrödinger’s [2], where he wrote down the famous equation that now bears his name.
These papers laid the foundation of a ground-breaking theory to describe the behavior of
the smallest particles in nature, the constituents of matter: quantum mechanics. These
one hundred years have not only brought about a paradigm shift in our understanding
of the world, but have enabled a technological revolution that has shaped our lives.

Today, as we celebrate the International Year of Quantum Science and Technology
[3], and as quantum technologies become more discussed in society than ever before, it
is insightful to look at where we have come from, before delving into the actual subject
of this thesis.

1.1.1. HOW IT ALL STARTED

Quantum mechanics emerged as a consequence of the failure of classical laws of me-
chanics, optics and electromagnetism to account for a handful of experimental observa-
tions, which puzzled scientists at the end of the 19th and beginning of the 20th century
[4]. Concretely, it was Max Planck who laid the foundation of the field in the year 1900, by
successfully modeling the sun’s black body radiation spectrum [5]. A key for this finding
was the quantization of light into wave packages of energy E = hν, with ν the frequency
of the light and h the Planck constant. This idea, that light was emitted and absorbed in
energy packages, was hard to reconcile with the traditional laws of physics.

Subsequently, Albert Einstein applied this quantization hypothesis to explain two
so far unaccounted phenomena: the photoelectric effect [6] and the specific heat of
solids at low temperatures [7]. Quantization was also applied later by Bohr in his famous
atomic model [8], which successfully predicted the spectral emission of hydrogen by as-
serting that electrons could only orbit the atomic nucleus at specific, quantized energy
orbits. The emerging, unintuitive duality between the wave and the particle descriptions
of light became even more explicit with de Broglie’s work, where also fundamental par-
ticles like electrons are described as matter waves [9]. Following up on these ideas, the
Schrödinger equation [2] was proposed: a wave equation which describes the evolution
in space and time of an objectΨ(x, t ), known as the state vector or the wavefunction, as:

iħ ∂

∂t
Ψ(x, t ) = ĤΨ(x, t ), (1.1)

with i the imaginary unit and ħ = h
2π the reduced Planck constant. The object Ĥ ,

known as the Hamiltonian, summarizes the system’s kinetic and potential terms into a
matrix, turning the search for a system’s energy and other relevant physical quantities
into an eigenvalue problem. The importance of this equation, as one of the most funda-
mental and useful discoveries of quantum physics, cannot be overstated. In the context
of this thesis, it plays a key role in understanding all quantum-mechanical phenomena
which will be discussed.
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1.1.2. WHAT DOES IT ALL really MEAN?
What followed from that first quarter of a century was a bittersweet victory. On the one
hand, the new theory was successful in the description of many puzzling, classically for-
bidden experiments. On the other hand, the prize to pay was large: the introduction
of radically new concepts that led to a completely different account of physics, often in
full opposition to the classical theories. Indeed, quantum mechanics is strange by all
accounts. It describes an unintuitive world in which the state of physical objects has to
be described as a superposition of different, a priori contrary states. The result of this
superposition is classically forbidden and quite challenging to imagine. Furthermore, it
states that two or more quantum mechanical particles can be linked into some sort of
joint entity, where they are not only individually in a superposition of several states, but
where the state of one particle depends on the state of the other. This quantum entan-
glement seems to defy the laws of locality, so cherished by physicists like Einstein [10],
or forces a non-realist description of nature [11].

THE SPIN

Take, for instance, the spin: a quantum-mechanical, magnetic property which is inher-
ent to elementary particles and which results in a quantized, tiny magnetic moment.
Electrons or protons, among other so-called spin- 1

2 particles, carry a spin that can only

take two values with respect to an external magnetic field B⃗ : aligned with B⃗ or spin-
up (|↑〉), and anti-aligned with B⃗ or spin-down (|↓〉). Although only these two states are
allowed, the laws of quantum mechanics allow for the particle’s wavefunction to be in
a superposition of both spin-up and spin-down. States like 1p

2
(|↑〉+ |↓〉), as depicted in

Fig. 1.1a, are not only allowed but fundamental in describing the behavior of electrons in
real solids, and of paramount importance for the subsequent chapters of this thesis. Ad-
ditionally, two interacting electrons form a so-called singlet as the state with the lowest
energy, their ground state. A singlet is an entangled state of the form:

|ψ〉 = 1p
2

(|↑↓〉− |↓↑〉) , (1.2)

where the state of one particle cannot be described without the other, the total wave-
function forming a joint superposition between the two possible, antiparallel spin states
|↑↓〉 and |↓↑〉.

PARADOXES AND INTERPRETATIONS OF QUANTUM MECHANICS

Quantum theory brings about a handful of paradoxes. Why don’t we observe macro-
scopic superpositions of classical objects, such as Schrödinger’s famous cat [12]? Where
is the boundary between the classical and the quantum world? What occurs during a
measurement? In an attempt to settle (or quieten) these questions, many scientists like
Bohr, Dirac, Heisenberg and Schrödinger brought forward the so-called Copenhagen in-
terpretation of quantum mechanics [13] in 1927. It is, in a way, an agnostic framework: it
deems questions about the microscopic reality of things meaningless. At the same time,
it does ascribe reality to measured values, leading to the widespread notion of wavefunc-
tion collapse, where the state of a quantum mechanical system gets instantaneously re-
duced to one of the possible outcomes upon a measurement (Fig. 1.1c).



1

4 1. INTRODUCTION

or
|↓〉

|↑〉

|↓〉|↑〉

1√
2
(|↑〉+ |↓〉)

1√
2
(|↑↓〉 − |↓↑〉)

a b c

Figure 1.1: Spins and quantum mechanics. (a) The spin of an electron can be pointing in two directions:
up (|↑〉) or down (|↓〉). Quantum mechanics additionally allows any superposition of both up and down, for
example the state 1p

2
(|↑〉+ |↓〉). (b) Two spins can form an entangled state when they interact, for example the

singlet state 1p
2

(|↑↓〉− |↓↑〉). (c) An experimentalist who intends to observe a spin in superposition will only

retrieve one of its individual states, with a probability given by square of the absolute value of the pre-factor in
the superposition (in this case 50 % for both |↑〉 and |↓〉.)

Unsatisfied with the answers that the Copenhagen interpretation brought forward,
a plethora of other interpretations have emerged over the years, all with their strengths
and weaknesses. From the existence of many worlds [14], particles following well-defined,
but non-local trajectories [15], and waves traveling back in time [16] to corrections to
the Schrödinger equation [17] or relational accounts of physical reality [18]: All these
interpretations emerge to solve the questions and paradoxes left unanswered by the
standard interpretation of quantum mechanics, but themselves pose other conceptual,
philosophical and practical difficulties.

What definitely emerged after one hundred years of physical and philosophical de-
bates is perhaps one of the most perplexing paradoxes of quantum mechanics. Namely,
that it is on the one hand one of the most successful theories ever posited in science,
while on the other hand it leaves us quite in the dark about physical reality. That, while
being a theory that has greatly advanced our scientific understanding, it also seems to be
declaring a hard and perhaps unavoidable limit to science itself: That it might just never
be possible to discern what is really going on in the microscopic world; and that an ex-
perimental observer, by the very process of observation, becomes inextricably linked to
the system it is trying to account for. Suddenly, questions about the state of reality, rooted
in the understanding of scientific realism, might be something completely outside of the
scope of experimental science.

1.1.3. QUANTUM PRACTICALITY

But fear not! All of this does not matter, at least for all practical purposes. Perhaps the
most widespread approach to quantum mechanics is the so-called "Shut up and cal-
culate!" [19] method: To follow quantum physics as a recipe to predict the outcome of
experiments, without caring too much about the actual philosophical and physical in-
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consistencies that the theory bears. This approach has worked remarkably well1, in that
it has enabled some of the most significant technological developments of the 20th cen-
tury.

As an example, the invention of the now ubiquitous laser [20] would not be con-
ceivable without Einstein’s equations for stimulated emissions [21]. The development
of band theory [22, 23] allowed for the discovery of semiconductors [24]. Semiconduc-
tors themselves have led to the discovery of solar cells, light-emitting diodes and no-
tably transistors [25], which themselves are the key enablers of classical processors and
computers. Our understanding of atomic physics and light-matter interaction has also
enabled significant advances in medicine, such as magnetic resonance imaging [26].

The era of technological development that followed the discovery of quantum physics
is currently known as the first quantum revolution [27]. All these technological ad-
vances, such as the ones outlined above, stem from the understanding of the collective
behavior of quantum mechanical particles, such as electrons in solids or photons in a
laser cavity. In contrast, the manipulation of single quantum mechanical objects, as well
as the explicit use of quantum entanglement as a resource, were long standing techno-
logical challenges – until the second quantum revolution was kick-started.

1.1.4. QUANTUM TECHNOLOGIES IN THE CONTEMPORARY ERA
Today, when we speak of quantum technologies, we refer to technology which is based
on the control of individual quantum mechanical objects to achieve an advantage over
their classical counterparts. In this context, we distinguish three key technologies: quan-
tum sensing, quantum communication and quantum computing.

In quantum sensing [28], the sensitivity of quantum mechanical objects to perturba-
tions of their environment is harnessed to measure small external quantities like elec-
tric or magnetic fields. Quantum communications [29] attempts to use entanglement
as a resource to achieve secure communication between distant nodes and distribute
quantum information, for instance aiming to enable a so-called quantum internet. In
quantum computing [30], a system of controllable quantum objects is used to compute
problems which are intractable for regular, classical computers. One important sub-field
of quantum computing are quantum simulations [31, 32], for which we utilize a control-
lable quantum system to simulate the behavior of real physical systems. It is the latter
that the work carried out in this thesis focuses on, and which will be the focus of the
following section.

1.2. QUANTUM COMPUTING AND SIMULATIONS WITH QUAN-
TUM DOTS

1.2.1. THE SEARCH FOR A QUANTUM COMPUTER
A quantum computer [30] is a machine which exploits the quantum-mechanical prop-
erties of superposition and entanglement to run quantum algorithms. These quantum

1It is important to remark that this approach fails greatly in the process of science communication. The temp-
tation to avoid the open questions of quantum foundations very often leads to talks with poor, incomplete
or plain wrong statements about the quantum world. The general public should be let in into not only the
successes, but also the challenges that this remarkable theory entails!
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algorithms offer efficient ways of solving certain problems for which no good, classical
algorithm has been found. The computation of such problems could enable a number
of exciting advances in the fields of materials sciences, quantum chemistry, optimiza-
tion or cryptography, to name a few [33]. While many small quantum computing units
or quantum processors exist to date, and while some instances of quantum speedup
or quantum advantage have been shown in several experiments [34, 35], to date no
quantum computer has achieved to run any useful task. This goal, coined quantum
practicality, is the holy grail of quantum computing research. Current state-of-the-art
quantum processors, being limited by their size and noise levels, are often named "noisy,
intermediate-scale quantum" or NISQ [36] devices. The opposite case, where a quantum
machine is able to run all sorts of quantum algorithms and where computational errors
can be efficiently corrected, would be considered a universal, fault tolerant quantum
computer.

THE QUBIT

The main ingredient to develop a quantum computer is a qubit: a quantum mechani-
cal two-level system which can encode two logical states, |0〉 and |1〉, analogous to the
classical "bit" states 0 and 1. Many candidates have been proposed and measured over
the last two decades, including superconducting qubits [37], trapped ions [38], neutral
atoms [39], photons [40], topological qubits [41], color centers [42], or semiconductor
quantum dots [43], to name a few. The spin of an electron is an intuitive example of
qubit encoding: The spin states |↑〉 and |↓〉 as depicted above and in Fig. 1.1 are a well-
defined two-level system which could serve as a natural realization of the qubit states |0〉
and |1〉.

THE DIVINCENZO CRITERIA

Additionally, a good candidate for a quantum computer should fulfill a series of require-
ments known as the DiVincenzo criteria [44]. Apart from the existence of well-defined
qubits, a quantum computer should allow for the following operations:

• The initialization of a well-defined initial state prior to the computation. An ex-
ample would the the state where all spins are down: |↓↓ ... ↓〉 = |00...0〉,

• The manipulation of the state of qubits using a universal set of quantum gates. Of-
ten, we can limit ourselves to single- and two-qubit gates, where the former modi-
fies the state of individual qubits (e.g. bring |↓〉 to 1p

2
(|↑〉+ |↓〉)), and the latter mod-

ifies the entanglement between two qubits (e.g. bringing |↓↑〉 to 1p
2

(|↑↓〉− |↓↑〉)),

• The ability to measure or read out the state of the qubits,

• The ability to retain the quantum state of the qubits for times much longer than
the computation time (i.e. long coherence times), and

• The ability to scale up to a number of qubits large enough to perform useful quan-
tum computation.

In this thesis, we focus on one type of quantum-mechanical system: spins in semi-
conductor quantum dots.
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Figure 1.2: Schematics of the Ge/SiGe heterostructure used to define quantum dots for this work. Charges are
first confined to a two-dimensional plane near the top interface of a Ge quantum well. A stack of metallic gates
is used to further modulate the electrostatic potential by applying voltages. Under the negatively changed
gates, positively charged hole can accumulate, forming quantum dots with tunable amount of charges and
interactions.

1.2.2. SEMICONDUCTOR QUANTUM DOTS

A quantum dot is a structure which confines particles in all three spatial directions, in
order to exploit their optical, electrical or magnetic properties. These zero-dimensional
structures can be achieved in multiple ways: from colloidal and self-assembled nanopar-
ticles, to electrostatically defined dots using metallic electrodes (or gates) in combina-
tion with nanowires or planar structures [45].

In this work, we make use of a planar heterostructure made of the semiconductors
silicon (Si) and germanium (Ge) (see Fig. 1.2). By varying the material composition
as a function of height, charges are confined to a two-dimensional plane in a so-called
quantum well. Furthermore, the electrostatic potential is modulated using voltages on
small gate electrodes patterned on top of the heterostructure, allowing to define the re-
gions where the charges accumulate. For this reason, we refer to these quantum dots as
gate-defined. The number of charges within a quantum dot, as well as their interaction
strengths, can be precisely controlled using voltages (see more information on sections
3.1 and 3.4).

The idea of using spins in quantum dots as a possible platform for quantum compu-
tation was first proposed in the work of Loss and DiVincenzo in the year 1998 [46]. Since
then, multiple types of spin qubits have been realized, steadily enabling the realization
of high-fidelity single- and two-qubit gates, as well as reliable initialization and readout
[47–53] over the years. Concretely, the study of hole spin qubits in planar, Ge/SiGe het-
erostructures has attracted considerable attention over the past years due to advantages
in fabrication reliability, qubit control and scaling beyond one-dimensional chains of
quantum dots [54–57]. The physics of quantum dots in germanium will be explained in
detail in section 2.2.

1.2.3. ANALOG AND DIGITAL QUANTUM SIMULATIONS

One of the main applications of quantum technologies is the simulation of the physics
of real materials, especially those where the underlying interactions between particles
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Figure 1.3: Quantum simulations: digital and analog approaches. (a) After the preparation of an initial quan-
tum state, a system of spins is manipulated using single- and two-qubit gates, resulting in a final state which is
generally entangled. Readout then retrieves some information about the final state. (b) After the preparation
of an initial quantum state, a system of spins is allowed to evolve under the system’s native Hamiltonian, re-
sulting in a final state which is generally entangled. Readout then retrieves some information about the final
state.

cannot be neglected. These many-body phenomena are often hard to calculate or to
simulate. One outstanding example in this regard is high-temperature superconductiv-
ity, which has eluded a definite explanation even more than 40 years after its first ex-
perimental observation [58, 59]. In this context, it was Richard Feynman who famously
proposed the idea of using controllable quantum mechanical systems to simulate or em-
ulate the behavior of real quantum mechanical systems [31]: we now refer to this task as
quantum simulation.

DIGITAL QUANTUM SIMULATIONS

There are two different ways in which quantum simulations could be performed [32],
shown in Fig. 1.3. For this example, and because of its relevance to this thesis, I depict
a system consistent of an array of spins. The first approach, called digital or gate-based
quantum simulation (Fig. 1.3a), makes use of the spins as qubits: With the tools of quan-
tum computation outlined in section 1.2.1 above, the simulation of a particular Hamil-
tonian of interest can be decomposed into a sequence of single- and two-qubit gates
[60, 61], which realize a quantum algorithm. This algorithm can be applied to a sys-
tem of spins, effectively simulating the evolution of the system under the Hamiltonian
of interest, which then can be read out. This approach is, in principle, universal: Many
Hamiltonians of interest could be decomposed in such a way that a fault-tolerant quan-
tum computer could efficiently simulate them. However, such a quantum computer
does not exist yet, and would often require extremely large qubit counts approaching
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the millions [62].

ANALOG QUANTUM SIMULATIONS

An alternative approach is depicted in Fig. 1.3b. An initially prepared system of spins is
allowed to evolve under its own interaction Hamiltonian for a certain amount of time.
The final state is then read out. This type of simulation is called analog [32], in that
it does not require any gate decomposition or any qubit-to-spin mapping. The interest
lies in observing the behavior of a controllable, quantum-mechanical system (such as an
array of spins) under its own, native Hamiltonian. As opposed to directly measuring the
properties of real materials, where only global quantities are accessible, analog quantum
simulators can offer access to microscopic quantities, as well as the tunability of Hamil-
tonian parameters over a wide range. This approach is clearly not universal: The sys-
tem only emulates one class of Hamiltonians, namely the ones that are used to describe
the system itself! However, as we will discuss throughout this thesis, analog simulations
are worthwhile studying since they require much smaller numbers of quantum particles
than their digital counterparts, among other benefits. They are especially appealing for
systems where the native Hamiltonian corresponds to an interesting model, and where
this model is hard to simulate with classical computers.

A variety of systems have been explored in literature to perform analog quantum sim-
ulations. These systems include ultracold atoms [63], trapped ions [64], superconduct-
ing qubits [37], neutral atoms in optical tweezers [65], or atoms in surfaces [66]. Recently,
as fabrication and control techniques have matured, also semiconductor quantum dot
arrays have been used in several quantum simulation experiments [67–70]. Across this
thesis, we will often remark key distinctions and similarities between quantum simula-
tion platforms.

Analogous to the aforementioned DiVincenzo criteria, one can define key questions
relevant to analog quantum simulators [32, 61, 71, 72]:

• Mapping: Which Hamiltonian(s) does the quantum simulator map to? Is the sim-
ulation of this Hamiltonian a problem which is both classically intractable and
useful to elucidate properties of real (quantum) systems?

• Initialization and readout: Which methods can be utilized to prepare any de-
sired initial state? How can observables of interest be retrieved after the system
has evolved?

• Tunability: How easy is it to modify any Hamiltonian parameter? Can this be done
only globally or also locally? How controllable is the speed at which interactions
are turned on or off? How much do the target parameters differ from the actual
ones?

• Coherence: How well-isolated is the quantum simulator from its environment?
How long can quantum information be preserved before it is lost to the environ-
ment?

• Scalability: How easy is it to increase the number of quantum particles, in order
to reach large system sizes? How large do these system sizes need to be for a sim-
ulation to yield useful answers to a problem of interest?
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• Verifiability: How can it be verified that the quantum evolution returns the desired
state, especially as simulations become classically intractable?

I will get back to and comment on some of these questions throughout the thesis.

1.3. THESIS SCOPE AND OUTLINE
GOALS

In this work, I aim at exploring two different flavors of analog quantum simulation us-
ing quantum dot arrays, which emerge from two native Hamiltonians of our system: ei-
ther the extended Fermi-Hubbard or the Heisenberg model. Despite stemming from the
same physical system, the dominant type of interactions are quite distinct between both
models: either repulsive, Coulomb interactions in the former, or attractive, magnetic in-
teractions in the latter. In both cases, this thesis explores the creation and propagation
of two types of quasiparticles emerging from these models: either electron-hole pairs
or excitons, or spin excitations such as magnons and triplons. All experiments are per-
formed on arrays of gate defined, Ge/SiGe quantum dots, arranged in a 2×4 fashion.
Operating such devices, which can be considered state-of-the-art in terms of quantum
dot count and geometry, I explore the challenges that emerge from the attempt to simul-
taneously initialize, manipulate and readout the state of the full array. Having performed
the experiments, I will attempt to assess the potential of quantum dot devices for analog
quantum simulations, remarking outstanding challenges and opportunities going for-
ward.

OUTLINE

This thesis is structured as follows. In chapter 2, I will outline the theory of spins in quan-
tum dot arrays, focusing on the mapping of the quantum dot Hamiltonian to the Fermi-
Hubbard and the Heisenberg models, as well as the physics of quantum dots in Ge/SiGe.
Subsequently, I will give a short overview of the experimental setup and procedure as
well as device fabrication and characterization in chapter 3. In chapter 4, I describe the
experimental simulation of exciton transport over an array of 2×4 quantum dots, high-
lighting the role of long-range Coulomb interactions in quantum dot systems. Chapter
5 deals with one of the main issues of scaling up quantum dot arrays for analog simula-
tions, namely the compensation of barrier-barrier crosstalk through a process known as
virtualization. The methods developed in chapter 5 are crucial for the experiments car-
ried out in chapter 6, where I showcase the simulation of magnons and triplons as they
propagate through the array. Finally, chapter 7 summarizes the findings of this thesis,
analyses key advantages and limitations of our system, and proposes a path forward for
analog quantum simulations using quantum dot arrays.
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2
THEORY

Students’ questions were met with such nonsense as ‘If you think you’ve understood
quantum mechanics then you don’t.’ [...] - a hallmark of bad philosophy.

David Deutsch, The beginning of infinity, 2011
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2.1. THE FERMI-HUBBARD MODEL
One of the most important early achievements of quantum theory is the explanation of a
wide range of phenomena observed in solids. Starting from the Schrödinger equation, it
was possible to calculate the electronic properties of materials in the form of their band
structure: the set of energy levels that electrons can or cannot occupy, and which de-
termine electrical, magnetic and optical properties of materials. Two early models could
successfully explain the properties of a variety of materials. On the one hand, the nearly
free electron model [1], successful at accounting for the properties of metals, assumes
electron wavefunctions which are only slightly perturbed by the underlying atomic po-
tentials. On the other hand, the tight-binding model [2] assumes localized electronic
orbitals where electrons can hop from site to site with hopping amplitude t , yielding the
band structure of many semiconductor materials. Both models crucially neglect the in-
teractions between electrons, an assumption that turns out to work for a wide range of
materials and significantly eases calculations.

However, it was soon discovered that band theory fails to describe a variety of materi-
als. For instance, transition metal oxides like NiO were experimentally shown to be insu-
lating [3], while band theory would otherwise predict them to be metallic. To account for
these phenomena, and as an extension to the tight binding model, the Fermi-Hubbard
model [4–6] was developed. Next to the hopping amplitude t , the Fermi-Hubbard model
includes electron-electron (Coulomb) interactions in the form of an energy penalty U
that electrons have to pay if they occupy the same site. In second quantization, the
Fermi-Hubbard model reads:

HFH =−t
∑

〈i , j 〉,σ

(
c†

i ,σc j ,σ+ c†
j ,σci ,σ

)
+U

∑
i

ni ,↑ni ,↓, (2.1)

with c†
i ,σ, ci ,σ the creation and annihilation operators, adding or removing a spin σ ∈

{↑,↓} to or from site i ; the angle brackets denoting nearest neighbours; and ni ,σ = c†
i ,σci ,σ

the number operator on site i with spin σ. At half filling, i.e. one electron per site, this
model successfully explained the transition from a metallic state to an insulating state
at sufficiently large electron-electron interaction strengths U , a state of matter known as
Mott insulator.

Since its development, the Fermi-Hubbard model has become a paradigmatic ex-
ample of strongly correlated electronic systems, being applied to describe a wealth of
phases of matter, such as itinerant ferromagnetism, antiferromagnetic ordering, spin liq-
uids and even unconventional superconductivity [7]. One particularly striking feature of
this model is its complexity: Despite the Hamiltonian’s compactness, exact solutions are
only known for one-dimensional systems [8]. However, the physics of many systems of
interest, such as high-temperature superconductors, is often determined by electronic
correlations within two-dimensional planes [9]. This points to the central motivation
behind the study of the Fermi-Hubbard model: Unraveling its mysteries beyond what
is classically computable could shed light on the physics of materials with potentially
impactful applications. And, as we will discuss below (section 2.1.2), quantum dot ar-
rays are precisely a controllable, fermionic system whose Hamiltonian can be directly
mapped to a two-dimensional Fermi-Hubbard model.
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Figure 2.1: A Fermi-Hubbard lattice. In the original Fermi-Hubbard model, hopping charges with hopping am-
plitude t have to pay an energy penalty U to doubly occupy a lattice site. Quantum dot systems are described
by an extended Fermi-Hubbard model which allows for differences in tunnel coupling (ti ̸= t j ) and onsite re-
pulsion (Ui ̸=U j ), as well as additional terms like single-site detunings {εi } and long-range Coulomb repulsion

terms {Vi ,V
′

i }.

2.1.1. THE HEISENBERG MODEL AND THE ZEEMAN HAMILTONIAN
Before describing the connection between quantum dot arrays and the Fermi-Hubbard
model, it is important to mention one of the limiting cases of the Fermi-Hubbard Hamil-
tonian. At half filling and large enough ratios of U /t , tunneling between neighboring
sites is suppressed. In this case, an effective spin Hamiltonian can be derived by pro-
jecting the Fermi-Hubbard Hamiltonian to its low-energy subspace [10]. This yields the
celebrated Heisenberg model [11]:

HJ = J
∑
〈i , j 〉

Si ·Sj, (2.2)

with the vector of spin operators Si = 1
2ħ(σx ,σy ,σz ), where theσ operators represent

the three Pauli matrices. The spin-spin exchange coupling J = 4t 2

U emerges as a second-
order coupling term between neighboring, occupied sites, representing virtual hopping
processes which lower the total (kinetic) energy of the system.

The Heisenberg model was developed early on to account for a variety of magnetic
phenomena in solids and remains a subject of active research, given that its implica-
tions for certain geometries and system sizes are still unclear [12, 13]. Concretely, in the
case of frustrated lattices like the triangular lattice, the Heisenberg model might allow
for highly entangled, high entropy ground states coined quantum spin liquids. Again we
recognize that the study of this Hamiltonian with controllable quantum systems could
be of interest for the solid-state community.

Finally, we introduce an additional term that stems from the application of an exter-
nal magnetic field B , which causes an energy splitting between the spin states |↓〉 and
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|↑〉. This so-called Zeeman energy term reads:

HZ = gµB B
∑

i
Sz . (2.3)

The constant µB = eħ
2me

is the Bohr magneton, representing the magnetic moment of
an electron, with e the elementary charge and me the bare electron mass. The term g is
the so-called g -factor, which characterizes the strength of the coupling of the spin of a
particle to an external magnetic field. For free electrons, the g -factor is approximately 2,
but it can significantly deviate from this value for charge carriers in solids.

2.1.2. THE FERMI-HUBBARD MODEL AND QUANTUM DOTS

As outlined in section 1.2.2, charges in semiconductor gate-defined quantum dots are
confined in three spatial dimensions by the combination of a quantum well and voltages
on gate electrodes [14]. The quantum well confinement of charges along the z direction,
which leads to the formation of a two-dimensional electron or hole gas (2DEG or 2DHG,
respectively), will be more thoroughly discussed in section 2.2.2 for the case of Ge/SiGe
quantum dots. Within this two dimensional plane, it is the geometry and size of the
gate electrodes, together with the applied voltages, which define the potential landscape
in which the charges are confined along the x and y directions. In this context, there
are two types of gates: the plunger gates, which control the individual electrochemical
potentials µi of each quantum dot; and the barrier gates, which control the tunneling
amplitudes between neighboring dots ti j . An example of a quantum dot device can be
seen in Fig. 3.1, its corresponding gate layout is described in section 3.1.2.

A gate-defined quantum dot array forms precisely a lattice of localized charges, which
are allowed to hop between nearest neighbor sites and where electron-electron inter-
actions are typically strong with respect to the hopping amplitude, very much like in
the Fermi-Hubbard picture of strongly correlated electrons. In fact, this resemblance is
not just conceptual: Quantum dot arrays are actually described by an extended Fermi-
Hubbard model which includes a few modifications to Eq. 2.1. First, this model allows
for site-dependent {Ui } and {ti j } terms. Secondly, it introduces individually tunable elec-
trochemical potentials {µi } as well as long-range Coulomb repulsion terms between dis-
tant sites {Vi j }. The full model then reads [15, 16]:

HFH, QD =∑
i ,σ
µi ni ,σ−

∑
〈i , j 〉,σ

ti j

(
c†

i ,σc j ,σ+ c†
j ,σci ,σ

)
+∑

i
Ui ni ,↑ni ,↓+

∑
i , j

Vi j ni ni (2.4)

For quantum dot systems, the Coulomb terms U and V are the dominant energy
scales, with typical values of 1-3 meV and 200-300µeV, respectively [15, 17, 18]. These
values are mainly set by the device geometry: The size of the quantum dots allows to
estimate the term U , often referred to as the charging energy. The distance between
neighboring quantum dots mainly sets V . Note that the decay of Coulomb repulsion
over distance does not follow a simple 1

r decay, as is typical for charges in vacuum, but
screening effects by the gate electrodes need to be taken into account, leading to a faster
decay [18].
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Figure 2.2: Simulated charge stability diagrams for a pair of quantum dots using the extended Fermi-Hubbard
model. The input parameters are: U1 = U2 = 2 meV, V12 = 300µeV. (a) Virtualized charge stability diagram
at low tunnel coupling (t12 = 10µeV). (b) Unvirtualized charge stability diagram, with a capacitive coupling
between quantum dots of 0.1 and t12 = 10µeV. (c) Unvirtualized charge stability diagram, with a capacitive
coupling between quantum dots of 0.1 and t12 = 200µeV.

CHARGE STABILITY DIAGRAMS

This Fermi-Hubbard description of quantum dot arrays allows us to compute charge
stability diagrams (CSD) [16, 19]. These are the voltage maps that are typically used in
the early tuning stages of quantum dot arrays and which allow to pinpoint the charge
state of the quantum dots as a function of the individual electrochemical potentials,
which can be tuned electrically. Experimentally, the charge state can be measured us-
ing charge sensors (see sections 3.4.1 and 3.4.2).

Three typical simulated charge stability diagrams for a pair of quantum dots are de-
picted in Fig. 2.2. These are obtained by calculating the charge ground state of Eq. 2.4 as
a function of electrochemical potentials µ1 and µ2, and inputting realistic values for U ,
t and V (see Fig. caption). Regions with different color correspond to different charge
states (n1,n2), the top right region corresponding to the "empty" charge state (0,0).

Fig. 2.2a corresponds to the ideal case where the electrochemical potentials are
tuned up independently of each other. Experimentally, however, the default case is that
the voltage used to control the electrochemical potential of a quantum dot affects that
of its neighbors due to the presence of crosstalk (see section 3.4.3), leading to charge sta-
bility maps such as Fig. 2.2b. These linear shifts can be easily compensated in software
with the aid of a rotation matrix, a process known as virtualization [20]. Experimentally,
we would refer to Figs. 2.2a and b as a virtualized or unvirtualized CSD, respectively. Fi-
nally, Fig. 2.2c shows the effect of high interdot tunnel coupling to the charge stability
diagram. The waviness of the charge transition lines is a sign of charge hybridization.

Calculating charge stability maps by diagonalizating Eq. 2.4 becomes computation-
ally expensive for a large number of quantum dots and high charge occupations. How-
ever, if tunnel coupling terms are ignored, the Hamiltonian of Eq. 2.4 becomes diagonal.
The task of finding the ground state of the system can then be classically computed as
an energy minimization problem, significantly enhancing computational speed. This is
relevant for computing multi-dot charge stability diagrams or for including higher occu-
pations, and has allowed for efficient computation algorithms [21].
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Figure 2.3: Energy level structure of a pair of quantum dots. (a) Charge stability diagram as a function of
detuning ε12 and global electrochemical potential µ12. The dashed black and green lines represent line cuts
crossing the (0,1)-(1,0) and (0,2)-(1,1)-(2,0) transitions, respectively. (b) Full energy spectrum across the black
dashed line (see above). The energy levels are color-coded as a function of total charge state N . The dashed
box indicates the region plotted in panel (c). (c) Zoom-in on the N = 1 charge sector at low tunnel coupling
(t12 =4µeV). (d) Zoom-in on the N = 1 charge sector at higher tunnel coupling (t12 =100µeV). (e) Full energy
spectrum across the green dashed line (see above). The energy levels are color-coded as a function of total
charge state N . The dashed box indicates the region plotted in panel (f). (f) Zoom-in on the N = 2 charge
sector at low tunnel coupling (t12 =4µeV). (g) Zoom-in on the N = 1 charge sector at higher tunnel coupling
(t12 =20µeV).
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ENERGY LEVEL STRUCTURE

Beyond the charge ground state of quantum dot arrays, the Fermi-Hubbard model al-
lows us to compute the system’s higher energy levels, which reveal a wealth of inter-
esting charge and spin physics. Fig. 2.3a shows a double dot charge stability diagram
as a function of global electrochemical potential µ = µ1 +µ2 and detuning, defined as
ε12 =µ1−µ2. We subsequently plot the full energy level diagrams as a function of detun-
ing, corresponding to the two plotted black and green dashed lines. Along those lines,
the total charge state of the system N = n1 +n2 is conserved (N = 1 and N = 2, respec-
tively).

Fig. 2.3c shows the full energy spectrum as a function of detuning, corresponding to
the black dashed line in Fig. 2.3a. Highlighted in black are the levels with total charge
state N = 1, which remains the system’s ground state occupation through the plotted
detuning range. Zooming in on the dashed region reveals two branches corresponding
to the charge occupations (0,1) and (1,0), which are the ground state at negative and
positive detunings, respectively. At ε = 0, the ground state is a superposition between
the left and the right occupation. The splitting between the upper and the lower branch
is equal to 2t . Increasing the tunnel coupling thus leads to a higher splitting, as seen in
Fig. 2.3d.

At lower electrochemical potentials (green dashed line in Fig. 2.3a), the charge occu-
pation of the system is N = 2, as shown in Fig. 2.3e. Isolating only the N = 2 reveals a
more complex energy spectrum. This is captured by the effective Hamiltonian [22]:

HDD =



U +ε 0 0 t −t 0
0 U −ε 0 t −t 0
0 0 Ēz 0 0 0
t t 0 ∆Ez /2 0 0
−t −t 0 0 −∆Ez /2 0
0 0 0 0 0 −Ēz

 , (2.5)

written in the basis {S(0,2),S(2,0), |↓↓〉 , |↓↑〉 , |↑↓〉 , |↑↑〉}. Additionally to the Hubbard
parameters U and t , we include a splitting of energy levels due to a difference in Zeeman
energies (Eq. 2.3).

The structure of this energy diagram captures some essential features of spin initial-
ization and control. At detunings ε >U or ε <U , and as can be inferred from Fig. 2.3a,
both charges sit in the same quantum dot. Due to Pauli exclusion principle, they form
a singlet ground state |S(0,2)〉 or |S(2,0)〉. The eigenstate structure at zero detuning and
finite Zeeman energy difference depends on the tunnel coupling between the quantum
dots. In fact, at ε = 0 we can define an effective exchange coupling between quantum

dots as J = 4 t 2

U as previously discussed in sec. 2.1.1. For ∆Ez ≫ J , the eigenstates at zero
detuning correspond to the four product states {|↓↓〉 , |↑↓〉 , |↓↑〉 , |↑↑〉}, as depicted in Fig.
2.3f. Out of the two antiparallel states, the one with spin-up for the spin with the lowest
g -factor has a lower energy. At high tunnel couplings (Fig. 2.3g), the eigenstates are given
by the singlet and three triplet states {|S(1,1)〉 , |↓↓〉 = |T −〉 , |↑↓〉+ |↓↑〉 = |T 0〉 , |↑↑〉 = |T +〉}.
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2.2. THE PHYSICS OF HOLES IN GERMANIUM QUANTUM DOTS
In the previous section, we have introduced an abstract notion of quantum dot sys-
tems as Fermi-Hubbard lattices with tunable electrochemical potentials and tunnel cou-
plings, as well as the presence of strong intra-site and inter-site Coulomb repulsion. As a
following step, we will reconcile this theoretical description with the actual experimental
realization using real, physical platforms. Concretely, we will discuss the realization of
quantum dot arrays in planar heterostructures, focussing on the specificities of holes in
Ge/SiGe heterostructures.

2.2.1. PHYSICAL PLATFORMS FOR QUANTUM DOT EXPERIMENTS
The field of spin qubits with gate-defined quantum dots was kick-started with the use
of GaAs/AlGaAs heterostructures. GaAs is a III-V semiconductor with excellent crystal
purity, with very high electron mobilities reported early on [23]. This points to a low level
of material disorder, a crucial ingredient to be able to electrostatically define quantum
dots. Early quantum dot research on GaAs showed basic spin-qubit operations including
spin initialization, control and readout [24–27]. However, the achievable fidelities, i.e. a
measure of how close a quantum operation is to the ideal, target operation, were limited
by the large number of nuclear spins present in the material. As we will discuss in sec.
2.2.5 below, fluctuations of the spin state of nuclear spins can quickly lead to the loss of
the encoded quantum information and the reduction of operation fidelities.

In contrast to III-V semiconductors, the use of type-IV semiconductor materials like
Si and Ge has the advantage of a low concentration of nuclear spins. As a result, the
demonstration of high-fidelity operations in SiMOS, a material platform with high com-
patibility with CMOS processes for classical electronics, was demonstrated [22, 28]. How-
ever, electrons in SiMOS are confined directly at the interface between Si and a silicon-
oxide (SiO2) layer, which constitutes a source of noise and disorder. A compromise in this
regard was the use of Si/SiGe, where electrons are accumulated within a Si quantum well,
separated from the oxide layer by a SiGe barrier. In Si/SiGe, high-fidelity initialization,
readout, single- and two-qubit gates have been demonstrated [29–32], rendering this
one of the most promising platforms for the realization of spin-qubit-based quantum
processors. However, the need for micromagnets for qubit addressability, as well as the
small required footprint of the gate electrodes have mostly allowed for one-dimensional
demonstrations of Si/SiGe quantum dot arrays.

In contrast, holes in Ge/SiGe heterostructures have attracted interest in recent years
due to the prospects of all-electrical spin control, spin addressability, low nuclear spin
noise and relaxed fabrication constraints [33]. All of these properties stem from the
physics of holes in Ge/SiGe heterostructures which we will discuss in the following sec-
tion.

2.2.2. BAND STRUCTURE OF GE/SIGE
Semiconductor materials are characterized by a band structure in which the Fermi en-
ergy lies within a band gap of unavailable states. In contrast to insulators, the band gap
of semiconductors is narrow, such that thermal excitations can promote charges from
the highest, occupied band (the valence band) to the lowest, unoccupied band (the con-
duction band). Removing a single electron from the valence band leaves behind a hole,
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a quasiparticle of positive electric charge +e and with similar properties as electrons.
The exact properties of holes in a semiconductor material are precisely determined by
the nature of the band structure around the valence band. By the same logic, electrons
in semiconductors are susceptible to the conduction band structure.

For a bulk germanium crystal, the valence band maximum is found at the Γ point,
where the crystal momentum is zero [33, 34]. Here, the orbital is p-type, meaning that
the holes carry not only their intrinsic spin of 1/2, but also an angular momentum l = 1
(in units of ħ). This results in a complex energy spectrum with six available states, char-
acterized by their total spin quantum number j and spin projection m j : heavy holes,
with j = 3

2 and m j =
∣∣ 3

2

∣∣; light holes, with j = 3
2 and m j =

∣∣ 1
2

∣∣; and the split-off bands
with j = 1

2 and m j =
∣∣ 1

2

∣∣. The latter can be disregarded in the following discussion, since
they are split away from the valence band maximum by an intrinsic spin-orbit coupling
term [35].

The addition of strain to the system by the quantum well confinement lifts the degen-
eracy between heavy-hole and light-hole states [35, 36]. The lowest energy levels, whose
wavefunction mainly consists of heavy-hole states, form an effective spin-1/2 system,
where we define |↓〉 as the ground state and |↑〉 as the excited state. Furthermore, the
confinement of charges within the quantum well, together with the spatial dependence
of the electric fields applied by the gates, break the inversion symmetry present for carri-
ers within the bulk crystal. Together, this results in strong Rashba spin-orbit interaction,
which heavily impacts the spin physics of holes in germanium, as will be discussed in
the sections below.

One further consequence of the electronic band structure is the renormalization of
the mass of the charge carriers in semiconductors. This effective mass is the inverse

of the curvature of the energy band m∗ =
(

1
ħ2

∂2E
∂k2

)−1
. Interestingly, the effective mass

of heavy holes under strain becomes lighter than that of light holes for Ge/SiGe het-
erostructures. Concretely, m∗

HH ≈ 0.05m0 [36, 37]. When confining single quantum dots,
the energy level splitting is proportional to the inverse of the effective mass [33]. Thus, a
low effective mass yields high orbital energy splittings even for relatively large quantum
dot structures. From an experimental point of view, the combination of a small effective
mass and low material disorder allows for the fabrication of large Ge/SiGe quantum dots
of diameter d ∼100 nm, easier to fabricate than smaller quantum dot structures. This
has led to the fabrication of two-dimensional Ge/SiGe quantum dot devices [38–41] ear-
lier than for their Si counterparts, which typically require gates of half the size to achieve
a similar confinement.

2.2.3. ZEEMAN ENERGY AND ELECTRIC DIPOLE SPIN RESONANCE
As a result of spin-orbit interaction and the complex band structure of holes in germa-
nium, the Zeeman formula of Eq. 2.3 needs to be revisited. Concretely, holes in ger-
manium experience a highly anisotropic behavior of the Zeeman energy. Instead of a
g -factor, a g-tensor is required to account for this anisotropy [42]:

HZ =µB S · ĝ ·B. (2.6)

For a fixed magnetic field orientation, one can still define an effective g -factor as g =
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|ĝ ·B|
|B|| . For magnetic fields applied in plane, as is the case for the spin experiments carried

out in this thesis, typical effective g -factors of ∼ 0.1−0.3 are theoretically predicted and
experimentally measured [43, 44]. In contrast, out-of-plane g -factors > 10 have been
measured with out-of-plane magnetic fields [45], highlighting the highly anisotropic char-
acter of this quantity.

To extract these values experimentally, one would require the ability to pinpoint each
individual spin’s resonance frequency using an external, oscillating field. In fact, one
of the most important techniques for spin qubit control precisely relies on the ability
to drive transitions between the spin-up and spin-down states of each individual spin.
Given a Zeeman energy splitting Ez , a straight-forward way of doing this is by applying
an oscillating magnetic field with an oscillation frequency which matches the Zeeman
splitting (see Sec. 2.3.2). This technique is called electron spin resonance (ESR) [26]. ESR
in quantum dot devices requires the close proximity of wire through which an oscillating
current is applied, which in turn results in an oscillating magnetic field. This can cause
significant heating and pose difficulties for scaling up beyond one-dimensional arrays.
An alternative is the use of an oscillating electric field coupled to a Zeeman energy gra-
dient, in a process coined electric-dipole spin resonance (EDSR) [27, 46]. This is often
achieved with the use of micromagnets to create a magnetic field gradient (typical for Si
devices), or via the intrinsic spin-orbit interaction for GaAs quantum dots, in both cases
allowing for the direct coupling of an oscillating electric field to the state of the spin.

For Ge/SiGe quantum dots, additionally to the intrinsic spin-orbit coupling, the de-
monstrated EDSR drive is mainly caused by g -tensor modulation [47, 48]: by driving
a gate in the vicinity of the quantum dot, the periodic deformation and movement of
the hole’s wavefunction causes oscillations of the effective g -factor, which in turn drives
transitions between the |↑〉 and |↓〉 states. While this has enabled high-fidelity single-spin
qubit control, it can also be used as a spectroscopic tool as utilized in chapter 6.

2.2.4. DOUBLE QUANTUM DOTS IN GE/SIGE

SPIN-ORBIT TUNNELING

An important consequence of the presence of strong spin-orbit coupling is its spin-
nonconserving character. Concretely, the Hamiltonian of Eq. 2.5, directly derived from
the Fermi-Hubbard model, should be extended to allow for spin-flip tunneling elements
of the form [49, 50]

HSO = i tSO,z |T0〉〈S20|−
∑
±

(tSO,y ± i tSO,x) |T±〉〈S20|+h.c., (2.7)

with tSO = (tSO,x, tSO,y, tSO,z) a vector of spin-orbit tunneling matrix elements coupling
the singlet and the triplet states. The full Fermi-Hubbard Hamiltonian including spin-
orbit terms then reads:
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a b

Figure 2.4: (a) Energy level structure of a pair of Ge/SiGe quantum dots in the presence of spin-orbit coupling
and at low tunnel coupling. Spin-orbit coupling opens up an anticrossing between the singlet and T− branches
(black dashed circle). At zero detuning, the eigenstates are the four product states. (b) Simulation of state ini-
tialization as a function of ramp speed between the (0,2) and (1,1) charge states. As the ramp time is increased,
the initialized state changes from |S〉 to |↑↓〉 to |↓↓〉.

H =



U +ε 0 −tSO,y + i tSO,x t − i tSO,z −t − i tSO,z −tSO,y − i tSO,x

0 U −ε −tSO,y + i tSO,x t − i tSO,z −t − i tSO,z −tSO,y − i tSO,x

−tSO,y − i tSO,x −tSO,y − i tSO,x Ēz 0 0 0
t + i tSO,z t + i tSO,z 0 ∆Ez /2 0
−t + i tSO,z −t + i tSO,z 0 0 −∆Ez /2 0

−tSO,y + i tSO,x −tSO,y + i tSO,x 0 0 0 −Ēz

 .

(2.8)

One of the most important consequences of this additional spin-orbit term is the
opening of an anticrossing between the singlet and the triplet branches (see Fig. 2.4a,
black dashed circle) with strength ∆SO. As we will see, this S-T − anticrossing is very
relevant for spin initialization and readout in Ge/SiGe quantum dots.

INITIALIZATION AND READOUT

To discuss initialization and readout, it is useful to revisit the energy levels of a double
quantum dot but adding spin-orbit coupling and labeling the energy branches, as seen
in Fig. 2.4a. Starting from the |S(2,0)〉 state at very large absolute detuning, a pulse to the
ε = 0 point with speed τ separates the charges into two different quantum dots. Which
spin state is initialized crucially depends on τ. If the ramp is slow enough, the system is
adiabatically initialized into the double-dot ground state |↓↓〉. If the ramp speed is fast
enough compared to the S-T − anticrossing strength, the state |↓↑〉 is initialized, with the
spin-up corresponding to the site with the lowest effective g -factor. At very fast ramp
speeds, the initial spin state is retained, resulting in the state S(1,1). Fig. 2.4b shows a
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simulation of this initialization process, using realistic parameters for the Hamiltonian
of Eq. 2.8, showcasing the transition from singlet (in purple) to |↑↓〉 (in red) to |↓↓〉 (in
green) initialization with increasing ramp time. This well-known pairwise initialization
method is used and explained in more detail in chapters 5 and 6.

As for spin readout, two methods are typically used in quantum dot experiments:
Elzerman-style (or single-spin) readout [24] and Pauli spin blockade (PSB) [51]. Elzer-
man readout relies on the tunneling of one of the two single-spin states into a nearby
reservoir, provided that the quantum dot’s electrochemical potential is tuned such that
the reservoir Fermi energy lies in between both spin states. This method, apart from rely-
ing on the presence of such a reservoir, requires Zeeman energy splittings large enough
to overcome thermal broadening. In contrast, PSB relies on the projection of the two
spin states onto a small region close to the polarization line at the (1,1)-(2,0) transition.
From the four possible two-spin states, the Pauli exclusion principle only allows one to
be projected onto the |S(2,0)〉 ground state. As for the initialization case, which state is
unblocked depends on the ramp time τ to the PSB region.

SPIN-SPIN INTERACTIONS

Another crucial consequence of spin-orbit coupling in germanium quantum dots is a
recently observed quantization axis tilt between neighboring quantum dots, stemming
from differences in each quantum dot’s wave function [52, 53]. In essence, each individ-
ual g -tensor will generally not only exhibit different components, but also differences in
their principal axes. When describing spin-spin interactions, it is in general not sufficient
to use the Heisenberg model as written in Eq. 2.2, but spin-orbit-related anisotropic
terms [42] have to be included. This anisotropy is captured by a more general Hamilto-
nian:

HJ,anis = 1

4

∑
〈i j 〉

Ji j σ⃗i ·Rz (2γi j ) · σ⃗ j , (2.9)

where the tilt in quantization axis results in an anisotropic exchange interaction, with
Rz (2γi j ) a rotation around the z-axis by an angle 2γi j . Note that this difference in quan-
tization axes has been recently measured and exploited to realized single-qubit gates
with Ge/SiGe quantum dots [52, 53]. This anisotropy in the exchange interaction has
also been recently characterized in literature for holes in Ge/SiGe [54] and Si [55].

2.2.5. DECOHERENCE AND RESILIENCE TO ERRORS
The quantum mechanical systems we use for computation and simulation are not closed:
their constituents naturally couple to their environment. Some of that coupling is nec-
essary: the experimentalist needs to be able to address the system in order to initialize,
manipulate and read out its state. However, the residual, unwanted coupling to the sur-
roundings causes a gradual loss of quantum information from the system to the envi-
ronment, a process called decoherence. The time during which a quantum mechanical
object can store a quantum state before it is lost is called the coherence time [56].

Decoherence in quantum dot devices mainly stems from two sources: coupling to
nuclear spins (hyperfine noise) and coupling to fluctuating charges (charge noise). Hy-
perfine noise is caused by the random fluctuation of the state of nuclear spins, which
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couple to the electron or hole spins the via the hyperfine interaction. This effect can be
mitigated for group-IV semiconductor devices using isotopic purification of the material
stack [57], removing the naturally occurring odd-number Ge and Si isotopes. While so
far only Si is routinely purified, Ge/SiGe with purified Ge have been demostrated [58].
Furthermore, the p-type character of holes in germanium results in a vanishing hyper-
fine coupling for in-plane magnetic fields. At this so-called sweet-spot, the coherence
time of hole spins can be enhanced [45].

In contrast, charge noise refers to the electrical fluctuations caused by charges in the
material stack. For quantum dot devices, a typical model assumes these to be two-level
fluctuators, where charges trapped in the heterostructure and gate stack can jump from
one potential well to another. An ensemble of these two-level fluctuators with a log-
uniform distribution of switching frequencies causes a typical charge noise spectral den-
sity with a 1/ f frequency dependence [59], with f the noise frequency. In systems with
strong spin-orbit coupling or inhomogeneous magnetic fields, which so far have been
presented as advantageous to enable spin control, charge noise can efficiently couple
to the spins, thereby causing decoherence. Strategies to mitigate charge noise include
the development of cleaner oxide layers, where typically most charge traps are located; a
placement of the quantum well far away from the gate stack; or by improvements in the
material stack [59–61]. Note that deeper quantum wells also result in a reduced coupling
of the spins to gate voltages.

Retaining a high level of system coherence is of paramount importance to the de-
velopment of quantum computing and simulations. Since perfect quantum gates with
arbitrary precision or perfect tuning of Hamiltonian parameters are infeasible, the re-
sulting computational errors need to be characterized and, ideally, corrected for. For dig-
ital quantum computers, there exist protocols to detect, mitigate and correct for errors
emerging during a quantum algorithm. These error correction protocols [62] require an
overhead in physical qubit numbers. Standard error correction algorithms require qubit
counts reaching the millions [63] before fault-tolerance is enabled. For semiconductor
spin qubits, only a handful of error correction codes have been experimentally demon-
strated in the literature [64, 65], while more mature quantum computing platforms have
demonstrated more advanced error correction schemes [66].

For analog quantum simulators, to my knowledge, no clear error correction strate-
gies exist. While analog simulators are also naturally subjected to decoherence, it has
been theoretically shown that these systems should be more resilient to errors [67] than
their digital counterparts [68].

2.3. QUANTUM DOTS FOR QUANTUM COMPUTATION
A wide range of research groups working with semiconductor quantum dot arrays aim
to use these systems as quantum processors for gate-based quantum computing. Con-
cretely, the coherent control of their spin degree of freedom has sparked excitement due
to the system’s coherence times, tunabilty, and promises of scalability. While this thesis’
main focus is analog quantum simulations, we borrow many methods envisioned and
developed in the context of digital quantum computing. These are best explained by
outlining four different types of qubits, from which we use either spectroscopic tools or
gate-based methods. Especially in chapter 6, digital and analog methods are explicitly
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joined together in an analog-digital framework, using tools from both single-spin and
singlet-triplet qubit initialization, control and readout.

2.3.1. CHARGE QUBITS
Charge qubits are among the early types of qubits proposed for quantum dot systems.
A charge qubit consists of a double quantum dot, where the two logical states can be
defined as the charge being on the left (|0〉 = |L〉) or right (|1〉 = |R〉) quantum dot. The
charge qubit Hamiltonian HCH can be written in the basis {|L〉 , |R〉} as [69]:

HCQ = 1

2
εσz + tσx , (2.10)

with σx and σz the corresponding Pauli matrices. The energy spectrum of such a
charge qubit can be seen in Fig. 2.3c and d for two values of t . Charge qubits have been
coherently probed in GaAs [69–71] and Si/SiGe [72, 73]. While conceptually straight-
forward and fast to operate, these qubits suffer from very low coherence times, typi-
cally in the nanosecond range, due to their coupling to charge noise (see section 2.2.5).
Nonetheless, electron charge qubits with close to 100µs coherence time have been re-
cently demonstrated on solid neon [74].

In chapter 4, we use a continuous microwave drive to drive transitions between the
two energy branches, which occur when the energy of the photons hν match the energy
level splitting. This is a process known as photon-assisted tunneling [75]. The resulting
signal as a function of microwave frequency and detuning can be fitted to a hyperbolic
function of the shape E =

p
ε2 +4t 2. From the fit, one can to extract two relevant quanti-

ties for quantum dot experiments: the tunnel coupling t and the lever arm α. The latter
connects a difference in gate voltage δpi (in mV) to its corresponding change in electro-
chemical potential δµi (in meV) as δµi = αpi , and is an important quantity to extract
the energy scales of the system.

2.3.2. SINGLE-SPIN QUBITS
Single-spin or Loss-Di Vincenzo qubits were proposed as a quantum computing plat-
form over 25 years ago [76]. The logical states are encoded in the two spin states of a
spin- 1

2 system: |0〉 = |↑〉 and |1〉 = |↓〉. Both states are split in energy by applying an ex-
ternal magnetic field B , which results in a Zeeman energy splitting Ez = ħω0, with ω0

the Larmor frequency. Rotations around the single-qubit Bloch sphere are enabled us-
ing resonant electric or magnetic fields of frequencyωMW and amplitude ħΩ. The phase
of this microwave tone φ can also be adjusted to enable arbitrary single-qubit rotations
around the Bloch sphere. The effective two-level Hamiltonian describing a Loss-Di Vin-
cenzo spin qubit reads [77]:

HLD = 1

2
ħ∆σz + 1

2
ħΩ(

cos(φ)σx + sin(φ)σy
)

, (2.11)

with the detuning ∆=ω0 −ωMW between the microwave frequency and the Larmor
frequency. Note that this Hamiltonian cancels higher-order rotation terms through the
so-called rotating wave approximation, which is valid close to the resonant condition
and with weak driving amplitudeΩ≪ω0. Single-spin qubits have been realized in GaAs
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Figure 2.5: Four types of qubits are encountered in this thesis: (a) charge qubits, (b) single-spin qubits, (c) S-T0

qubits, and (d) S-T− qubits.

[26, 27], SiMOS [22, 28] and Si/SiGe [29, 30, 78]. In recent years, single-spin qubits have
also been demonstrated in a wide range of experiments using Ge/SiGe quantum dots [41,
43, 79]. The single-qubit driving mechanism was discussed in section 2.2.3. In chapter
6, we use resonant microwave driving as a means to characterize the Zeeman energy of
each individual single-spin qubit. Here, we do not aim at performing high-fidelity qubit
rotations but use microwave driving as a spectroscopic tool.

In addition to single qubit control, two-qubit gates between single-spin qubits are
enabled by activating the exchange interaction between neighboring spins. While most
high-fidelity two-qubit gate demonstrations [31, 53, 80] rely on exchange interaction
strengths smaller than the Zeeman energy difference (J ≪ ∆Ez ), in chapter 6 we utilize
SWAP gates for initialization and readout, which require strong exchange (J ≫∆Ez ) and
are suitable for low magnetic field operation.

2.3.3. SINGLET-TRIPLET QUBITS
Encoding the quantum state of a qubit over two or more quantum dots has several po-
tential advantages, typically related to relaxed constraints in qubit control or simplified
device layouts. Concretely, the singlet-triplet qubit encoding plays an important role in
this thesis, where we exploit elements of qubit initialization, control and readout.

THE S-T0 QUBIT

Restricting ourselves to the Sz = 0 subspace of the two-spin Heisenberg Hamiltonian of
Eq. 2.2 yields the effective Hamiltonian for an S-T0 qubit:

HST0 =
J

2
σz + ∆Ez

2
σx , (2.12)

written in the {S,T0} basis, and assuming a non-zero difference in Zeeman energies
∆Ez . Experimentally, single-qubit X gates are achieved when the exchange interaction
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is switched off (J ≪ ∆Ez ), leading to S-T0 rotations. Approximate Z rotations are en-
abled at high J (J ≫∆Ez ). A combination of high-J and low-J pulses allows for two-axis
control, enabling arbitrary rotations around the S-T0 Bloch sphere [44]. Also here, two-
qubit gates can be performed by activating the exchange interaction between neighbor-
ing qubits. Singlet-triplet qubits have been shown for electrons in GaAs [25, 81] and
Si/SiGe [82, 83], as well for holes in SiMOS [84] and Ge/SiGe [44, 85].

THE S-T− QUBIT

In systems with spin-orbit coupling, one can additionally exploit the resulting anticross-
ing between the singlet and T− branches as a means to perform coherent spin rotations
outside of the spin-preserving subspace of the Heisenberg Hamiltonian. This enables
a further type of singlet-triplet qubit: the S-T− qubit. The corresponding Hamiltonian
near the anticrossing reads:

HST− = Ēz − J

2
σz + ∆ST

2
σx , (2.13)

with the parameters ∆ST the size of the spin-orbit-induced S-T− anticrossing. In a
recent work, universal control of four S-T− qubits in a chain was demonstrated [86].

In the context of this thesis, chapter 6 explores an extension of the Hamiltonians
of Eqs. 2.12 and 2.13 to coupled, multi-site arrays. Concretely, the two-spin Hamilto-
nian in Eq. 2.12 showcases two competing terms: an exchange interaction term which
favors propagation of individual spin excitations of magnons, and a difference in Zee-
man energies which promotes localization. In the context of an extended array of spins,
the competition of these terms can lead to non-thermalizing phases of matter such as
many-body localization [13]. As for Eq. 2.13, we exploit the singlet-triplet control en-
abled by Eq. 2.13 to explore the dynamics of two-spin excitations or triplons in an array
of coupled S-T− qubits. It is a combination of the experimental toolbox developed for
the control of single-spin and singlet-triplet qubits, together with an extension of these
methods to an analog quantum simulation framework, which enables the experiments
outlined in chapter 6.
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In the first two chapters of this thesis, I have introduced many relevant concepts re-
lated to the capabilities of quantum dot arrays as quantum processors and simulators.
The goal of this chapter is to complement these more theoretical and abstract notions
with the actual procedures which are required to experimentally observe the desired
phenomena. While briefly, I will touch upon many relevant aspects such as device de-
sign, fabrication and testing, as well as the experimental setup and the tuning procedure.

3.1. DEVICE LAYOUT AND FABRICATION

3.1.1. HETEROSTRUCTURE GROWTH AND DEVICE FABRICATION

The device geometry of choice for the experimental results outlined in chapters 4, 5 and
6 is a 2×4 quantum dot array, fabricated on a Ge/Si0.2Ge0.8 heterostructure, with the Ge
quantum well buried 55 nm below the surface. The heterostructure was grown using
chemical vapor deposition starting from a Si substrate. After growing a thick layer of Ge
on the substrate, the Si concentration is linearly increased to reach the desired compo-
sition. Details about the heterostructure and the growth process can be found in Ref.
[1].

The fabrication of the devices used in this thesis was carried out by Stefan D. Ooster-
hout (TNO). As opposed to single-layer fabrication, common for smaller devices or in-
dustrial cleanrooms [2, 3], our quantum dot devices are fabricated in a multi-layer fash-
ion. As a first step, Pt or Al Ohmic contacts are defined using electron-beam lithography.
The Ohmics are subsequently annealed, so that they diffuse into the heterostructure and
directly contact the quantum well. Due to Fermi level pinning in Ge/SiGe heterostruc-
tures [4], carriers in the Ohmic contacts can be directly loaded into the semiconductor
without the need for implanted regions and accumulation gates, typical for Si devices
[5]. After depositing the Ohmics, three fabrication layers are used to electrostatically de-
fine the quantum dots: screening gates, plunger gates and barrier gates. The plunger
gates are used to control the chemical potential of each quantum dot; barriers are used
to modulate the interaction strength between neighboring dots; and screening gates pre-
vent unwanted charge accumulation around the quantum dot area. The gate material is
Ti/Pd with a thickness of 3/17 nm for the first gate layer, 3/27 nm for the second, and
3/37 nm for the third gate layer. Gate layers are separated from each other with 5 nm
insulating Al2O3 layers, grown with atomic layer deposition (ALD).

3.1.2. LAYOUT AND GATE NAMING

Fig. 3.1 shows two scanning electron microscopy (SEM) images of two 2×4 devices, nom-
inally identical to those used in this thesis. The plunger gates of quantum dots 1-8 are
labeled accordingly. The four additional, larger dots on the corners of the device are
the sensing dots used for measuring the charge state of the quantum dot array (see sec.
3.4.2). For the remainder of this thesis, I will use the following nomenclature for gate
voltages: The variable pi stands for "the voltage on the plunger gate of dot i ", while bi j

refers to "the voltage on the barrier gate between dots i and j ". Specifically for the bar-
rier gates which control the coupling between a quantum dot and its neighboring sens-
ing dot, bi will be used, leaving out the subscript for the sensor for simplicity. Whenever
gate voltages are virtualized to compensate for crosstalk (see e.g. section 3.4.3 or chap-
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Figure 3.1: (a) Flase-colored scanning electron microscope (SEM) image of a Ge/SiGe 2×4 array, nominally
identical to the devices used to measure exciton transport and triplon propagation (chapters 4 and 6). This
device will be refered to as device I. (b) SEM of image of a Ge/SiGe 2×4 array, nominally identical to the device
used to measure exchange virtualization and magnon propagation (chapters 5 and 6). This device will be
refered to as device II. For both SEM images, the Ohmic contacts are color-coded in yellow, the screening gates
in gray, the barrier gates in blue and the plunger gates in green. (c) Gate layout corresponding to device I. The
order of fabrication is Ohmics-screening-plungers-barriers. (d) Gate layout corresponding to device II. The
order of fabrication is Ohmics-barriers-screening-plungers.

ter 5), this will be labeled accordingly with a dash (’) or with the letter "v" in front of the
corresponding barrier or plunger variable.

The scanning electron microscope (SEM) image of Fig. 3.1a corresponds to the first
successful generation of 2×4 devices. Two nominally identical devices from the same
batch were used to perform the exciton transport and triplon propagation experiments
(chapters 4 and 6, respectively). While performing these experiments, two shortcomings
of the gate layout became apparent. First, reducing the tunnel coupling between sensing
dots and their neighboring quantum dots, important for quantum dot operation, often
led to a poor sensing dot quality. Second, having the barrier gates in the highest fab-
rication layer resulted in a limited exchange coupling control. These two findings led
to the redesigning of a new generation of devices (Fig. 3.1b). In this case, the barrier
gates were fabricated in the lowest layer, increasing their impact on the interdot cou-
pling strength. Furthermore, loading of charges to the quantum dot array was designed
to happen directly via the Ohmic contacts, suppressing sensor-to-dot tunnel coupling,
while only minimally increasing the distance between sensing dot and quantum dots.
Fig. 3.1c and d show the corresponding gate layouts for devices I and II, respectively, as
drawn and designed using the software KLayout.
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Figure 3.2: (a) Picture of a 4×4 mm chip containing a 4×2 device, imaged under an optical microscope. The
device is glued and bonded on a printed circuit board (PCB) which was designed in house. Additionally, four
off-chip NbTiN inductors are visible, which are used for RF readout. (b) Picture of a PCB with a wire bonded
sample. This PCB allows for up to 100 DC lines for electrostatic control. Two groups of 50 DC lines each
are routed to the top and bottom parts of the PCB, where they can be connected to flat flexible cables (FFC).
Additionally, bias-tees are used to connect AC lines to some gates, enabling fast control for up to 32 lines.
Each fast line is routed to an individual SMP connector, 15 on each side of the PCB, with the remaining two
connectors in the center. (c) Image of a puck containing a PCB with a sample, before loading to the fridge and
with the outer shield removed. In addition to FFCs for DC wiring, several hand-formable coaxial cables are
used to connect each RF line to the top part of the puck, which can be connected to the mixing chamber plate
of the fridge. (d) Image of the open Oxford Instruments Triton dilution refrigerator used for the experiments in
this thesis. When the fridge is closed, the puck with the sample can be exchanged without opening the fridge
using a bottom-loading system.

3.2. DEVICE SCREENING: 4 K MEASUREMENTS

3.2.1. FAILURE MODES AND FIRST SCREENING

Each fabrication round usually yields a batch of eight 4×4 mm chips. Given the complex
gate pattern and multi-layer fabrication process, there are many failure modes that can
render a device unusable. For instance, bad quality oxide can result in contact between
gates of different layers, resulting in gate-to-gate leakage. Having too many overlapping
gates or gates too close to each other often causes gate delamination. Unsafe handling
of devices can lead to electrostatic discharge (ESD). Additionally, we observed that un-
wanted contact to the two-dimensional hole gas (2DHG) under the bonding pads can
result in gates shorted to ground. These failure modes often lead to low device yields. In
order to identify these failure modes before the tuning stage, a device screening routine
allows for fast device characterization before cooling down devices to millikelving tem-
peratures. A useful first step is device imaging with an atomic-force microscope (AFM),
which is non-invasive and typically allows to identify major device failure modes such as
gate delamination or ESD.

3.2.2. GLUEING AND PCB DESIGN

The devices which pass the AFM inspection are then bonded and glued onto custom-
built printed circuit boards (PCB) using GE varnish. An image of a bonded 2×4 device
under the optical microscope can be seen in Fig. 3.2a, while Fig. 3.2b shows an image of
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Figure 3.3: Characterization of devices at 4 K. (a) Gate layout of a tested 4×2 device. A source-drain bias is
applied across the two Ohmic contacts on the top right sensing dot. The current passing through the sensor
(red arrow) is acquired as a function of voltage applied to all gates highlighted in color. (b) Red: Turn-on curve
as a function of all gate voltages, scanned simultaneously. Gray: Individual pinch-off curves, where all gate
voltages are kept at −1000 mV, and a single gate is scanned to positive voltages. (c) A source-drain bias is
applied across the Ohmics on the top quantum dot channel. The current passing through the channel (red
arrow) is acquired as a function of voltage applied to all gates highlighted in color. (b) Red: Turn-on curve as a
function of all gate voltages, scanned simultaneously. Gray: Individual pinch-off curves. For this device, gate
b34 (black dashed line) showed no effect.

a PCB with a wire bonded device in the center. This type of PCB supports up to 100 DC
lines, which can be connected using two 50-line flat flexible (FFC) cables. Additionally,
we use bias-tees with resistor-capacitor time constants of 100 ms, orders of magnitude
longer than the duration of each single experimental shot, to simultaneously enable for
fast RF control for a subset of 32 lines. Each fast line is individually routed to a sub-
miniature push-on (SMP) connector.

One of the two center SMP pins is multiplexed with four different RF lines to enable
simultaneous readout of up to four charge sensors (see sec. 3.4.1).

3.2.3. DIPSTICK TEST
We typically screen devices using a variable temperature insert (VTI) or dipstick setup,
where devices are quickly cooled down to liquid helium temperatures. In a typical dip-
stick test, all DC lines are connected to a custom-built matrix module and serial periph-
eral interface (SPI) DAC modules, which allow us to set and scan DC voltages for all gates.
During the test, using a ground lifting scheme, we typically apply a source-drain bias VSD

to an Ohmic contact and measure the current passing through another Ohmic while a
combination of gate voltages are scanned. At 4 K, the 2DHG is fully depleted at zero gate
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voltage. Like in the case of transistors, when a certain turn-on voltage is applied to the
gates, conduction through the device is enabled, resulting in a measurable current. Con-
versely, when the channel is accumulated and a single gate is scanned to more positive
voltages until the current is stopped, the channel is said to be pinched off.

We first measure the turn-on and pinch-off curves through the four sensing dots, as
exemplarily shown for the top right sensor in Figs. 3.3a and b. In this particular case,
we measure the current between the two top right Ohmics with a source-drain bias of
VSD =1 mV. We first scan all relevant gate voltages, i.e. the sensing dot plunger and both
sensing dot barriers all the way to Vgates =−1000 mV. We observe a channel turn-on at
about −600 mV (red curve in Fig. 3.3b). After we reach this value, all gate voltages are left
at −1000 mV, and the individual gates are scanned back to zero volts and back. For each
gate, we observe their pinch-off behavior and we can extract the individual pinch-off
voltages. Note that, for this particular example, both the plunger and the bottom bar-
rier cannot fully pinch off the channel, leading to a finite current at zero gate voltage.
However, this is often of little relevance in quantum dot experiments, where DC voltages
are kept at smaller absolute values, below their pinch-off voltage. Another observation
is that the maximum current value shifts down for gates scanned at a later time, owing
to device drifts. These drifts are typically caused by accumulation of charges at the inter-
face between heterostructure and dielectric [6]. These charges increasingly screen gate
voltages over time, leading to a hysteretic behavior. At millikelvin temperatures, where
fewer charge traps are thermally activated compared to 4 K temperatures, we have often
observed that these drifts are typically mitigated.

We further test the gate voltages of the quantum dot array by repeating the same pro-
cedure, but this time measuring between the top right and top left Ohmics, as depicted
in Fig. 3.3c. Fig. 3.3d shows the channel turn-on curve (in red) and individual pinch-off
curves (in gray) for all channel gates. In this particular case, almost all gates show an
effect on the current passing through the channel. However, gate b34, shown as a black
dashed line, seems to have no effect. In this particular case, we would deem the device
unusable and discard it.

3.3. SETUP
After a suitable device is found, it is mounted on a puck (Fig. 3.2c), where both DC and
AC lines are connected using FFC and hand-formable coaxial cables, respectively. Most
experiments in this work are carried out in an Oxford Instruments Triton dilution refrig-
erator with base temperatures of around 10 mK (Fig. 3.2d). When the fridge is cooled
down, the puck can be introduced and connected to the refrigerator’s mixing chamber
plate using a bottom-loading system. This allows for a fast sample exchange without the
need to open or warm up the refrigerator.

A schematic view of the experimental setup is depicted in Fig. 3.4. Inside of the di-
lution refrigerator, the routing of both RF and DC lines is shown. RF lines are attenuated
and thermally anchored to each dilution refrigerator plate using cryogenic attenuators,
with total attenuation of the lines ranging from 23 to 27 dB. Additionally, these lines
are filtered using common-mode ferrite chokes at room temperature to filter out low-
frequency noise. Having been upgraded several times over the years, this refrigerator
has a capacity for up to 28 RF lines, which limits the size of the quantum dot arrays that
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Figure 3.4: Schematics of the measurement setup. A 4×4 millimeter chip containing a 2×4 quantum dot array
is glued and bonded on a PCB with capacity for 100 DC and 32 AC lines. The PCB is connected and mounted
into a puck, which sits at the mixing chamber plate of an Oxford Instruments Triton dilution refrigerator. The
refrigerator itself contains five stages with varying temperatures and is equipped with 100 DC and 28 AC lines,
routed all the way from the puck to room temperature and thermally anchored to each stage. The DC lines
are grouped in bundles of 24 lines (12 twisted pairs). At 10 mK, high-frequency noise is filtered using copper
powder and RC filters. The RF lines are organized in four columns of 6 or 8 lines each. The noise from room
temperature instrumentation on each RF line is mitigated using cryogenic attenuators. The typical total at-
tenuation of the lines ranges from 23 to 27 dB. Additionally, the two lines used for RF reflectometry readout
are connected to the same PCB line using a circulator on the mixing chamber plate. The signal of the output
readout line is amplified using both a cryogenic and a room temperature (RT) amplifier. At room temperature,
all RF and DC lines are connected to the corresponding electronics: a Keysight arbitrary waveform generator
(AWG) for fast pulsing; RF sources and demodulators for reflectometry readout; and DC electronics to set volt-
ages and read out currents.

could be operated in this refrigerator to about 10 spins, depending on connectivity.

At room temperature, all RF lines are connected to Keysight M3202A arbitrary wave-
form generators (AWG) with a sampling rate of 1 GSa/s, allowing for baseband pulse con-
trol of the device’s plunger and barrier gate voltages. Two additional RF lines allow for
fast charge and spin readout using RF reflectometry (see sec. 3.4.1 below). At room tem-
perature, two homemade RF sources are used to generate the carrier signals, which are
combined and sent through an input line which is multiplexed to up to four tank circuits
using bias-tees on the PCB. A circulator on the mixing chamber plate allows to retrieve
the reflected signal through the readout RF line. This signal is amplified both at 4 K and
at room temperature using a cryogenic and a room temperature amplifier, and then de-
modulated and read out with an M3102A module.

For the DC lines, high-frequency noise is filtered using resistor-capacitor filters and
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copper-powder filters at the mixing chamber plate, depicted in orange. At room temper-
ature, each DC line is connected to the ports of home-built serial peripheral interface
(SPI) DAC modules to individually set DC voltages. If necessary, a Keithley 2000 multi-
meter is used to read out the DC current.

3.4. DEVICE TUNING
Tuning up a multi-dot quantum dot array to the point where one can start exploring
physics with it is perhaps the most time-consuming experimental task. Using a dou-
ble quantum dot as an example, the following paragraphs will go through the most im-
portant tuning steps, starting from the moment a device is cooled down all the way to
performing spin readout.

3.4.1. SENSOR TUNING AND RF REFLECTOMETRY

At the start of a typical tuning routine, DC gate voltages are set close to the expected ac-
cumulation voltages for sensors and quantum dots, as roughly extracted from the turn-
on values from the dipstick tests. As a next step, we tune up the device’s charge sensors.
The goal is to obtain regular Coulomb peaks or Coulomb oscillations [7]: a non-linear
modulation of the current between Ohmics, resulting from the quantum dot’s electro-
chemical potential levels being inside (current) or outside (no current) of the source-
drain voltage window. Starting from the turn-on voltages for each sensing dot, the bar-
rier voltages to the reservoirs are iteratively lowered and adjusted, until a more or less
regular pattern of Coulomb peaks is obtained (Fig. 3.5a). Typically, sharp and regular
Coulomb peaks are an indication of a well-tuned sensing dot. However, in practice, only
a single, sharp Coulomb peak is required to perform measurements. Once this Coulomb
peak is found, the DC voltage of the sensing dot plunger is set to one of its flanks. At this
voltage point the current through the sensing dot is particularly sensitive to the change
in charge state of nearby quantum dots, as a result of capacitive coupling. This measur-
able change in current is used to perform charge state readout.

For subsequent tuning steps, reading out the current in a DC fashion is typically too
slow. Instead, the state of the sensors can be also read out using radiofrequency (RF)
reflectometry [8]. This method requires an extra inductor to be bonded to one of the two
Ohmic contacts. In this case we use homemade off-chip NbTiN inductors (see also Fig.
3.2a). Together with the bond wire to the sensing dot, this forms an inductor-capacitor
(LC) tank circuit, with a resonance frequencyωi ∼ 1p

Li Ci
, with Li the inductance of each

resonator and Ci the total capacitance. Then, changes in the resistance of the sensing
dot channel embedded in the tank circuit result in differences in the RF signal reflected
by the circuit, which can be measured.

Every inductor is fabricated to have a different inductance by means of changing
their length or width. This results in a different resonance frequency for each tank cir-
cuit, such that the readout circuit can be multiplexed to a single RF readout line. This
allows for simultaneous readout of all sensors, together with modulation and demodu-
lation measurements using custom-built SPI RF generators and in-phase and quadra-
ture (IQ) demodulators (see Fig. 3.4). Typical resonance frequencies of about 100 MHz
allow for high-speed readout, with typical 2D scans taking only a fraction of a second,
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Figure 3.5: Tuning of a double quantum dot: from Coulomb peaks to PSB. (a) Sensing dot Coulomb peaks
measured in transport, as a function of plunger gate voltage. (b) Sensing dot Coulomb peaks measured with RF
reflectometry, as a function of the voltage on the sensor plunger and quantum dot gate p4. The first addition
line of quantum dot 4 is visible as a shift of the Coulomb peaks. (c) Sensing dot signal as a function of gate
voltages p3 and p4. The addition lines of quantum dots 3 and 4 are visible near the sensing dot Coulomb
peaks. (d) Sensing dot signal as a function of virtual gate voltages vp1 and vp2, which compensate for crosstalk
to the sensor and between quantum dots. (e) Sensing dot signal around the (1,1)-(0,2) transition as a function
of detuning ε12 and global chemical potential u12. In the forward scan direction, the characteristic signature
of PSB is visible as a fuzzy triangular region. (f) Histogram of sensor signal as a function of detuning ε12. At the
PSB region (center of the plot), two peaks are clearly visible, which correspond to two different spin states.

which significantly eases the further tuning procedure. In fact, this allows to tune up
charge stability diagrams (see below) in "real time" by quickly generating and plotting
measurement data as parameters are swept. We refer to this process as video mode tun-
ing.

3.4.2. CHARGE SENSING AND CHARGE STABILITY DIAGRAMS

Changes of the charge state of nearby quantum dots will result in shifts of the sensing
dot’s electrochemical potential levels. In Fig. 3.5b, the voltage of the top right sensor
plunger pTR is scanned against the voltage of p4, the plunger gate of the closest quantum
dot. Note that the "zero" point does not represent zero voltage, but the relative voltage
away from the set DC values. Along the y-axis, the expected modulation of Coulomb
peaks is observed. A sudden jump of the sensing dot as a function of the voltage p4 is
consistent with the change of the charge state of quantum dot 4 by 1. Additionally, the
cross-capacitance between gate voltages and quantum dots results in both the addition
line and the sensing dot Coulomb peaks to be slanted.

Scanning gate voltages p3 against p4, one can observe the characteristic double-dot
pattern of a charge stability diagram in Fig. 3.5c (compare with Fig. 2.2). The lack
of crosstalk compensation results in an oscillating sensor signal and slanted transition
lines.
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3.4.3. CROSSTALK COMPENSATION
Tuning up a multi-dot array benefits heavily from crosstalk compensation. This is rou-
tinely done through the process of virtualization of the gate voltages. In particular, the
voltage crosstalk to all quantum dot’s chemical potentials is linear [9]. This linearity
can be seen exemplarily in Figs. 3.5b and c, resulting in a slope of the Coulomb peaks
and of both quantum dot’s addition lines. These slopes can be extracted to obtain the
crosstalk elements αi j between gate voltage pi and quantum dot j (per definition, we
set αi i = 1). This allows for an efficient transformation between real voltages and a set
of virtual gate voltages vpi = ∑

j αi j p j , which then control the individual chemical po-
tentials. All crosstalk values can be extracted from measurements such as in Figs. 3.5b
and c, and inputted as elements of a single virtualization matrix, a transformation matrix
between real and virtual gate space.

For a double quantum dot, one can then obtain charge stability diagrams like in
Fig. 3.5d, as a function of gate voltages vp1 and vp2, where each charge state has a dis-
tinct charge sensor signal, and the addition lines of dot i are independent of the voltage
on virtual gate vp j . Each quantum dot charge state can then be labeled as (ni ,n j ), as
seen in the Figure. Note that barrier-to-plunger compensation can also be performed in
the same fashion, tracking each addition line as a function of barrier voltage. However,
barrier-to-barrier compensation, which is relevant to be able to dial in tunnel couplings
independently of each other, is typically a more challenging task. This is the subject of
chapter 5.

3.4.4. PAULI SPIN BLOCKADE TUNING
As discussed in section 2.2.4, spin-to-charge conversion via Pauli spin blockade (PSB) al-
lows for the charge sensor to distinguish between two spin states, which yield a blocked
and an unblocked signal. For a pair of quantum dots, their PSB readout window is typ-
ically found as a triangular region next to the interdot line between the (1,1) and (0,2)
charge states. The left panel of Fig. 3.5e shows a typical 2D plot around this PSB region,
showing the expected "fuzziness" next to the interdot line. This signal results from aver-
aging over many realizations and with both spins being likely in a mixed state, since no
particular initialization scheme is used here (as outlined e.g. in section 2.2.4). Note that,
for this plot, the scan axes are not the individual chemical potentials, but the detuning
ε12 = 1

2 (vp1 −vp2) and the global electrochemical potential u12 = vp1 +vp2.
It is worth noting that, at small tunnel couplings, a similar fuzzy signal is expected

at the interdot line because of latching, where tunneling between quantum dots is slow
due to the low tunneling rates. A key signature to distinguish latching from PSB is the
absence of fuzziness when reversing the scan direction for PSB, as shown in the right
panel of 3.5f. This is because Pauli exclusion principle allows for the (0,2) to (1,1) transi-
tion, irrespectively of the spin state. To further quantify the PSB window, one can plot a
histogram of the sensor signal as a function of detuning, shown in Fig. 3.5f. In the center
of the plot, two distinct peaks emerge, corresponding to the two different spin states. Ul-
timately, the clearest test to prove that readout is properly tuned up is the measurement
of spin-dependent phenomena like the position of the ST− anticrossing, singlet-triplet
oscillations or single-spin resonances.
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4
EXCITON TRANSPORT IN A

GERMANIUM QUANTUM DOT

LADDER

Quantum systems with engineered Hamiltonians can be used to study many-body physics
problems to provide insights beyond the capabilities of classical computers. Semiconduc-
tor gate-defined quantum dot arrays have emerged as a versatile platform for realizing
generalized Fermi-Hubbard physics, one of the richest playgrounds in condensed matter
physics. In this work, we employ a germanium 4×2 quantum dot array and show that the
naturally occurring long-range Coulomb interaction can lead to exciton formation and
transport. We tune the quantum dot ladder into two capacitively-coupled channels and
exploit Coulomb drag to probe the binding of electrons and holes. Specifically, we shut-
tle an electron through one leg of the ladder and observe that a hole is dragged along in
the second leg under the right conditions. This corresponds to a transition from single-
electron transport in one leg to exciton transport along the ladder. Our work paves the
way for the study of excitonic states of matter in quantum dot arrays.

This chapter has been published as: Tzu-Kan Hsiao, Pablo Cova Fariña, Stefan D. Oosterhout, Daniel Jirovec,
Xin Zhang, Cornelis Jacobus van Diepen, William I. L. Lawrie, Chien-An Wang, Amir Sammak, Giordano Scap-
pucci, Menno Veldhorst, Eugene Demler, and Lieven M. K. Vandersypen, "Exciton transport in a germanium
quantum dot ladder", Physical Review X, 14, 011048 (2024).
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4.1. INTRODUCTION
Quantum systems with well-controlled interaction parameters can shed light on the
physics of strongly-correlated many-body quantum systems [1, 2]. Electrostatically-defi-
ned semiconductor quantum dot arrays, owing to their in-situ tunability of electrochem-
ical potentials and relevant energy scales which can far exceed the thermal energy, have
become an attractive platform for studying a wide variety of fermionic systems [3–6].
Over the past few years, the techniques for control and probing of quantum dot simu-
lators has progressed significantly. This platform and closely related donor arrays have
been used as a small-scale simulator of Mott-Hubbard physics [7–9], Nagaoka ferromag-
netism [10], Heisenberg antiferromagnetic spin chains [11], resonating valence bond
states [12], and the Su–Schrieffer–Heeger model [13].

The charge carriers confined in quantum dot arrays exhibit an intrinsic long-range
Coulomb interaction which is essential for a wide range of interesting phenomena. The
long-range interaction induces spontaneous ordering of charges in a flat potential land-
scape to form a Wigner crystal [14, 15]. Similar spontaneous charge ordering occurs
in lattice potentials that are fractionally-filled [16, 17]. Also pair density wave states cru-
cially rely on non-local interactions [18]. When particles of opposite charge are involved,
the long-range Coulomb interaction is attractive instead of repulsive, and composite
particles can be formed. The attractive interaction between electrons and holes is the
essential ingredient for exciton formation [19], excitonic insulators [20] and exciton con-
densates [21]. In lattices that are close to fractional filling, a charge-transfer exciton can
bind one or two holes, giving rise to a polariton or trimer [22]. It has been suggested that
this trimer can give rise to unconventional superconductivity [23].

The long-range Coulomb interaction combined with the precise control of the lat-
tice filling, inter-dot charge tunneling and the spin degree of freedom thus allow quan-
tum dot systems access to a wealth of interesting many-body phenomena in Coulomb-
mediated states of matters. In ultra-cold atoms systems, combining tunneling with long-
range interactions has only recently been achieved [24, 25], and remains challenging. For
ultracold atoms in optical lattices, the Hamiltonian is usually limited to on-site interac-
tions and tunneling [26, 27]. Conversely, for atoms with a large magnetic moment or
dipolar molecules in optical lattices, long-range dipolar interactions exist, but tunneling
is generally absent [28, 29]. In such platforms as well as for Rydberg atoms trapped by
optical tweezers, the focus has therefore been on studying various spin models [30–32].

In low-dimensional solid-state systems, a clear manifestation of long-range Coulomb
interactions is Coulomb-drag. In a two-channel system, a current imposed by a voltage
bias across one channel (the drive channel) leads to a current or voltage across a second
channel (the drag channel) [33]. Coulomb drag can take two forms. “Positive" Coulomb
drag occurs when an electron in the drive channel pushes electrons in the drag chan-
nel forward due to Coulomb-mediated momentum transfer [34]. “Negative" Coulomb
drag can result from Wigner-crystal physics [35] or from exciton formation [33, 36], in
which the motion of a charge carrier in the drive channel pulls along a charge carrier of
opposite sign in the drag channel. The negative Coulomb drag effect from exciton for-
mation has been observed in double quantum wells in the quantum hall regime [33, 37,
38], double quantum wires [39] and 2D materials [40–42]. In these works, the negative
Coulomb drag is interpreted as resulting from inter-channel exciton transport. Whereas
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Figure 4.1: (a) A false-color scanning electron microscope image of a device nominally identical to the one
used in this work. The dashed white circles indicate the intended positions of the 4×2 dot array and sensing
dots. (b) Schematic cross-section of the gate stack and a germanium quantum well heterostructure. Holes are
confined in the 55 nm-deep quantum well. Gate layers with different functions are drawn in colors shown in
the legend. (c) Schematics illustrating the Coulomb drag of a hole in the bottom channel by the (imposed)
motion of an electron (missing hole) in the top channel of a 4×2 quantum dot array. The bound state of an
electron and hole (an exciton) arises from the inter-channel Coulomb interaction. Two charge sensors, located
at the bottom-left and bottom-right corners, are used to probe the charge configuration in the two array.

Coulomb drag can arise from interactions between classical charges, in the quantum dot
platform, the motion of charges and excitons occurs by tunneling and co-tunneling re-
spectively, which are intrinsically quantum mechanical processes. Coulomb drag then
serves as a precursor for exciton condensation and excitonic insulator phases.

Excitonic states can be described theoretically using a two-channel Hubbard model
with N ×2 sites [43–45],

H =− t
∑

〈i , j 〉,σ
c†

iσc jσ+U
∑

i

ni (ni −1)

2

+U ′ ∑
〈i , j 〉

ni n j +V
∑

i∈α, j∈β
ni n j

+V ′ ∑
i∈α, j∈β

ni n j ,

(4.1)

where ciσ denotes the annihilation operator of a spin-1/2 fermion with spin σ ∈ {↑, ↓} at
site i of a two-channel system where site 1 to N are located in channel α and site (N +1)
to 2N are part of channel β, and 〈i , j 〉 sums over neighboring sites in the same channel.
The number operator is given by ni = c†

i↑ci↑+ c†
i↓ci↓, t is the tunnel coupling within the

same channel, U the on-site Coulomb interaction, U ′ is the nearest-neighbor Coulomb
interaction within the same channel, V is the nearest-neighbor inter-channel Coulomb
interaction, and V ′ is the diagonal inter-channel Coulomb interaction. When the two
channels are occupied by charge carriers of opposite sign, the inter-channel interactions
are attractive. Note that we consider systems without hopping between the two channels
and interaction terms beyond nearest-neighbor or diagonal sites are neglected. Further-
more, in Eq. 4.1 we assume homogeneous tunnel couplings and Coulomb interactions.
To describe systems with inhomogeneous couplings, we will use ti j and Vi j to denote
the tunnel coupling and inter-channel Coulomb interaction between site i and j .

This model can describe the conduction band and valence band in a material, and
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also two capacitively-coupled channels. Earlier works have reported on arrays of metal-
lic or superconducting tunnel junctions [46–48], and small quantum-dot arrays [49].
However, these systems lack the control knobs for individual interaction parameters and
the probes for the quantum state at each site. In comparison, when a N×2 quantum dot
ladder is tuned to host electrons in one channel and holes in the other channel, thanks
to the advanced control and probing capabilities, it can be used as a versatile platform
for studying excitonic physics.

Many years of work on quantum dot systems have led to steady scaling of linear ar-
rays [50–52]. Furthermore, several reports on two-dimensional quantum dot arrays have
appeared using GaAs [10, 53], silicon [54, 55] and germanium [56] as the host material.
Among the various host materials, germanium is particularly promising to scale to large
arrays thanks to the low disorder and light effective mass [57, 58]. Even a 4×4 Ge quan-
tum dot array has been realized [59], albeit with shared-controlled electrochemical po-
tentials and tunnel couplings.

In this work we use a 4×2 Ge quantum dot ladder as an excitonic system, doubling
the size of fully controlled Ge quantum dot arrays [56]. We activate hopping along the
legs of the ladder but suppress hopping between the legs. In this way, two capacitively-
coupled channels of quantum dots are formed. The charge carriers in this platform are
holes arising from the valence band. A missing hole on top of a singly-occupied back-
ground of holes effectively defines an electron. We control the electrochemical poten-
tials of the array such that the top channel hosts an electron and the bottom channel
can host a hole. To explore the formation of excitons, we use real-time charge sensing to
study under what conditions the imposed motion of an electron through the top channel
drags along a hole in the bottom channel through the long-range Coulomb-interaction.

4.2. DEVICE AND EXPERIMENTAL APPROACH
The experiment is carried out in an electrostatically-defined 4×2 hole quantum dot ar-
ray, which is fabricated in a Ge/SiGe quantum well heterostructure [60]. Fig. 4.1(a) shows
a device image, with the positions of the dots and charge sensors as indicated by the la-
beled circles. Fig. 4.1(b) shows a schematic gate stack of the device. Screening gates,
plunger gates and barrier gates were fabricated in successive lithography steps (see the
Appendix for details), using a device design that can be easily extended to longer bilin-
ear quantum dot ladders. We refer to the path from dot 1 to dot 4 as the top channel
(drive channel) and to the path from dot 5 to dot 8 as the bottom channel (drag chan-
nel). Quantum dots are formed by applying negative DC voltages on a set of plunger
gates, P , and barrier gates, B , to accumulate and confine holes in the quantum well in
the area between the screening gates. The charge occupation of the 4×2 array is denoted(

O1 O2 O3 O4
O5 O6 O7 O8

)
, where Oi represents the number of holes in dot i . The structure allows for

individual control of all ten nearest-neighbor tunnel couplings. Plunger gates and bar-
rier gates are additionally connected to high-frequency lines via bias tees to allow fast
control of electrochemical potentials and tunnel couplings.

In this experiment the plunger and barrier gates are virtualized such that changing a
virtual plunger P ′

i independently controls the electrochemical potential, µi , of dot i and
changing a virtual barrier B ′

i j mainly modulates the tunnel coupling, ti j , between neigh-
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Figure 4.2: Schematics illustrating the experimental scheme for probing exciton formation through Coulomb
drag. The first row shows the ladder diagrams of the drive channel. The vertical axis is an energy axis, the
horizontal axis is space. Vertical black lines indicate tunnel barriers, the blue shaded region represents the
reservoir, which is filled up to the Fermi level. Phase I: Each dot is filled with one hole and the dot potentials
are aligned. Phase II: The leftmost hole is pushed out by raising µ1, which can be viewed as loading an electron
in dot 1. Phase III: µ1 is lowered and µ2 is raised. The electron moves to dot 2. Phase IV: µ2 is lowered and µ3
is raised. The electron moves to dot 3. Phase V: µ3 is lowered and µ4 is raised. The electron moves to dot 4.
The second and the third rows compare the ladder diagrams of the drag channel with and without Coulomb
drag effect, respectively. The second row is the exciton transport regime (E < Vi j ), in which the presence of a
drive-channel electron lowers the dot potentials in the drag channel sufficiently for a hole to be loaded in the
bottom channel. The hole will then be bound to the electron and travel along with the electron, i.e. an exciton
is formed. The third row is the single-electron transport regime (E > Vi j ), in which the charge state in the
drag channel is not affected by the drive-channel electron. Note that for simplicity we assume homogeneous
Vi j = V , and the intra-channel and diagonal Coulomb interactions are ignored in the schematics. Also note
that while electrons have been added to the first row to make the underlying particle-hole transformation clear,
our device can only host holes.
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boring dots i and j without influencing the dot potentials. In this device four charge sen-
sors (BL, BR, TL and TR) can be formed at the four corners of the array. They serve both
as detectors for the charge occupation and as reservoirs. In this experiment we use only
the BL and BR sensors for charge sensing, with multiplexed RF reflectometry (TL and TR
are used as reservoirs.). The plunger gates for the BL and BR sensors are also included
in the gate virtualization, such that sweeping a plunger gate in the array does not shift
the sensor peak position. Therefore, the sensors are mostly sensitive to changes of the
charge occupation in the array. While jumps in the charge sensor peak position could
in principle affect the loading fidelity, the Coulomb peaks are broad enough such that
this effect is negligible for the experiments described below. Thus, we can simultane-
ously use them as charge sensors and reservoirs without a measurable impact in loading
fidelity.

To study exciton formation via the Coulomb drag effect, we will aim to initialize the
device in the

(
1 1 1 1
0 0 0 0

)
charge state, where each top-channel dot is occupied by one hole

and the bottom channel is empty. Because the charge carriers in the array are holes orig-
inating from the valence band, removing a hole in the top channel amounts to adding an
electron relative to the singly-filled background of holes (see Fig. 4.2). We can thus load
an electron to the top channel by emptying a dot (e.g. pulsing to the (0111) charge state
in the top channel). The electrochemical potentials of the bottom dots in the

(
1 1 1 1
0 0 0 0

)
configuration are aligned with each other, such that loading a hole from the reservoir to
the bottom channel costs the same energy regardless of its position. We label this energy
cost E (Fig. 4.2). When E is lower than the nearest-neighbor inter-channel Coulomb in-
teraction Vi j , a hole will be attracted in the bottom channel by the top-channel electron,
reaching e.g. the charge state

(
0 1 1 1
1 0 0 0

)
. An electron-hole pair is thus formed bound by Vi j ,

which constitutes an inter-channel exciton (strictly speaking, Vi j must here be corrected
by intra-channel and diagonal Coulomb interactions; we will neglect these corrections
to simplify the discussion but they are included when aligning the bottom dot poten-
tials). Furthermore, if the system Hamiltonian favors an exciton ground state, pushing
the electron (the missing hole) through the top channel will cause the hole in the bottom
to move together with the electron (Fig. 4.1(c) and Fig. 4.2).

4.3. QUANTUM DOT LADDER FORMATION AND TUNE-UP
Figure 4.3(a) shows charge stability diagrams for the inter-channel dot pair 1-5 near the(

1 1 1 1
0 0 0 0

)
charge configuration (see the Appendix for the other inter-channel pairs). The

virtualized sensors result in a gradient-free signal within each charge state region. The
inter-channel Coulomb interactions Vi j between dot i and j are extracted from the size
of the anti-crossing for an inter-dot transition. The obtained inter-channel Coulomb
interaction strengths are V15 = 220µeV, V26 = 260µeV, V37 = 315µeV, and V48 = 213µeV.
The diagonal Coulomb interactions V ′ are smaller than 100µeV.

Figure 4.3(b) shows the sensor signal as a function of the detuning of dots 1 and 2,
δ(P ′

1 −P ′
2), and the detuning of dots 5 and 6, δ(P ′

5 −P ′
6), near their respective inter-dot

transitions. If we sweep δ(P ′
1 −P ′

2) and keep δ(P ′
5 −P ′

6) fixed near the 5-6 transition, as
indicated by the black arrow in Fig. 4.3(b), a transition is made from

(
0 1 1 1
1 0 0 0

)
to

(
1 0 1 1
0 1 0 0

)
whereby a charge tunnels from dot 2 to dot 1 and simultaneously a charge moves from
dot 5 to dot 6, thanks to the inter-channel Coulomb interactions V15 and V26. This co-
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Figure 4.3: Charge occupation control of the 4×2 dot array in the single-hole regime. (a) Charge stability di-
agram of an inter-channel dot pair 1-5. δP ′

i refers to the change in P ′
i relative to a baseline DC voltage. The

inter-channel Coulomb interaction V15, as illustrated in the schematic above, can be determined by measur-
ing the size of the anti-crossing (the distance between the white dashed lines) in the charge stability diagrams.
The Coulomb interaction strengths are converted from voltage to energy using lever arms. See appendix for
the charge-stability diagrams of all nearest-neighbor dot pairs, for all inter-channel Coulomb interaction mea-
surements and for the extraction of lever arms. (b) Charge stability diagram as a function of 1-2 detuning
δ(P ′

1 −P ′
2) and 5-6 detuning δ(P ′

5 −P ′
6). Along the black arrow an exciton moves in the dot array due a co-

tunneling process depicted in the schematic.

tunneling process [49] results in an exciton moving in the ladder array, and is the domi-
nant exciton transport process since it happens before sequential tunneling is energeti-
cally allowed (see the path along the black line in Fig. 4.3.

Efficient exciton transport requires strong intra-channel tunnel couplings in order to
obtain large intra-channel co-tunneling couplings, and weak inter-channel tunnel cou-
plings. Strong inter-channel tunneling exceeding the channel detuning would allow the
charge carriers to hybridize between the two channels, in which case we can no longer
speak of a distinct electron and hole which are bound by long-range Coulomb interac-
tion.

Using the gate voltages, we can control both the inter-channel and intra-channel
tunnel couplings. The tunnel couplings are characterized by fitting inter-dot transition
sensor signals to a model described in [61]. Figures 4.4(a-b) show the control of t12 and
t15. Due to fabrication procedure, some barrier gates exhibit a weaker response than
others, meaning that larger voltage swings are required for modulating the correspond-
ing tunnel couplings (see appendix for details). Note that in the virtualized B ′ we do not
compensate for tunnel coupling crosstalk [62, 63] since the present experiment only re-
quires setting the tunnel couplings once and furthermore is robust to small variations in
tunnel couplings.

We here set all intra-channel tunnel couplings to 30–40µeV. For the inter-channel
tunnel couplings we target values ideally below 1µeV. However, it is challenging to
quantify such small tunnel couplings by fitting the inter-dot sensor signal, given that
the thermal energy based on the effective electron temperature is about 20µeV in this
experiment. Instead of the tunnel couplings, we measure the inter-dot tunnel rates by
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Figure 4.4: Tunnel coupling control of the 4×2 dot array in the single-hole regime. (a-b) Measurements of
(a) intra-channel tunnel coupling t12 and (b) inter-channel tunnel coupling t15 as a function of B ′

12 and B ′
15,

respectively. The orange dashed lines show exponential fits to the data. (c) Measurement of tunneling rate
Γ26 between dot 2 and dot 6 when t26 is suppressed. A hole is initialized in dot 6 (µ6 < µ2) and at 100µs we
abruptly align the electrochemical potentials (µ6 =µ2) using a gate voltage pulse. From this moment, the hole
can tunnel from dot 6 to dot 2. The plot shows the time averaged charge sensor response. As expected, we
see an exponential trend in the sensor response, since the tunnel time should obey Poisson statistics. The
exponential fit yields Γ26 = 40 kHz, which gives a rough estimate of t26 = 0.03µeV. (d) same as (c) but for Γ56
when t56 = 46µeV. Γ56 is higher than the measurement bandwidth of 1 MHz.

abruptly aligning the dot potentials using a gate voltage pulse. The relation between
tunnel coupling and tunnel rate can be expressed as [64]

Γi j = 2T2t 2
i j (4.2)

where Γi j and ti j are the tunnel rate and tunnel couplings between dot i and j , and T2 is
the charge dephasing time (T2 ≥ 0.3 ns extracted from photon-assisted-tunneling mea-
surement [65], see appendix for details). Figure 4.4(c) shows the tunnel rate measure-
ment between dot 2 and dot 6. The fit yields Γ26 = 40 kHz. Using Eq. (4.2) we obtain t26 ≤
0.03µeV. For comparison, Fig. 4.4(d) shows the measurement of Γ56 when t56 =46µeV.
In this case the decay appears instantaneous owing to the fast tunneling between the
dots. Using the inter-channel barrier voltages, all inter-channel tunnel couplings can be
suppressed below 0.1µeV (see appendix), with all inter-channel Coulomb interactions
> 150µeV. However, we ideally want homogeneous inter-channel Coulomb interactions
of about 200-300µeV, in order to have a large window for Coulomb drag. Since V15 is
only 166µeV when t15 = 0.07µeV, we bring dot 1 and dot 5 closer together to increase
V15 to 220µeV, at the expense of a higher t15 ∼ 25µeV 1.

1We note that although t15 is higher than other inter-channel tunnel couplings, since electron-hole pair trans-
port is a co-tunneling process and since t26 remains below 1µeV, the correlated hopping of an electron-hole
pair across the channels is still three orders of magnitude smaller than the hopping along the channel direc-
tion.
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Figure 4.5: Coulomb drag and exciton transport measurements. (a) BL and (b) BR processed (see appendix)
sensor signals as a function of time and E . In the time domain the dot potentials in the top channel are pulsed
from phase I to V as described in Fig. 4.2. A positive (negative) charge causes a positive (negative) sensor signal.
The regions enclosed by a blue dashed rectangle correspond to the single-electron transport regime, in which
only a negative charge moves from the left to the right in the top channel. The regions enclosed by a orange
dashed rectangle indicate the exciton transport regime, in which an additional positive charge is loaded and
travels with the top-channel electron. Since the BL and BR sensors are more sensitive to charges in the bottom
channel than in the top channel, the sensor signals change sign in the exciton transport regime compared to
those in the single-electron transport regime. (c) 1D line cuts of the BL sensor signal in the single-electron
transport regime (E ≃500µeV, blue trace) and in the exciton transport regime (E ≃100µeV, orange trace). (d)
Same as (c) but for the BR sensor signal. The small drop in the BR signal between 50µs and 100µs is caused
by imperfect virtualization of the BR sensor with respect to P ′

1. The slight bending of the BR signal is possibly
caused by charging/discharging of the 2DHG near the BR sensor. Additionally, we understand the broadening
of the transition line in phase II as a result of strong dot-reservoir coupling.
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4.4. COULOMB DRAG AND EXCITON FORMATION
The experiment scheme for measuring exciton formation and transport is illustrated in
Fig. 4.2. In phase I, the 4×2 dot array is set to the

(
1 1 1 1
0 0 0 0

)
charge occupation in which the

dot potentials in the top channel (drive channel) are aligned and are placed ∼ 200µeV
below the Fermi level. The potentials in the bottom channel (drag channel) are aligned
as well, and positioned above the Fermi level by an energy offset, E . From phase II to V,
the respective top-channel dot potentials are consecutively raised and then lowered by
6 mV (∼ 670µeV) to load and shuttle an electron from left to right. If E < Vi j , the top-
channel electron capacitively lowers the bottom-channel potential on the opposite site
below the Fermi level. As a consequence a hole is loaded in the bottom channel. Due
to the inter-channel Coulomb interaction, the hole is dragged along with the electron,
i.e. the electron and hole move together as an exciton along the channel throughout
the pulse sequence. In contrast, if E > Vi j , the top-channel electron moves alone with-
out dragging along a hole. Therefore, a transition between exciton transport and single
electron transport is expected to occur at E ∼ Vav g = 〈Vi j 〉. In this work, the average
inter-channel Coulomb interaction Vav g is 252µeV. We note that for a system with inho-
mogeneous Vi j , the range of E where Coulomb drag can occur is limited by the smallest
Vi j .

In the measurements shown in Fig. 4.5, the top-channel dot potentials are pulsed
from phase I to V in the time domain while the bottom-channel potentials are fixed at
E 2. Figs. 4.5(a) and (b) show the BL and BR sensor signals as a function of time and E .
The sensor signals corresponding to the

(
1 1 1 1
0 0 0 0

)
charge state (phase I when E > 0) are

assigned a reference value of 0. An increasing (decreasing) signal indicates a positive
(negative) charge moves closer to the corresponding sensor. In the region enclosed by
the blue dashed rectangle, from phase II to V, the BL (BR) sensor signal is increasingly
(less and less) negative. As E is reduced, the sensor signals first pass through a transition
region around E ∼ 200µeV and then reach a region enclosed by the orange rectangle,
where the BL (BR) sensor signal is less and less (increasingly) positive from phase II to V.

The data in Fig. 4.5(a) and (b) can be understood as follows. In the blue-dashed re-
gion, the system is in the single-electron regime in which a top-channel electron is mov-
ing away from BL and towards BR. Hence, the magnitude of the negative signal decreases
(increases) over time for BL (BR). In contrast, in the orange-dashed region, the system
enters the exciton transport regime in which an inter-channel exciton moves to the right.
Because the BL and BR sensors are more sensitive to the bottom-channel hole than to
the top-channel electron, the net signal induced by the exciton is positive and the mag-
nitude of this positive signal decreases (increases) over time for BL (BR). See Fig. 4.5(c)
and (d) for a further comparison between the signals in the single-electron-transport
regime and the exciton transport regime. In Fig. 4.5(a) and (b) the transition between
the single-electron regime and the exciton transport regime occurs around E ∼ 200µeV,
which is consistent with the predicted transition point E ∼Vav g = 252µeV. The width of
the transition regime depends on the level of disorder in the dot potentials (δµ≤ 50µeV,
which is the accuracy of the automated calibration) and variations in inter-channel Vi j

(standard deviation in Vi j of ∼ 40µeV). Note that when E < 0µeV, the signals in phase I

2In the experiment we apply a global virtual gate voltage on the bottom channel and convert the global voltage
to a global energy offset using an averaged bottom-channel lever arm 112µeV/mV
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increase because the bottom channel starts loading holes from the reservoirs, even if no
electron is loaded in the top channel.

Finally, since the transport of an inter-channel exciton involves a co-tunneling pro-
cess, it is possible in principle that either the electron or the hole or the entire exciton are
not successfully transferred from one site to another. In the data of Fig. 4.5, no such failed
charge transfers are observed. This is expected since the 50µs duration of the pulse seg-
ments by far exceeds both the single-particle tunneling rates and the co-tunneling rates
(in the Appendix, we estimate the probability of successful adiabatic charge transfer to
be about 99.2%).

4.5. CONCLUSION AND OUTLOOK
In summary, we have fabricated a germanium 4×2 quantum dot ladder and use it to
study exciton formation and transport. To engineer the system Hamiltonian, we tune the
full array into the single-hole regime and independently control all the on-site potentials
and interdot tunnel couplings. We find strong inter-channel Coulomb interaction while
the tunneling between channels is suppressed, which is essential for realizing excitonic
physics. To probe exciton formation by means of Coulomb drag, we drive an electron
through the top channel and measure the charge sensor signals as a function of the bot-
tom channel potential. The measured signals are in good agreement with the picture of
a transition from single-electron transport to exciton transport resulting from the inter-
channel Coulomb interaction. An interesting next step possible with the present sample
is to create and study an engineered excitonic insulator [20].

Whereas tunneling and Coulomb-mediated co-tunneling of charges between the dots
along each leg of the ladder are quantum mechanical effects, the present experiments
on exciton formation and transport can be understood in terms of classical long-range
Coulomb interactions without invoking quantum effects (see Section 11 of the appendix).
In the future, we envision that with sufficiently homogeneous interaction energies and
co-tunnel couplings in longer ladders, excitons can delocalize over the array, show co-
herent dynamics in the time domain, and exciton quasi-condensation 3. Already, co-
herent delocalization of individual charges as well as coherent oscillations of charges in
the time domain have been observed previously in quantum dot arrays [10, 64, 67–71].
Also spin coherence was shown to extend over quantum dot arrays [11, 12, 63], including
across a 4x2 quantum ladder using a nominally identical device to the one used here [72].

It is useful to point out an enhanced symmetry in bilinear quantum dot arrays as de-
scribed by Eq. 4.1, which should play an important role in the nature of the ground state
in the thermodynamic limit. As there is no tunnelling between the channels, one can
define separate SU(2) symmetries for each channel 4. The full Hamiltonian is symmet-
ric with respect to both of them, and the full symmetry of the system is SO(4) ≃ SU(2)
⊗ SU(2)[73]. Excitonic condensation in this system would require spontaneous sym-
metry breaking of the SO(4) symmetry. For non-Abelian symmetries such as SO(4), the
Hohenberg-Mermin-Wagner theorem shows that only exponentially decaying correla-

3Strictly speaking, exciton condensation does not occur in 1D or 2D at finite temperature. However, for real ex-
perimental systems we can have quasi-condensation when the correlation length exceeds the system size [66]

4Holes in strained germanium have spin-3/2, but the large heavy-hole light-hole splitting leads to an effective
two-level system.
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tions are allowed even at zero temperature, due to the abundance of possible fluctua-
tions of the order parameter. This should be contrasted to the excitonic states of spinless
fermions, for which condensation corresponds to the Abelian U(1) symmetry and thus
the system can exhibit quasi-long range at zero temperature in one dimensional systems.

Interestingly, two excitons can together form a SO(4) singlet. Such singlets can ex-
hibit quasi-long range order at zero temperature in one dimensional systems, analo-
gously to spinless bosons. This suggests our system can exhibit unusual types of ground
states in the thermodynamic limit, such as quasi-condensates of composite particles or
states with broken translational symmetry. Analogous phenomena have been discussed
in the context of spinor condensates of cold atoms in one-dimensional systems[74, 75].

One can also break the SO(4) symmetry by introducing extra terms to the Hamilto-
nian. When breaking SO(4) symmetry with a magnetic field, Sz = 1 excitons are favored
and can form a (quasi-)condensate, which is not usually seen in optical spectroscopy
since these excitons are dark. In addition, the spin-orbit coupling present in germanium
quantum wells, while not breaking time reversal symmetry [76], can also hybridize sin-
glet and triplet states, lifting their degeneracy [77, 78], which may lead to condensation
at zero magnetic field.

Owing to the in-situ tunability of device parameters, the quantum dot platform offers
access to a wide variety of regimes. For instance, a transition from semiconductor to ex-
citonic insulator can be observed by changing the detuning between two channels. The
BCS-BEC crossover might be realized by increasing the exciton density while fixing the
Coulomb interaction strength [79]. Moreover, one may create and manipulate charged
excitons (trions) by introducing imbalanced electron and hole numbers in the channels.
Another important regime for the SO(4) physics in 1D systems is the so-called “incoher-
ent Luttinger liquid" regime [80], where the temperature is below the charge (exciton in
our case) binding energy but above the spin interaction energy. In this case, we expect
Luttinger liquid power-law correlations in the “exciton number" but short range correla-
tions in the spin sector.

4.6. SUPPLEMENTARY MATERIAL

4.6.1. DEVICE FABRICATION AND EXPERIMENT SETUP

The device was fabricated on a Ge/SiGe heterostructure featuring a strained Ge quantum
well positioned 55 nm below the semiconductor-dielectric interface, as described in [60].
The fabrication started by defining ohmic contacts, which were made by electron beam
lithography, etching of the native oxide with buffered HF, and electron beam deposition
of 30 nm of Al. An insulating layer of 7 nm Al2O3 was grown with atomic layer deposition,
also annealing the device and diffusing the aluminum into the heterostructure during
the process. Subsequently, the screening gates (3/17 nm Ti/Pd), plunger gates (3/27 nm
Ti/Pd), and barrier gates (3/37 nm Ti/Pd) were made in three metalization layers, which
are all separated by 5 nm thick layers of Al2O3. Note that for easing the lift-off of the
compact barrier gates, we made the barrier gates in two steps, in which the barrier gates
were distributed in two lithography/evaporation/lift-off processes without a Al2O3 layer
in between. The fabrication procedure is summarized in Fig. 4.6. The chosen device de-
sign provides a scalable path to longer bilinear quantum dot arrays with full control over
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(a) (b) (c)
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200nm

Figure 4.6: Fabrication steps for the 4×2 Ge quantum dot ladder, showing the design of each patterned layer. (a)
Ohmic contact layer for contacting the Ge quantum well. (b) Screening gate layer for defining the active region
in which holes are confined. (c) Plunger gate layer for charge accumulation and electrochemical potential
control. (d) and (e) are the first and second barrier layer used for shaping the quantum dot potentials and for
tunnel coupling control. The layers in (a)-(d) are separated by Al2O3 insulating layers. The barrier gates in (d)
and (e) are realized in two separate metalization steps (with no insulating layer in between) to ease the lift-off
process.

all dot potentials and interdot tunnel couplings. Charge sensing can be accomplished
dispersively or with sensors integrated alongside the ladder instead of at the extremities
only.

The measurement was performed in a Oxford Instruments Triton dilution refriger-
ator with a nominal base temperature of 6 mK. The device was mounted on a custom-
made sample PCB. DC voltages from homebuilt SPI DAC modules and pulses from a
Keysight M3202A AWG are combined using on-PCB bias-tees. RF reflectometry for charge
sensing was done using SPI IQ-demodulation modules and on-PCB LC tank circuits. The
demodulated signals were recorded by a Keysight M3102A digitizer.

4.6.2. SINGLE-HOLE REGIME OF THE 4×2 ARRAY

The charge state tunability of the 4×2 ladder is displayed in Fig. 4.7, where we show
charge stability diagrams for all dot pairs down to the single-hole regime. The area on
the top right corner of the plots corresponds to the zero-charge state. The effect of gate
voltage crosstalk is compensated using virtual gates P ′. All ten plots are obtained using
charge sensing using the bottom right and bottom left sensors.

Additionally, in Fig. 4.8, we show global charge state control of full the 4×2 array by
sweeping two virtual gates, corresponding to the top and bottom channel energies (PT

and PB , respectively). Every vertical or horizontal addition line reflects a single charge
being added to either the top or the bottom channel. Lines are spaced apart by the long-
range Coulomb interaction. The starting charge occupation for the Coulomb drag ex-
periment corresponds to the top left of this plot, with 4 charges in the top channel and
none in the bottom.
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(f)

(a) (c)(b) (e)(d)

(h)(g) (j)(i)

Figure 4.7: Charge stability diagrams of all neighbouring dot pairs, showing the left or right bottom sensor
signal as a function of two virtual plunger gate voltages. (a)-(f) Dot pairs along the top or bottom channel.
(g)-(j) Dot pairs across the channel. The top right corner of each figure corresponds to the zero-charge state.
Note that at this tuning stage, there existed a strong coupling between dot 5 and BL sensor, which resulted in
an improper virtualization and reduced sensitivity when dot 5 was empty. However, this problem was solved
with further tuning. See Fig. 4.3, where all relevant addition and interdot lines as well as the proper sensor
virtualization are clearly visible for dots 1 and 5.

0000
00001111

0000

0000
1111

Figure 4.8: Charge stability diagram depicting the global charge state tunability of the 4x2 array. The scanned
gates are the top and bottom channel virtual voltage PT = P ′

1 +P ′
2 +P ′

3 +P ′
4 and PB = P ′

5 +P ′
6 +P ′

7 +P ′
8. Every

vertical (horizontal) charge transition corresponds to adding a single charge to the top (bottom) channel. We
plot the gradient of the sensor signal for better resolution of the transition lines. The top left region of this plot
corresponds to a filled top channel and an empty bottom channel, which is the starting charge configuration
for the Coulomb drag experiment.
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(b)(a)

W

H

Figure 4.9: Example of lever arm measurements. (a) PAT measurement showing the processed sensor signal as
a function of frequency and detuning at the inter-dot transition between dot 3 and dot 7. The blue dashed line

is a fit of the form h f =
√
δµ2

3 +4t 2
37, where δµ3 = L3δP ′

3. The linewidth is about 0.1 mV (11.7µeV), from which

we estimate a charge coherence time T2 ≥ 0.3 ns. (b) The charge stability diagram at the inter-dot transition
between dot 3 and dot 4. The blue dashed line shows the inter-dot transition line with a slope S = H/W = L4/L3
where H is the height and W is the width of the transition line.

Li Value (µeV/mV) Method
L1 111 Inter-dot slope
L2 104 PAT
L3 117 PAT
L4 117 Inter-dot slope
L5 115 Inter-dot slope
L6 113 PAT
L7 112 PAT
L8 111 Inter-dot slope

Table 4.1: The values and measurement methods for each lever arm Li .

4.6.3. LEVER ARM MEASUREMENT

The conversion between a virtual gate voltage P ′
i and electrochemical potential µi is de-

scribed by δµi = LiδP ′
i , where Li is the lever arm for dot i . The lever arms can be char-

acterized using photon-assisted tunneling (PAT) [65]. In Fig. 4.9(a), the signal is fitted

to h f =
√
δµ2

3 +4t 2
37. From the fit a lever arm L3 = 117µeV/mV is extracted. In addi-

tion, the ratio between two lever arms can be determined from the slope, S, of an inter-
dot charge transition line based on the fact that Vi j = V j i . For instance, in Fig. 4.9(b),
V34 = L3H = V43 = L4W . Therefore, S = H/W = L4/L3. So, L4 can be estimated from L3

and S. We obtain L4 = 117µeV/mV with L3 = 117µeV/mV and S =1.0. Similarly, based
on PAT measurements and inter-dot slopes, all lever arms are estimated. The results are
summarized in table 4.1. All lever arms have similar value ∼ 110µeV/mV with a standard
deviation of 4µeV/mV.

4.6.4. INTER-CHANNEL COULOMB INTERACTION MEASUREMENT

Figure 4.10(a)-(d) shows the measurements of inter-channel Coulomb interactions, which
are responsible for the excitonic Coulomb drag effect. As in Figure 4.3(a), the Coulomb
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Figure 4.10: Measurements of inter-channel Coulomb interactions (a) V15 (replotted from Fig. 4.3a), (b) V26,
(c) V37 and (d) V48.

interactions are characterized by finding the sizes of the anti-crossings and converting
them into energies through lever arms. From Fig. 4.10(a)-(d) we obtain V15 = 220µeV,
V26 = 260µeV, V37 = 315µeV, and V48 = 213µeV.

4.6.5. TUNNEL COUPLING CONTROL

Figure 4.11 shows control of all nearest-neighbour tunnel couplings ti j using the corre-
sponding virtual barrier gates B ′

i j . The tunnel coupling dependency is fitted by an ex-

ponential function A exp(−γi j B ′
i j )+C , from which the barrier lever arm γi j is extracted.

The γi j are summarized in table 4.2. Roughly, the barrier lever arms can be separated
into two groups, corresponding to the two steps in which the barriers were fabricated.
Notably, the barrier gates patterned in the first fabrication step display a stronger lever
arm than those patterned in the second step, despite the absence of an ALD layer be-
tween the two barrier metalization layers. The reasons for this discrepancy requires fur-
ther investigation, but might be caused by the device design or residual resist under the
second barrier gate layer. Nonetheless, all barriers display a reasonable level of tunnel
coupling control, which allows us to tune the tunnel couplings to the values required to
perform the excitonic Coulomb drag experiment.
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Figure 4.11: Control of all nearest-neighbour tunnel couplings. (a)-(f) Measured intra-channel tunnel coupling
ti j as a function of virtual barrier gates B ′

i j . (g)-(j) Measured inter-channel tunnel coupling ti j as a function

of virtual barrier gates B ′
i j . The orange dashed lines are exponential fits to the data.

γi j Value (1/mV) Barrier fabrication step
γ12 0.040 1st
γ23 0.057 1st
γ34 0.036 2nd
γ56 0.028 2nd
γ67 0.128 1st
γ78 0.085 1st
γ15 0.012 1st
γ26 0.008 2nd
γ37 0.006 2nd
γ48 0.044 1st

Table 4.2: The values and corresponding barrier fabrication steps for each tunnel barrier lever arm γi j .
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Figure 4.12: Tunnel rate measurements for (a) Γ15, (b) Γ26, (c) Γ37, and (d) Γ48. The orange curves are expo-
nential fits to the data.

4.6.6. TUNNEL RATE MEASUREMENT
Tunnel coupling extraction via fitting of the inter-dot transition signals allows us to reli-
ably obtain tunnel coupling values of the order of tens of µeV, larger than or comparable
to the electron temperature. As ti j becomes much smaller than the electron tempera-
ture, this fit becomes unreliable. When the hopping between channels is suppressed,
we estimate the inter-channel ti j from the inter-channel tunnel rates Γi j as described
in the main text. Figure 4.12 (a)-(d) show the tunnel rate measurements, from which we
obtain Γ15 = 208 kHz, Γ26 = 40 kHz, Γ37 = 118 kHz, and Γ48 = 81 kHz. Since we estimate
T2 ≥ 0.3 ns (lower limit) from the linewidth of the PAT in Fig. 4.9(a), by using Eq. 4.2 we
can then estimate t15 ≤ 0.07µeV, t26 ≤ 0.03µeV, t37 ≤ 0.06µeV, and t48 ≤ 0.05µeV in the
target regime where the inter-channel hopping is suppressed.

4.6.7. AUTOMATED CALIBRATION ROUTINE
Slow changes in the electrostatic environment of the device lead to inevitable drift of
dot electrochemical potentials. To compensate for this low frequency drift, we imple-
ment a fast automated calibration routine to keep the electrochemical potentials fixed
relative to the Fermi level. Our target is to set the level of dot i with an offset P ′

i ,t ar g et

from the Fermi level. In this experiment P ′
1,t ar g et to P ′

8,t ar g et are initially [2, 2, 2, 2, -4,

-4, -4, -4] mV, which places the device in the
(

1 1 1 1
0 0 0 0

)
charge state. For the first instance

of the calibration, we manually tune the device to a baseline DC voltage Vbase close to
the target condition (within a tolerance of a few mV). The calibration routine starts with
optimizing the sensor signals, which is done by scanning sensor plunger gates and lo-
cating the optimal sensing positions, as shown in Fig. 4.13(a) and (f). The voltage drift
of dot i is measured by scanning P ′

i centered at Vbase +P ′
i ,t ar g et and fitting the signal

to a charge addition line to locate the Fermi level, as shown in Fig. 4.13 (b)-(e) and (g)-
(j). Vbase is subsequently shifted by the deviation of the addition lines from the centers
of the scans to compensate for the voltage drift. The entire automated calibration rou-
tine takes about 10 seconds and offers a valuable tool for the efficient adjustment of dot
potentials in multi-dot devices.

4.6.8. EXCITON TUNNEL COUPLING
The tunneling of excitons entails a co-tunneling process of two charges in the ladder ar-
ray. Here we take the tunneling between

(
1 0 1 1
0 1 0 0

)
and

(
1 1 0 1
0 0 1 0

)
as an example. The relevant
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(f)

(a) (c)(b) (e)(d)
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Figure 4.13: Fast automated calibration routine. (a) and (f) show the sensor signals as a function of sensor
plunger gates P ′

BL (BL sensor) and P ′
BL (BR sensor). The red dashed lines indicate the sensor peak positions

and the black dashed lines indicate the optimal sensing positions (where the slope is steepest). P ′
BL and P ′

BL
are subsequently moved to the optimal sensing positions. (b)-(e) and (g)-(j) are the sensor signals for dot 1
to 8, near the addition lines for the first hole of each dot. The black dashed lines show the voltages at which
µi aligns with the Fermi level. Note that (b)-(e) and (g)-(j) are not centered at the same DC voltages. Instead,
each addition line is taken with an added offset ∆P ′

i ,t ar g et from the original DC voltage Vbase . Vbase is then

adjusted according to the deviation of the black dashed lines from the centers of the scans. Each scan takes
approximately 1 second and the whole calibration routine takes about 10 seconds.

charge states are |0〉 = (
1 0 1 1
0 1 0 0

)
, |1〉 = (

1 1 0 1
0 0 1 0

)
, |2〉 = (

1 1 0 1
0 1 0 0

)
, |3〉 = (

1 0 1 1
0 0 1 0

)
, |4〉 = (

1 1 1 1
0 0 0 0

)
,

and |5〉 = (
1 0 0 1
0 1 1 0

)
. The Hamiltonian in this basis is

H =



E0 0 −t23 −t67 −t26 −t37

0 E1 −t67 −t23 t37 t26

−t23 −t67 E2 0 0 0
−t67 −t23 0 E3 0 0
−t26 t37 0 0 E4 0
−t37 t26 0 0 0 E5

 (4.3)

where

E0 =−µ3 −µ6 +V +2V ′−µ1 −µ4

E1 =−µ2 −µ7 +V +2V ′−µ1 −µ4

E2 =−µ2 −µ6 +2V +V ′−µ1 −µ4

E3 =−µ3 −µ7 +2V +V ′−µ1 −µ4

E4 =−µ2 −µ3 +3V −µ1 −µ4

E5 =−µ6 −µ7 +V +2V ′−µ1 −µ4

(4.4)

V the nearest-neighbor Coulomb interaction and V ′ the diagonal Coulomb inter-
action (for simplicity we assume homogeneous V and V ′ in the ladder array). Near
a symmetric exciton tunneling condition in which µ2 ≈ µ3 = µ+∆, µ6 ≈ µ7 = µ, and
(V −V ′),∆≫ t23, t67, t26, t37, Eq. 4.4 becomes
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E0 =−2µ−∆+V +2V ′+δE0

E1 =−2µ−∆+V +2V ′+δE1

E2 =−2µ−∆+2V +V ′+δE2

E3 =−2µ−∆+2V +V ′+δE3

E4 =−2µ−2∆+3V +δE4

E5 =−2µ+V +2V ′+δE5

(4.5)

where δEi is a small perturbation of Ei near the symmetric exciton tunneling condi-
tion. We then express Eq. 4.3 in the eigenbasis of the first-order perturbation H ′ ≃U †HU
in which

U =



1 0 − t23
V −V ′ − t67

V −V ′ − t26
2V −2V ′−∆ − t37

∆

0 1 − t67
V −V ′ − t23

V −V ′
t37

2V −2V ′−∆
t26
∆

t23
V −V ′

t67
V −V ′ 1 0 0 0

t67
V −V ′

t23
V −V ′ 0 1 0 0

t26
2V −2V ′−∆ − t37

2V −2V ′−∆ 0 0 1 0
t37
∆ − t26

∆ 0 0 0 1

 (4.6)

Neglecting terms of more than second order in
ti j

V −V ′ ,
ti j

2V −2V ′−∆ or
ti j

∆ the effective
Hamiltonian H ′ for the perturbed states

∣∣0′〉 and
∣∣1′〉 becomes

H ′ =
(

E0′ −tco

−tco E1′

)
(4.7)

where E0′ = E0 − t 2
23

V −V ′ − t 2
67

V −V ′ − t 2
26

2V −2V ′−∆ − t 2
37
∆ , E1′ = E1 − t 2

23
V −V ′ − t 2

67
V −V ′ − t 2

37
2V −2V ′−∆ −

t 2
26
∆ , and tco = 2 t23t67

V −V ′ − t26t37
2V −2V ′−∆ − t26t37

∆ [64]. From Eq. 4.7 we see that the tunneling of
exciton states is determined by tco , which has a term proportional to the product of intra-
channel tunnel couplings and a term proportional to the product of inter-channel tunnel
couplings. In the present experiment, the former is much larger than the latter by at least
three orders of magnitude. Therefore, tco is predominantly caused by the co-tunneling
of charges in the intra-channel direction.

4.6.9. ADIABATIC EXCITON TRANSFER PROBABILITY

We estimate the probability that an exciton adiabatically transitions between neighbour-
ing sites in the quantum dot ladder. When this transition does not occur adiabatically,
the exciton initially stays where it was. Afterwards, either the electron or the hole may
tunnel, leaving the other particles behind, and eventually the entire exciton may still
transition, but at least for a brief moment in time the intended exciton transport does not
take place. For instance, the transition from

(
1 0 1 1
0 1 0 0

)
to

(
1 1 0 1
0 0 1 0

)
might instead end with(

1 0 1 1
0 1 0 0

)
(the pair is not transferred) or

(
1 1 0 1
0 1 0 0

)
(a hole lags behind). Using the Landau-
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Zener formula [81, 82], we obtain

Pdi a = exp

(
−2π

t 2
co

ħVE

)
tco = 2t 2

V −V ′

VE = ∆E

∆Tr

(4.8)

where Pdi a is the diabatic transition probability for the transition from
(

1 0 1 1
0 1 0 0

)
to

(
1 1 0 1
0 0 1 0

)
,

tco is the intra-channel co-tunneling of the electron-hole pair, VE is the energy level ve-
locity, t is the intra-channel tunnel coupling, V is the inter-channel Coulomb interac-
tion, V ′ is the diagonal Coulomb interaction, ∆E is the energy difference between the(

1 0 1 1
0 1 0 0

)
and

(
1 1 0 1
0 0 1 0

)
charge states, and ∆Tr is the rise time of the pulse. Note that we do

not include the inter-channel co-tunneling processes in the analysis because they are at
least three orders of magnitude smaller than that of the intra-channel co-tunneling pro-
cess, as discussed before. Entering the experimental parameters, we obtain Pdi a ≃ 0.8%.
Therefore, during Coulomb drag the inter-channel exciton is transported adiabatically
with an estimated fidelity of 99.2%.

At this point, it is worth mentioning the effect of electron temperature to the exci-
ton transfer fidelity. While the measured temperature of 20µeV is much larger than the
inter-channel tunnel coupling, it is still an order of magnitude smaller than the exciton
transport window of about 200µeV. Operation in the exciton transport regime is possi-
ble by choosing a global detuning point which is substantially far away from any transi-
tion line (see Fig. 4.5 (c) and (d), line cuts taken at a distance of 100µeV from the Fermi
energy). Additionally, the inter-channel tunnel rates extracted from Fig.4.12 naturally
include the effect of thermal excitations. Therefore, when the two channels are aligned,
the thermal hopping strength is at least below the extracted tunnel rates of below 210
kHz. This translates to an interdot tunnel coupling strength of below 0.1µeV, which is
much weaker than all other tunneling and co-tunneling coupling strengths

4.6.10. COULOMB DRAG DATA PROCESSING

In Fig. 4.5 the raw data of the BR sensor signal is inverted such that an increasing (de-
creasing) signal corresponds to a positive (negative) charge. In addition, residual crosstalk
from the bottom virtual gates to the sensor signals leads to a small gradient along E (y
axis) in phase I of Fig. 4.5(a) and (b). We remove this residual crosstalk by fitting the
signals in phase I to a linear background signal and subtracting this background from
the data of the entire panel. The scripts for data processing can be found in the data
repository.

4.6.11. NUMERICAL SIMULATION OF EXCITON TRANSPORT

We perform numerical simulations to compare with the measured exciton transport data
in Fig. 4.5(a) and (b). To this end, we compute the ground state charge configuration of
a classical Fermi-Hubbard Hamiltonian:
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H =∑
i
µi ni +U

∑
i

ni (ni −1)

2
+U ′ ∑

〈i , j 〉
ni n j

+ ∑
i∈α, j∈β

Vi j ni n j +V ′ ∑
i∈α, j∈β

ni n j

(4.9)

Compared to Eq. 4.1, we have set t = 0 to facilitate the computation. We further
include the electrochemical potentials {µi } and account for the experimentally observed
differences in inter-channel Coulomb repulsion Vi j .

Due to the absence of tunnel coupling terms, this simple Hamiltonian is already diag-
onal. Finding its ground state charge configuration becomes therefore a straight-forward
energy minimization problem. Since U ≫Vi j ,U ′, double occupations are always high in
energy and it suffices to input homogeneous charging energies U ∼ 2meV as extracted
from charge stability diagrams in Fig. 4.7. To capture the observed variations of the ex-
citon transport windows, it is necessary to input the measured inter-channel Coulomb
interaction parameters Vi j as specified in the main text (see section 4.3, neglecting diag-
onal interactions). Furthermore, for the intra-channel Coulomb interaction, we assume
homogeneous interaction terms U ′ ∼ 400µeV.

Figure 4.14 shows the simulated charge ground state variation as a function of the
electrochemical potentials {µi }. These are varied in the same way as in the experiment:
The bottom (drag) channel detuning E is swept from 500µeV to past the Fermi energy,
while the individual top channel potentials are raised and lowered by 670µeV, corre-
sponding to the charge shuttling sequence specified in section IV. The charge states are
converted to charge sensor signal by inputting the sensor-to-dot distances {ri } and as-
suming 1

r 2 decay of Coulomb interactions and a linear response of the sensors. The nu-
merical simulations show good agreement with the measured data. We point out that
for each dot pair, the exciton transport window is equal to the inter-channel Coulomb
interaction Vi j , as highlighted in the main text. The faster vanishing response of the
measured data as opposed to the numerical simulations can be explained by a decay of
Coulomb interactions faster than 1

r 2 , as previously observed in other work [83].
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Figure 4.14: Numerical simulation of exciton transport measurements. The simulation calculates the ground
state charge configuration as a function of electrochemical potentials {µi }. At every Coulomb drag step, the
corresponding dot potential is pulsed by 670µeV as specified in the main text. The simulation uses the mea-
sured Vi j and assumes slightly larger intra-channel Coulomb interaction terms of 400µeV. Further we input
Ui = 2000µeV and neglect next-nearest neighbour interactions. The calculated charge state is transformed to
sensor signal assuming a linear sensor response and a 1

r 2 decay of interactions over distance. The simulation

data is in good agreement with the measured data (Fig. 4.5a).
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5
MITIGATION OF EXCHANGE

CROSSTALK IN DENSE QUANTUM

DOT ARRAYS

Coupled spins in semiconductor quantum dots are a versatile platform for quantum com-
puting and simulations of complex many-body phenomena. However, on the path of
scale-up, crosstalk from densely packed electrodes poses a severe challenge. While crosstalk
onto the dot potentials is nowadays routinely compensated for, crosstalk on the exchange
interaction is much more difficult to tackle because it is not always directly measurable.
Here we propose and implement a way of characterizing and compensating crosstalk on
adjacent exchange interactions by following the singlet-triplet avoided crossing in Ge. We
show that we can easily identify the barrier-to-barrier crosstalk element without knowl-
edge of the particular exchange value in a 2×4 quantum dot array. We uncover strik-
ing differences among these crosstalk elements which can be linked to the geometry of
the device and the barrier gate fan-out. We validate the methodology by tuning up four-
spin Heisenberg chains. The same methodology should be applicable to longer chains of
spins and to other semiconductor platforms in which mixing of the singlet and the lowest-
energy triplet is present or can be engineered. Additionally, this procedure is well suited
for automated tuning routines as we obtain a stand-out feature that can be easily tracked
and directly returns the magnitude of the crosstalk.

This chapter has been published as: Daniel Jirovec, Pablo Cova Fariña, Stefano Reale, Stefan D. Oosterhout,
Xin Zhang, Sander de Snoo, Amir Sammak, Giordano Scappucci, Menno Veldhorst & Lieven M. K. Vander-
sypen, "Mitigation of exchange crosstalk in dense quantum dot arrays", Phys. Rev. Applied 24, 034051 (2025).
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5.1. INTRODUCTION
Spin qubits in gate defined semiconductor quantum dots constitute a versatile plat-
form for quantum computation owing to their long coherence times, demonstrated high
fidelity single- and two-qubit gates as well as their small footprint [1, 2]. Also, they
find applications in quantum simulations due to the inherent tunability of most Hamil-
tonian parameters which allows to explore different limits of the Fermi-Hubbard and
the Heisenberg model [3]. A challenge in scaling up, however, is crosstalk from the
gates defining the potential landscape as sketched in Fig. 5.1a. Several approaches for
crosstalk management exist and rely on defining a set of virtual gates designed to control
the energy scale of choice, be it the on-site potential, tunnel coupling, or the exchange
interaction [4–8]. Virtual plunger gates controlling the on-site potential are nowadays
routinely used in experiments (Fig. 5.1b), but methods for barrier-to-barrier crosstalk
compensation are typically overlooked (Fig. 5.1c) and only rarely implemented [9, 10].

Digital spin qubit experiments so far circumvent the problem by avoiding the simul-
taneous activation of adjacent exchange couplings [11, 12] or by populating quantum
dot arrays only sparsely [13–15]. When only one exchange interaction is activated at a
time, any crosstalk to other exchanges will not induce a detrimental effect, because the
exponential dependence of exchange strength on barrier voltage leads to a wide volt-
age range over which the other interactions are effectively switched ’off’. However, im-
plementations of three-qubit gates have been shown and do require require simultane-
ously activated adjacent exchange couplings [16, 17]. Moreover, quantum simulation of
the rich variety of physical phenomena described by the Fermi-Hubbard model [18–27]
does require dense arrays of quantum dots with precise, and ideally orthogonal control
not only of the on-site potentials but also of the nearest-neighbor exchange interactions
or tunnel couplings.

To appreciate why this is not straightforward, we note that once three or more spins
are coupled together, the resulting energy spectrum and, hence, the oscillation frequen-
cies are typically a combination of all the exchanges involved, hindering independent
calibration of the exchange couplings. Furthermore, whereas the local electrochemi-
cal potentials vary linearly in the gate voltages, the tunnel coupling and exchange inter-
action depend exponentially on gate voltage. To realize crosstalk compensation in the
face of this exponential dependence, references [6, 28] assumed that barrier-to-barrier
crosstalk can be compensated by a linear combination of voltages in the argument of
the exponential function, reducing crosstalk compensation between barriers to a lin-
ear problem nonetheless. In both cases, the virtualization methods required repeated
measurements of either the tunnel coupling or exchange oscillations. crosstalk was then
extracted from exponential fits resulting in an indirect, laborious, and potentially error-
prone measure. It is therefore desirable to obtain a measure of the crosstalk in a direct
way similar to reservoir addition lines used to virtualize plunger gates.

Here we demonstrate a way of characterizing barrier-to-barrier crosstalk to allow in-
dividual control of exchange interactions in a dense array of quantum dots. The method
consists of tracking the position of the singlet-triplet anti-crossing in the multi-dimensio-
nal voltage space spanned by the confining barrier gates. Such a feature can be induced
by a suitable intrinsic spin-orbit interaction, local magnetic field gradients or differences
in the g-tensors, and determines a point of constant exchange that is fast to measure and
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Figure 5.1: (a) Schematics of the confinement potential for a chain of charges defined by the top gates in real
voltage space (black solid line). A negative voltage pulse on the central barrier gate causes not only the middle
tunnel barrier to be lowered but also shifts the electrochemical potentials of the nearby dots and the height of
adjacent tunnel barriers (blue dashed line). (b) Commonly used virtual plunger gates work by applying a linear
combination of gate voltages that keeps the electrochemical potentials of all other dots fixed. However, adja-
cent tunnel barrier heights are still affected and lateral shifts of charges are still present, although they might
be slightly reduced. (c) If also the barriers are virtualized, a pulse on the middle barrier gate is compensated by
suitable pulses on other barrier gates to keep the other tunnel barriers fixed and, ideally, counteract the lateral
shifts of charges. In practice, however, only the combined effect of lateral shifts and tunnel barrier alterations
can be compensated. A correct virtualization should allow orthogonal control of exchange interactions and
enable a straightforward tuning of multi-spin chains. (d) Schematic of the 2×4 dot array we use in this exper-
iment. The dot plungers are labeled as pi . Barriers bi j separate dots i and j . The external magnetic field B is
applied in an in-plane direction marked by the arrow. (e) Energy level diagram of a two-spin system in a dou-
ble quantum dot as a function of detuning ϵ (left) and tunnel coupling tc (right). The dashed circles mark the
spin-orbit induced avoided crossings. At |ϵ| >U the two charges occupy the same dot ((2,0) and (0,2) charge
regions). For |ϵ| <U the charges are shared between the two adjacent dots and the energy splittings are deter-
mined by the respective Zeeman energies and the exchange interaction. The position of the avoided crossing
can be influenced by ϵ and tc . (f) Measurement of the avoided crossing as a function of detuning and barrier
voltage of Q12, as described in the main text. The avoided crossing always occurs when J = ET− constituting a
constant-exchange feature which we are able to follow as a sharp reduction in singlet return probability P 12

S . At

more positive values of b′
12, S−T 0 oscillations cause a reduced singlet return probability as well. As the barrier

gets more negative, the exchange increases pushing the avoided crossing feature to smaller ϵ12. At ϵ12 = 0 all
the exchange is induced by the barrier voltage b′

12.

easy to identify. This is especially useful because it isolates the effect of the exchange
interaction of interest and could also be adapted for automated optimizations [7]. We
empirically find how the gate architecture affects the crosstalk in the device. Finally, we
apply this method to the tuning of four-spin Heisenberg chains in different configura-
tions to test its validity and limitations.

5.2. DEVICE AND ENERGY DIAGRAM
The device consists of a 2x4 array of gate-defined quantum dots in a Ge/SiGe heterostruc-
ture [29] (Fig. 5.1d and further details can be found in the Appendix section 5.7.1). Four
sensors at the corners of the device enable fast charge sensing via radio-frequency (RF)
tank circuits (the inductors are off-chip NbTiN coils while the capacitance stems from
parasitic capacitances) bonded directly to one of the ohmic contacts of the respective
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sensor [30]. The potential landscape is tuned by means of DC voltages to form eight
quantum dots, each containing a single hole, under the plunger gates pi , with i ∈ [1,8],
except for dot 2 where, for practical reasons, we confine three holes. The interdot bar-
rier gates bi j separate dots i and j . Dots 1, 4, 5 and 8 have additional barriers to the
reservoirs. Except for b26 and b37 all the barriers are deposited in the first gate layer al-
lowing strong exchange tunability, unlike in previous experiments on 2x4 Ge/SiGe quan-
tum dot arrays [31, 32] (see Appendix section 5.7.7). Importantly, since the charge carri-
ers are holes, accumulation voltages are negative. A typical DC voltage configuration of
the tuned up device is reported in Appendix Fig. 5.7. All the plunger gates and interdot
barrier gates are connected also to an arbitrary waveform generator (AWG), via bias-tees
and attenuated coaxial transmission lines, to allow fast pulsing away from the DC voltage
configuration. In all measurements, the reported voltage amplitudes are the attenuated
AWG amplitudes at the gates, without the DC component.

Throughout the experiments we work with virtualized plunger gates (p ′
i ) which are

designed to vary the electrochemical potential of dot i while keeping the electrochemi-
cal potential of all other dots fixed [4, 7]. The barrier gates are at first virtualized against
the electrochemical potentials only and we denote them as b′

i j . This ensures that a pulse

on a virtual barrier keeps the dot potentials unchanged (see Fig. 5.1a,b). We further de-
fine a detuning axis ϵi j = ap ′

i −bp ′
j and an electrochemical potential axisµi j = cp ′

i +d p ′
j ,

with a,b,c,d experimentally determined coefficients (see Appendix section 5.7.2 for de-
tails on the transformations between real and virtual gate voltages). Every double dot is
capable of hosting a singlet-triplet (S −T ) qubit [33–35] which we label Qi j with i and j
(we choose i < j ) denoting the first and second dot in the pair, respectively. To operate
S −T qubits, precise control of the exchange interaction Ji j is required (in the following
discussion we omit the indices i j and reintroduce them when necessary). In quantum
dots systems, J originates from the wave-function overlap of and the Coulomb repul-
sion between neighboring spins [6, 36] and can be controlled by means of ϵ and tunnel
coupling tc taking the form:

J (ϵ,b′) = 4t 2
c (b′)U

(U 2 −ϵ2)
,

for J ≪U , where U is the charging energy [37]. The tunnel coupling is itself a function of
the barrier voltage, and because of crosstalk, also of the voltage on neighboring barriers.
This crosstalk we will seek to compensate for in section 5.4 to obtain orthogonal control
of exchange interactions. We point out we will not attempt to compensate for the effect
of plunger voltages on the exchange, as the interdot detuning is an explicit and desired
control knob for the exchange strength, especially during readout and initialization.

A typical energy diagram as a function of ϵ with finite tc of an S −T qubit is depicted
in the left panel of Fig. 5.1e. Unless indicated otherwise, we operate every qubit at its

symmetry point ϵ= 0 where the exchange reduces to J (b′) = 4t 2
c (b′)
U and is, therefore, only

controlled by the barrier voltage [38]. The energy diagram in this case is depicted in the
right panel of Fig. 5.1e.

Contrary to previous works [31], here we do not measure tc and U , rather, we assume
an empirical dependence of J on the designated barrier:

J (b′) = J0exp(k(b′−b′
0)),
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where J0 = 1MHz, k represents the exponential lever arm of the barrier and b′
0 is an off-

set which depends on the particular DC voltage configuration. The DC configuration of
the barriers is tuned in a way that ensures b′

0 to be relatively small such that the volt-
age pulses from the AWG are capable of inducing a considerable on-off ratio for each
exchange (in general we find |b′

0| < 40mV, see Appendix section 5.7.7). Assuming zero
residual exchange at the symmetry point the four eigenstates are the polarized triplets
|T −〉 = |↓↓〉, |T+〉 = |↑↑〉 with energies ET ± = ±∑

EZ = ±∑
gµB B , and the anti-parallel

states |↑↓〉, |↓↑〉 with energies E AP =±∆EZ
2 =±∆gµB B

2 . g is the effective g-factor of each of
the dots which we measure to take values between 0.3 and 0.45 in the in-plane magnetic
field direction, consistent with previously reported values for holes in Ge [16]. µB is the
Bohr magneton and B = 10mT is the external magnetic field approximately applied in
the in-plane direction. At large exchange J , the antiparallel states are no longer eigen-
states of the Hamiltonian being replaced by |S〉 = |↑↓〉−|↓↑〉p

2
and |T 0〉 = |↑↓〉+|↓↑〉p

2
. Finally,

the spin-orbit spin-flip term ∆SO couples |S〉 and |T −〉 as highlighted by the dashed cir-
cles in Fig. 5.1e [39, 40]. At these avoided crossings, coherent S −T − oscillations can be
induced [32, 41].

In the (2,0) charge configuration, the energy splitting between |S(2,0)〉 and |T (2,0)〉
well exceeds the thermal energy, enabling fast initialization in the singlet ground state.
The different energy scales of the system then allow us to initialize target eigenstates by
appropriately choosing the ramp-time from the (2,0) to the (1,1) charge symmetry point
(see Appendix section 5.7.5). For read-out, we rely on Pauli spin blockade (PSB). The
rather small external magnetic field ensures that only the singlet state is unblocked in the
PSB region, as opposed to parity readout where both anti-parallel spin states are typically
unblocked [42]. This enables the discrimination of |S〉 from the triplets by monitoring
the charge sensor in single-shot readout.

In Fig. 5.1f we experimentally map out the ST − avoided crossing as a function of ϵ12

and b′
12 by initializing |S〉 in Q12 and recording the probability to retrieve |S〉. In between,

we rapidly pulse to (1,1), let the system evolve for 50ns, corresponding approximately to
flipping the initial |S〉 to |T −〉 at the avoided crossing, and pulse back to (2,0) for read-
out. We can identify the position of the ST − avoided crossing by a sharp reduction in
PS . Since at these positions J (ϵ,b′) = ET − , the avoided crossing constitutes a constant-
exchange feature. The symmetric U-shape is a confirmation that the virtualization of b′

12
against the plunger gates is accurate as we would otherwise find a skewed shape [32] (see
Appendix Fig. 5.10). For more positive barrier voltages we also observe a reduction of PS

which can be attributed to S −T 0 oscillations at low J . Importantly, around the avoided
crossing, there is no other feature present which allows for a precise identification of its
location.

5.3. EXCHANGE CROSSTALK

Before discussing how to correct for crosstalk, we want to elucidate how exchange inter-
actions are affected by nearby barrier voltages. As an example, consider the left side of
the device. Fig. 5.2a shows exchange oscillations in Q56 as a function of b′

15, with b′
56 kept

at a constant, negative value (see sketch in Fig. 5.2c). We initialize Q56 in |↓↑〉 and Q12 in
|↓↓〉 and record the final state probability P 56

↓↑ as a function of dwell time τ. At first, b′
56 is
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Figure 5.2: (a) Exchange oscillations in Q56 as a function of b′
15 and dwell time τ, as explained in the main

text. (b) FFT of (a). We clearly see that the main frequency is reduced and for more negative values of b′
15

a second oscillation frequency appears. The frequency reduction is a sign of crosstalk, the appearance of a
second frequency is due to a finite J15. (c) Sketch of the experiment in (a). The orange circles depict the
approximate charge positions when only b′

56 induces exchange. The blue dashed circles represent the shifted
dot positions as we open b′

15. (d) Exchange oscillations in Q56 as a function of b′
26 and dwell time τ. (e) FFT of

(d). We see a change in frequency of about 60% over only 30mV, indicating strong crosstalk. (f) Sketch of the
experiment in (d) similar to (c). The fan-out of b26 leads to a much larger crosstalk than for b15 and may affect
the position of all the nearby charges.

the only gate inducing exchange between the spins in dot 5 and 6 leading the oscillation
seen in the top part of Fig. 5.2a. As we pulse b′

15 more negative, we first see the frequency
of the oscillations reduce, a clear example of crosstalk. Furthermore, we also see another
frequency appearing below b′

15 =−20mV (see also the FFT in Fig. 5.2b). This is an indi-
cation that b′

15 now induces exchange between dots 5 and 1. In such a situation it is not
clear which of the measured frequency shifts can be attributed to the activation of J15

or to crosstalk on J56. Without further modeling, it is, therefore, not possible to quantify
the effect of b′

15 on J56 in this voltage range. We can only reliably extract the crosstalk for
values b′

15 >−20mV, e.g. before we induce any measurable exchange J15.

A similar experiment is plotted in Fig. 5.2d-f. However, in this case we pulse on b′
26

(b′
56 is more negative than in Fig. 5.2a leading to much faster oscillations). While here we

do not see another frequency appear because we do not apply a large enough pulse on
b′

26, we observe a change in frequency of about 60% in a range of only 30mV, indicating
very strong crosstalk. This might be due to the fan-out of b26 as highlighted in the sketch
in Fig. 5.2f. While this measurements reveals the crosstalk from b′

26 onto J56, it doesn’t
tell us how to compensate for it. In the next section we show how exchange crosstalk can
be extracted directly and compensated.
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Figure 5.3: (a) ST− avoided crossing of Q56 as a function of b′
56 on the horizontal axis and all the other barriers

on the respective vertical axis. The plots are ordered to reflect the geometric location of the stepped gate. The
position of the avoided crossing is reflected by a sharp decrease of the singlet return probability (see main text).
From the fitted red dashed lines we extract the crosstalk elements αmn

56 . The fact that we can fit all crosstalk
features with a linear function confirms the assumption of linear barrier crosstalk. (b) ST− avoided crossing of

Q56 as a function of b†
56 on the horizontal axis and all the other virtual barriers on their respective vertical axis.

After the virtualization process the ST− avoided crossing position is only controlled by b†
56 as intended. To

further verify that the exchange remains stable we plot exchange oscillations of Q56 in the bottom left. We vary

all the virtual barriers except b†
56 together in the same range as in the individual plots. As desired, the exchange

oscillations do not change in the ranges considered here. We repeat the same procedure on the other barrier
gates (see Appendix section 5.7.4) and successively fill in the values for αmn

i j .

5.4. CHARACTERIZATION OF EXCHANGE VIRTUALIZATION PA-
RAMETERS

We now show how we can leverage the S −T − avoided crossing to directly extract the
crosstalk matrix element for barrier to barrier crosstalk compensation. At the avoided
crossing, with ϵi j = 0, all the exchange is induced by the virtual barrier gate voltage
b′

i j satisfying |J (b′
i j )| = |ET −

i j
| and is to first order insensitive to small variations of ϵi j .

Moreover, any unintentional variation in ϵi j will only increase Ji j , but never decrease it
as in the case of lateral shifts of the dot positions. To compensate exchange crosstalk
we introduce a second layer of virtualization and define new virtual barrier voltages
as b†

i j . As in previous works[6, 28] we assume a linear barrier crosstalk and an expo-

nential dependence of J on the new virtual barrier: Ji j = J0 exp(k(b†
i j − b†

0i j )), b†
i j =∑

mnα
mn
i j b′

mn , where nm are all the tuples corresponding to adjacent spins and αmn
i j =

δJi j

δb′
mn

/
δJi j

δb′
i j

. The term b†
0i j is an offset in b†

i j that we need to quantify only when calibrating

the dependence of J on b†
i j . For crosstalk compensation, we therefore need to determine

all the values αmn
i j , where by definition α

i j
i j = 1. Since the avoided crossing constitutes a

constant-exchange feature, we can track its position as a function of b′
mn and b′

i j and ex-

tract a slope returning −αmn
i j directly, without the need to extract

δJi j

δb′
mn

with exponential
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fits through a series of datapoints. This is the main advantage of the method presented
here.

Fig. 5.3a shows measurements of the avoided crossing of Q56 as a function of b′
56 and

all other b′
mn . The position of the avoided crossing is reflected by a sharp reduction in

PS . In all plots we can follow this stand-out feature with Gaussian fits and extract the red
dashed lines (see Appendix). The linear slopes confirm the assumption that barrier gate

crosstalk is linear, at least in this regime. The value of the slope
δb′

56
δb′

mn
directly returns the

crosstalk element αmn
56 .

By pluggingαmn
56 in the correction matrix and repeating the measurement of Fig. 5.3a

as a function of b†
56 and b†

mn (Fig. 5.3b), we now observe completely vertical constant-

exchange features, controlled exclusively by b†
56, as intended. The bottom left panel in

Fig. 5.3b further confirms that the crosstalk is compensated as we record exchange oscil-
lations of Q56 as a function of all the b†

mn except b†
56 and observe no change in frequency

for the voltage ranges considered here. Note that the voltage range of b†
12 we scan here

corresponds to an on-off ratio of J12 of > 100. Similar ratios apply to J23, J34, J48, and
J78 and their respective virtual barrier gates. This shows that for non-adjacent exchange
interactions, the gate crosstalk can be efficiently compensated over at least two orders
of magnitude. The virtual barriers b†

15, b†
26, and b†

67 are scanned over a range chosen as
to not induce any exchange, since this would alter the position of the avoided crossing
even without crosstalk (recall Fig. 5.2). We will show in section 5.5 how to test whether
the virtualization remains effective also when adjacent exchanges are turned on.

We find correction factors for every gate where we were able to induce exchange,
always taking care that nearest-neighbor gates do not induce any exchange. For practical
reasons we did not characterize virtualization of b†

26, b†
37 and b†

67 but only their effect on
other gates. In fact, the fan-out of b26 and b37 affects the charge sensors and result in
a loss of the read-out signal, while a too negative voltage in b67 accumulates spurious
dots that couple to the spins in dots 5 and 6. These problems will be addressed in future
device generations.

Fig. 5.4a color codes the extracted crosstalk elements and shows their geometrical
distribution with respect to the gate which is being virtualized (highlighted by the bright
green color).

We clearly observe a decay of |αmn
i j | with distance as expected. We note that crosstalk

between barriers that are side by side along the legs of the ladder is negative, similar to
previous works [5, 6]. In contrast, crosstalk between barriers oriented orthogonal to each
other can also be positive, which is an indication that lateral shifts of the dot positions
are less important. Finally, many α26

i j and α37
i j are relatively large, sometimes exceeding

30% (see Fig. 5.4b), which suggests that the fan-out of their respective gates, b26 and b37,
can induce considerable crosstalk (see Fig. 5.1d and Appendix Fig. 5.6). This fact should
be taken into account when designing future devices.

In the crosstalk extraction we have not considered g -factor modulation due to de-
tuning and barrier gate voltages [43]. Moreover, we note that occasionally we have to
slightly correct the initially extracted virtualization matrix element (Fig. 5.4b) to obtain
an accurate crosstalk compensation.

Finally, we note that this method is suitable when exchange values are of the same
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Figure 5.4: (a) Summary of the exchange crosstalk elementsαmn
i j extracted for the barriers highlighted in bright

green. We clearly see a reduction of crosstalk with distance as we expect for capacitive crosstalk. Positive (neg-
ative) crosstalk elements imply that an adjacent barrier gate enhances (reduces) a given exchange coupling.
(b) Virtual gate matrix for the barrier gates showing the αmn

i j , summarizing the results from (a). Except for

αmn
26 , αmn

37 , and αmn
67 , all the elements αmn

i j are measured. In the experiment the elements labeled ’n.m.’ are

replaced by 0. To be clear, this matrix reports how much each b′
i j affects the various b†

mn . The barrier gate

voltages b′
i j needed to orthogonally control the respective exchange interactions via b†

mn are obtained from

the inverse of this matrix.

order as the Zeeman energy. For |J |≪ |ET − |, which is the case for high external magnetic
field operation, there is no avoided crossing to follow. To circumvent this, one could
determine the crosstalk elements at low external field and then perform the desired ex-
periments at higher field. Alternatively, it might be possible to use microwave driving to
track the dependence of the spin resonance frequency. Indeed, the resonance frequency
of a spin is modified by the exchange interaction, so it would be possible to fix the ap-
plied microwave tone and scan the desired barrier against all other barriers and extract
αmn

i j in the same way we did here.

In the following we explore whether αmn
i j is stable even when nearest-neighbor ex-

changes are turned on. This is a crucial question as it would allow to extend spin chains
indefinitely after locally mitigating crosstalk.

5.5. VALIDATION OF THE VIRTUALIZATION IN EXTENDED SPIN-
CHAINS

In order to test if the virtualization parameters are still valid in a regime where nearest-
neighbor exchanges are turned on, we proceed to couple four spins into a chain and
observe the resulting oscillation dynamics. As shown in Fig. 5.2a,b, activated nearest-
neighbor interactions result in a highly non-trivial time evolution with multiple visible
oscillation frequencies. However, preparing special states and evolving them at special
voltage points results in a single visible oscillation frequency which we use here to val-
idate the virtualization. For a chain of coupled spins, the Hamiltonian describing the
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system can be approximated as

H =∑
i

giµB BSz,i +
∑

i
∆SO,i Sx,i +

∑
<i , j>

Ji j

(
Si S j − 1

4

)
(5.1)

where S = (Sx ,Sy ,Sz ) = ħ/2(σx ,σy ,σz ) is the vector of spin operators with the Pauli
matrices σx,y,z for each spin and the indeces i , j run over nearest neighbors, and we
set ħ = 1. The additional term ∆SO stems from intrinsic spin-orbit interaction and the
anisotropic g-tensors [32]. Ignoring the spin-orbit term and considering four adjacent
spins, Eq. 5.1 can be conveniently written in the reduced basis

{|Si j Skl 〉 , |Si j T −
kl 〉 , |T −

i j Skl 〉 ,

|T −
i j T −

kl 〉
}

as H = HQ =

−Ji j − Jkl 0 0 0

0 −Ji j −E z,kl − J j k

2 0

0 − J j k

2 −E z,i j − Jkl 0

0 0 0 −E z,i j kl + J j k

2


We want to draw attention to the matrix elements that involve |Si j T −

kl 〉 and |T −
i j Skl 〉.

When |Ji j −E z,i j | = |Jkl −E z,kl |, the diagonal elements are equal and the resulting degen-
eracy is lifted by the off-diagonal elements −J j k /2. We call this the resonant ST − condi-
tion. Initializing one of the two states |Si j T −

kl 〉 or |T −
i j Skl 〉, and letting the system evolve

at this special point, results in |ST −〉 ↔ |T −S〉 oscillations with a frequency h f = J j k .
This convenient feature was exploited in [32] to implement a two-qubit gate for singlet-
triplet qubits and in [26] to estimate the exchange interaction in a four-qubit plaquette.
Similar arguments hold for the

{|Si j Skl 〉 , |Si j T 0
kl 〉 , |T 0

i j Skl 〉 , |T 0
i j T 0

kl 〉
}

subspace where the

resonant condition appears when
√

J 2
i j +∆E 2

z,i j =
√

J 2
kl +∆E 2

z,kl . We utilize these res-

onant conditions to verify whether the virtualization obtained with nearest-neighbor
couplings switched off is still valid when nearest-neighbor interactions are turned on.
This test relies on the fact that the position of the resonant condition depends on both
Ji j (b†

i j ) and Jkl (b†
kl ) (as well as the Zeeman energies), while the oscillation frequency

depends on J j k (b†
j k ). Hence, we can test whether we find the resonant condition at the

correct location and whether the oscillation frequency matches our expectations (more
details can be found in Appendix section 5.7.8).

We study three implementations of a four-spin chain with nearest-neighbor cou-
plings: chain 3-4-8-7, chain 2-1-5-6, and chain 1-2-3-4. In the first two cases, the chains
are curved around the right and left edges of the device, respectively, while in the last
case the dots forming the chain are assembled linearly. The latter situation was previ-
ously studied in GaAs devices in [6, 28].

We first consider the chain 3-4-8-7. After having extracted the crosstalk coefficients
αmn

34 ,αmn
48 , andαmn

78 we measure exchange oscillations for Q34, Q48, and Q78 as a function

of b†
34, b†

48, and b†
78, respectively, to extract the dependence Ji j (b†

i j ). For these measure-

ments, the other exchange interactions are turned off such that the oscillation frequency
only depends on the exchange interaction of interest. We then fit the oscillation fre-
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quency to

fi j (b†
i j ) =

√(
J0 expki j (b†

i j −b†
0,i j )

)2 +∆E 2
Z ,i j (5.2)

with ki j , b†
0,i j , and ∆EZ ,i j as free parameters (see Appendix Fig. 5.20). With the knowl-

edge of these exchange dependencies as well as the Zeeman energies, we are able to pre-
dict at which voltage points (b†

34,b†
78) the resonant conditions should appear. Fig. 5.5a

shows the resonant ST − condition as a function of (b†
34,b†

78) with the exchange in be-

tween set to J48 ≈ 2MHz through b†
48. We initialize |S78T −

34〉 and let the system evolve for
τ = 380ns at each voltage point which ensures an approximate population inversion to
|T −

78S34〉 at the resonant condition as long as J48 remains unaffected by b†
34,78. We iden-

tify the resonant condition as a sharp change in return probability. We do not record
the joint probability of measuring |S34T −

78〉 but rather choose to measure only P 34
S . By

operating in regimes where leakage outside the |ST −〉 , |T −S〉 subspace is suppressed, we
still recover the desired information. The red dotted line is the predicted location of the
resonant condition based on the extracted exchange dependencies and the Zeeman en-
ergies, which agrees well with the data. Numerical simulations of P 34

S resulting from the
full system dynamics also match the experimental data very well (Appendix Fig. 5.23a).
This suggests that J34(b†

34) and J78(b†
78) are still well virtualized even when J48 is acti-

vated.
To extract the value of J48 at a given voltage point, we can record the dynamics at the

resonant condition. To do this, we choose any point along the resonant condition, away
from any leakage features, and sweep b†

34 (b†
78) by ±5mV (∓5mV), here resulting in the

black dashed line in Fig. 5.5a, as a function of dwell time. In 5.5b we clearly see a chevron
pattern with a maximum in amplitude, corresponding to the resonant condition, oscil-
lating at a frequency given by J48. This frequency agrees well with the corresponding
frequency seen in numerical simulations (Appendix Fig. 5.23 b), providing evidence that
also b†

48 is properly virtualized.
Finally, in Fig. 5.5c we report coherent |S78T −

34〉 ↔ |T −
78S34〉 oscillations as a function

of b†
48 at the resonant condition, while recording P 78

S this time. Fig. 5.5d is the FFT of

(c) and the red dashed line is the exchange dependence J48(b†
48) we extracted from the

isolated Q48 measurements. Since also here we find good agreement, we conclude that,
in this case, the virtualization of all three barrier gates involved was successful.

We repeat the same procedure for chain 2-1-5-6 (Fig. 5.5e-h). Here we show data that
was taken during a different cool-down and where b†

15 was not virtualized (b†
12 and b†

56

were virtualized). However, the crosstalk onto b†
15 turned out to be relatively weak such

J15 was only mildly affected by b†
12 and b†

56. Moreover, Fig. 5.5g-h pertain to the resonant
|ST 0〉 condition. The red dashed line in Fig. 5.5h is a fit to the data that allows us to ex-
tract J15(b†

15) for this particular voltage configuration. In addition, in Appendix Fig. 5.22

we report further resonant condition plots similar to Fig. 5.5f for different values of b†
15

and observe that the position of the resonant condition does not change. We therefore
conclude that the virtualization of b†

12 and b†
56 is correct also in this four-spin chain, and

we have full knowledge of the Hamiltonian parameters in this configuration.
For the ultimate test, we consider the same plots as for 3-4-8-7 also for the chain 1-

2-3-4 involving b23, which displays the most severe crosstalk elements αmn
23 . (Fig. 5.5i-l).
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Although we find a good theoretical agreement with the data in Fig. 5.5i, to match the
oscillation frequencies in 5.5j,k, we needed to adjust the value of b†

0,23 by −6mV com-
pared to the values extracted via Eq. 5.2 from the isolated oscillations Q23. This suggests
that, while we are able to correct for most of the crosstalk, there might be some non-
linear effects which we did not take into account. We have identified a possible cause
for this, which was also extensively discussed in ref. [8]. In fact, we observe a nonlin-
ear crosstalk between b′

23 and p ′
3 which we show in Appendix Fig. 5.8. This can lead to

a miscalibrated crosstalk and the observed discrepancy between the isolated Q23 and
the coupled four-spin chain measurement. To correct for such effects, we would require
a more sophisticated, non-linear crosstalk compensation scheme which is outside the
scope of this work.

In general, we find that we are able to compensate most of the crosstalk and infer the
Hamiltonian parameters also in the coupled four-spin chains. All the data is supported
by numerical simulations which we report in Appendix section 5.7.10.

5.6. DISCUSSION
In this work, we have proposed and demonstrated a way of directly extracting barrier-
to-barrier crosstalk by tracking the constant-exchange feature given by the ST − avoided
crossing in Ge. While the effects generally vary from gate to gate, we were able to observe
a few trends. In fact, electrodes featuring a fan-out in proximity to other gates typically
display large crosstalk to other exchanges. For two-dimensional quantum dot arrays,
these lateral fan-outs can be avoided through a vertical fan-out with vias [44–46]. Per-
fecting the gate layout and oxide composition can also contribute to reduced crosstalk as
demonstrated recently [10]. On the other hand, barrier gates oriented perpendicularly
to each other and with no proximal fan-out, typically show much less crosstalk which
seems easier to mitigate. This suggests that, for 1D chains, a zigzag alignment of quan-
tum dots could be favorable over a strictly linear placement.

An important verification tool in our work is the construction of four-spin chains
and their time evolution at the resonant ST − or ST 0 condition. It allowed us to confirm
that the crosstalk extracted in the isolated two-qubit regime also mostly carries over to
the regime of coupled four-spin chains. This important observation might enable the
construction of longer spin-chains with only local crosstalk calibration.

Finally, we want to emphasize also some of the limitations of this method. If we want
to utilize the ST − avoided crossing, we can only calibrate the crosstalk reliably in the iso-
lated two-spin regime and only for J ≈ ET − . Other methods for direct crosstalk extraction
can be utilized and also rely on following a constant-exchange feature, but are still lim-
ited to the isolated two-spin regime. For example, to extract the crosstalk elements αmn

23
we made use of exchange oscillations at a fixed time evolution (see Appendix Fig. 5.13) as
we did not calibrate |S〉 initialization and direct PSB readout due to the distance from the
sensing dots. This method is more versatile as it doesn’t require spin-orbit interactions,
making it suitable also for GaAs or silicon quantum dot devices. Nonetheless, we found
that the ST − avoided crossing is a feature that is typically robust and easy to measure
without knowledge of the particular Hamiltonian parameters like the exchange depen-
dence on any barrier nor any lever arms. This information was crucial in earlier works
on virtualization [5, 6]. In practice the method presented here is, therefore, preferable as
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Figure 5.5: (a) Resonant |S78T−
34〉 ↔ |T−

78S34〉 condition as a function of b†
34 and b†

78 with an exchange

J48 ≈ 2MHz induced by b†
48. We record the probability of measuring |S34〉 after initializing |S78T−

34〉 and
letting the system evolve for τ = 380ns corresponding to a near perfect inversion of population at the reso-
nant condition marked by an increase in P 34

S . The red dots mark the theoretical resonant condition, based on
the Zeeman energies and individual exchange dependencies, which agrees well with the data. (b) Resonant

|S78T−
34〉 ↔ |T−

78S34〉 oscillations as a function of dwell time τ and b†
34 −b†

78. The barriers are scanned along
the dashed line in (a). The maximum oscillation amplitude corresponds to the resonant condition and the fre-

quency is h f = J48. (c) Resonant |S78T−
34〉 ↔ |T−

78S34〉 oscillations as a function of dwell time τ and b†
48 at the

resonant condition. (d) FFT of (c). The red dashed line is the exchange dependence J48(b†
48) extracted from

the isolated Q48 oscillations which matches well with the observed FFT peak. The latter yields J48(b†
48) with

the two neighbouring exchanges activated. The inset shows a sketch of the dots and interactions involved in

the experiments (a)-(d). (e)-(h) Similar to (a)-(d) but for chain 2-1-5-6. In this case b†
15 was not virtualized due

to the rather small crosstalk elements. (g) and (h) show data pertaining to the resonant |S12T 0
34〉 ↔ |T 0

12S34〉
condition. The red dashed line in (h) is a fit and allows us to extract J15(b†

15) even without complete virtualiza-
tion. (i)-(l) Similar to (a)-(d) but for chain 1-2-3-4. While we find good agreement with the predicted resonant
condition in (i), the oscillation frequency in (j) and (k) is different from the expected value extracted from the

isolated Q23 oscillations. We do find good agreement with the data if we correct the value b†
0,23 by −6mV. This

suggests that some residual, possibly non-linear crosstalk remains, which will require more sophisticated mit-
igation strategies to account for.



5

92 5. MITIGATION OF EXCHANGE CROSSTALK IN DENSE QUANTUM DOT ARRAYS

it requires less overall knowledge of the device. These considerations make this method
also a good candidate for automated calibrations [5, 7] which can be easily integrated
into existing routines [8].

With our findings, we have shed further light on the intricate crosstalk behavior in
multi-layered spin qubit devices. We also demonstrated that, despite the density of elec-
trodes, linear crosstalk can be managed and corrected for. Generally, the designing of
large spin-qubit arrays leaves room for improvement, for which this work provides valu-
able guidance. Furthermore, our results open the possibility of observing multi-spin
physics in longer chains and two-dimensional geometries, with detailed knowledge of
the underlying Hamiltonian.

5.7. SUPPLEMENTARY MATERIAL

5.7.1. DEVICE FABRICATION AND EXPERIMENTAL SETUP

The device is fabricated on a Ge/Si0.2Ge0.8 heterostructure with a quantum well buried
55 nm below the surface. The growth is performed by chemical vapor deposition starting
from a Si substrate. After growing a thick layer of Ge on the substrate, the Si concentra-
tion is linearly increased to reach the desired composition (Fig. 5.6e)[29]. The fabrica-
tion starts with markers and SiN pads patterned via optical lithography. Subsequently,
the ohmic contacts are defined via electron-beam lithography (Fig. 5.6a). The contact
material is Pt which, after deposition, is annealed during the oxide deposition (7 nm of
ALD grown Al2O3). In the following, we alternate ebeam lithography, metal deposition
and oxide growth to define the barrier gate layer (Fig. 5.6b), the screening gate layer (Fig.
5.6c), and the plunger gate layer (Fig. 5.6d). The gate material is Ti/Pd with a thickness of
3/17 nm for the first gate layer, 3/27 nm for the second, and 3/37 for the third gate layer.
All measurements are performed in an Oxford Triton dilution refrigerator at a nominal
base temperature of 13 mK. We apply magnetic fields in-plane of 10 mT. The device was
mounted on a custom-made printed circuit board (PCB). DC voltages from home-built
serial peripheral interface (SPI) DAC modules and pulses from a Keysight M3202A ar-
bitrary waveform generator are combined using on-PCB bias tees. RF reflectometry for
charge sensing was done using SPI in-phase and quadrature (IQ) demodulation mod-
ules and on-PCB LC tank circuits. The demodulated signals were recorded by a Keysight
M3102A digitizer.

The voltages necessary to tune the device into a regime with a single hole in each
of the 8 quantum dots (except dot 2 where 3 holes are confined) and form single-hole
transistors (SHTs) in the top left, top right, and bottom left dot are plotted as a heatmap
in Fig. 5.7. We found that the bottom right sensor was faulty, which is why all voltages in
that area are set to 0 V.

5.7.2. CROSSTALK MATRIX FOR PLUNGER VIRTUALIZATION

Virtual plunger gates ease device control and are rather straightforward to obtain from
charge stability diagrams. Plunger to plunger crosstalk can be directly extracted from the
slopes of the reservoir addition lines. In order to compensated for crosstalk from barri-
ers to plungers it is important to account for the fact that an increased coupling, induced
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Figure 5.6: Device design and heterostructure. (a) In the first metal layer we deposit the Ohmic contacts. (b)
After annealing while depositing the gate oxide, we proceed with the first barrier gate layer which also includes
the sensor barriers to the leads. (c) In the third gate layer, we deposit screening gates and the two central
barrier gates b26 and b37. (d) Finally, we deposit the plunger gates including the sensors. (e) Sketch of the
heterostructure and the gate stack on top. The thick black layers in between the gates symbolizes the gates
oxides.

by the barrier, will also modify the plunger to plunger crosstalk element. We therefore
must ensure we first start from a set of DC gate voltages close to the desired operating
conditions. Once a suitable DC voltage configuration is found, we record charge stability
diagrams and step the barriers. In this way, it is possible to track the center of the (1,1)
charge stability region as a function of the barrier and compensate for this shift (in fact
we use a manual version of the method described in [8]) (Fig. 5.8). The resulting virtual
gate matrix is depicted in Fig. 5.9.
In a next step, we define detunings ϵi j = ap ′

j −bp ′
i and electro-chemical potentials µi j =

cp ′
j +d p ′

i where a,b,c,d are coefficients that we experimentally determine. If the defi-

nitions of ϵi j as well as the barrier to plunger virtualization are correct, the ST − avoided
crossing position as a function of detuning and (virtual) barrier should be symmetric U-
shaped (in the absence of modulations of the g factor) [32]. An example of an ill-defined
virtualization leading to a skewed U-shape is depicted in Fig. 5.10a, while Fig. 5.10b
shows the same measurement with corrected virtualizations. This step is crucial for the
subsequent barrier to barrier compensation, since an unwanted detuning between the
quantum dots would enhance the exchange of interest.

5.7.3. CROSSTALK EXTRACTION

Fig. 5.11 shows the process for extracting the crosstalk element. In Fig. 5.11a we show
a linecut of the top leftmost panel of 5.3. The black dashed line is a gaussian fit from
which we are able to extract the position of the avoided crossing. The white crosses in
Fig. 5.11b mark the extracted avoided crossing positions to which we can fit the red
dashed line. The crosstalk element α1

562 is simply the slope multiplied by -1. Such a
procedure is repeated for all the other barrier gates to fill out the crosstalk matrix.
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-1062.0

0.0

269.0
VG(mV)

Figure 5.7: Typical DC voltage configuration in the experiments presented in this work. The color scale reflects
the voltage VG applied to the individual electrodes. Electrodes in white are either grounded or have 0 V ap-
plied. All voltages on the bottom right sensor are at 0 V as the sensor plunger was faulty. Starting from the DC
configuration, pulses on the AWG channels allow us to quickly change the charge state or the exchange.

5.7.4. CROSSTALK FOR OTHER BARRIERS

Fig. 5.12, 5.13, 5.14, 5.15, 5.16 and Fig. 5.17 present data analogous to the data shown in
Fig. 5.9 for Q56. Specifically, they show the avoided crossing features or exchange oscil-
lations of Q12, Q23, Q34, Q15, Q48 and Q78, respectively. In all the figures, the plots associ-
ated with the respective barriers are organized to reflect the geometry of the device. We
always chose the ranges in a way to not induce any exchange for nearest neighbor barri-
ers. For Q23 we do not have access to direct PSB readout. Therefore, we opted to initialize
the state |↓↑↓↓〉 in the top row and record exchange oscillations at a fixed duration τ and
scan b′

23 against b′
mn . We record the probability P 12

↓↑ which, with b′
12 and b′

34 not inducing

any exchange, oscillates at a frequency determined by b′
23. While the resulting features

are not as clear and isolated as the ones from the avoided crossing, they still allow us to
extract a crosstalk element. Fig. 5.13b shows exchange oscillations between spins 2 and
3, again recorded as P 12

↓↑ which are not influenced by any of the b†
mn demonstrating that

crosstalk is compensated.
Lastly, we note that the crosstalk elements reported in Fig. 5.4b are the ones we used in
the experiments in Fig. 5.5 and are not necessarily the same as the slopes in the mea-
surements here would suggest.

5.7.5. INITIALIZATION AND READ-OUT SCHEMES

Fig. 5.18 schematically shows the different initialization and read-out schemes. A fast
pulse (Fig. 5.18c) initializes and reads |S〉, a ramped pulse starting after the avoided
crossing (Fig. 5.18e) initializes |↓↑〉 or |↑↓〉, while a ramped pulse starting before the
avoided crossing initializes |↓↓〉. During the time evolution in (1,1) we pulse on a bar-
rier to induce exchange. Combining the initialization with an appropriate pulse shape
to the read-out point unveils ST 0 oscillations (Fig. 5.18d), exchange oscillations (Fig.
5.18f) or ST − oscillations (Fig. 5.18h).

5.7.6. G-FACTORS

We extract the resonance frequencies fi of our spins by means of electric dipole spin

resonance (EDSR) and find our effective g-factors as gi = fi
µB B h at a field of B = 10mT. h
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Figure 5.8: Plunger against barrier virtualization. The plots show charge stability diagrams of p ′
8 vs p ′

3 while
stepping b′

23. The white dashed lines mark the charge transitions of dot 8 (vertical) and dot 3 (horizontal). The
red dot is the center of the charge stability region which we can follow in all the plots as we lower the value
of b′

23. The last panel in the bottom right shows the extracted center position of p ′
3 for the different barrier

voltages. The black dashed line allows us to extract the crosstalk correction between b′
23 and p ′

3. However,
we notice that for very negative barrier voltages the center position deviates from this line indicating that the
crosstalk has changed. Similar observations were made in reference [8] and will require more sophisticated
non-linear correction schemes.

is Plank’s constant. The results are summarized in Fig. 5.19.

5.7.7. EXCHANGE PROFILES FOR BARRIER GATES

We typically operate every singlet-triplet qubit at its symmetry point (ϵi j = 0). Here the

exchange is determined solely by the height of the tunnel barrier (J = 2t 2

U ). It is com-
mon practice to approximate the exchange dependence on the barrier by an exponential
function J (bi j ) = J0 exp

(
k(bi j −b0i j )

)
where b0i j is an offset determined by the DC volt-

age configuration and J0 = 1MHz. k can be interpreted as a barrier lever arm, e.g. how
strongly the barrier voltage affects the exchange. This is dependent on the gate layout
and the DC voltage configuration. Fig. 5.20 shows the exchange profiles of the singlet
triplet qubits we measured alongside their FFTs and fits the to the exchange formula.
Table 5.1 summarizes the extracted values for all the singlet triplet qubits measured.

5.7.8. SINGLET-TRIPLET RESONANT CONDITIONS

In this subsection we want to further elucidate the reasoning behind the resonant 4-spin
ST − and ST 0 conditions which are plotted in Fig. 5.5 of the main text. In the presence
of an external magnetic field B and isotropic but site dependent g-factors gi , with ħ= 1,
the Heisenberg Hamiltonian assumes the form:

H =∑
i

giµB BSz,i +
∑

i
∆SO,i Sx,i +

∑
<i , j>

Ji j

(
Si S j − 1

4

)
(5.3)
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p'1 p'2 p'3 p'4 p'5 p'6 p'7 p'8 b'12 b'23 b'34 b'56 b'67 b'78 b'15 b'26 b'37 b'78

p1

p2

p3

p4

p5

p6

p7

p8

pstr

pstl

psbr

psbl

1.00 0.32 0.08 0.03 0.28 0.10 0.07 0.07 1.42 0.40 0.10 0.42 0.10 0.10 1.21 0.55 0.07 0.05

0.24 1.00 0.17 0.00 0.12 0.20 0.13 0.03 1.30 1.23 0.10 0.42 0.23 0.15 0.22 0.93 0.20 0.00

0.05 0.24 1.00 0.28 0.03 0.06 0.21 0.10 0.17 1.75 1.50 0.00 0.23 0.40 0.00 0.20 1.08 0.20

0.02 0.04 0.23 1.00 0.00 0.00 0.14 0.24 0.05 0.25 1.45 0.00 0.10 0.43 0.00 0.00 0.60 1.26

0.28 0.15 0.00 0.00 1.00 0.22 0.05 0.04 0.50 0.10 0.00 1.40 0.15 0.10 1.15 0.58 0.00 0.00

0.14 0.27 0.00 0.00 0.38 1.00 0.27 0.07 0.51 0.20 0.00 2.05 0.80 0.30 0.35 1.24 0.20 0.00

0.00 0.05 0.19 0.13 0.00 0.23 1.00 0.23 0.00 0.27 0.40 0.28 0.71 1.52 0.00 0.20 1.00 0.10

0.00 0.00 0.08 0.31 0.00 0.00 0.28 1.00 0.00 0.08 0.35 0.00 0.15 1.35 0.00 0.00 0.56 1.80

0.01 0.03 0.04 0.12 0.00 0.00 0.01 0.02 0.03 0.08 0.17 0.01 0.01 0.02 0.00 0.00 0.03 0.09

0.10 0.05 0.02 0.01 0.02 0.01 0.00 0.00 0.15 0.07 0.02 0.03 0.01 0.00 0.06 0.03 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.01 0.00 0.00 0.00 0.10 0.04 0.03 0.02 0.02 0.00 0.00 0.15 0.04 0.04 0.05 0.01 -0.01 0.00

Figure 5.9: crosstalk matrix for a first layer of gate virtualization. The linear combination of pi and bi j to
orthogonally control the dot potentials is obtained from the inverse of this matrix. "pstr", "pstl", "psbr" and
"psbl" refer to the plunger of sensor top ((b)ottom) right ((l)eft), respectively. As a consequence of depositing
the barrier gates as a first gate layer, large correction pulses on the plungers are needed to compensate for
barrier pulses as highlighted by the large crosstalk elements. For example, a pulse on b′

56 would require a pulse
of twice the amplitude on p6 in order to maintain the electrochemical potential of dot 6 unchanged.

where S = (Sx ,Sy ,Sz ) is the spin operator on site i . Here, ∆SO consists of anisotropic g-
tensor components and the intrinsic spin-orbit interaction in the spin-orbit frame [47].
The influence of additional Sy terms in the spin-orbit term can neglected if we only ana-
lyze the isolated ST − (ST 0) subspace [32]. For four spins i , j ,k, l it is instructive to write
the basis states of the different spin subspaces in the familiar singlet-triplet basis of two-
spin states. These are summarized in table 5.2. Without the spin-orbit interaction, a spin
system initialized in one of these subspaces should evolve only within that subspace, e.g.
the total spin number is conserved. We particularly want to draw the attention to the two
lowest states in the T 0 and T − subspace. These states contain one singlet and one triplet
each.

|ST −〉 , |T −S〉 SUBSPACE

If we reduce ourselves to the basis
{|Si j Skl 〉 , |Si j T −

kl 〉 , |T −
i j Skl 〉 , |T −

i j T −
kl 〉

}
the Hamiltonian

takes the form [32]:

HST − =


−Ji j − Jkl

∆SO,kl
2

∆SO,i j

2 0
∆SO,kl

2 −Ji j −E z,kl − J j k

4
∆SO,i j

2
∆SO,i j

2 − J j k

4 −E z,i j − Jkl
∆SO,kl

2

0
∆SO,i j

2
∆SO,kl

2 −2E z,i j kl + J j k

4


Compared to eq. 5.5 of the main text we have included the spin-orbit part as well which
gives rise to leakage terms outside of the |Si j T −

kl 〉 , |T −
i j Skl 〉 subspace. However, these

occur only at the respective avoided crossings (Ji j = EZ i j ) and it is easy to operate away
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Figure 5.10: a) ST- avoided crossing of Q12 as a function of ϵ12 and b′
12 with an improper first layer of virtual-

ization leading to a skewed U-shape. b) same measurement as in a) but with corrected virtualization returning
a symmetric U-shape.
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Figure 5.11: (a) Line cut of panel (b) corresponding to the top right panel in Fig. 5.3a). we fit a gaussian to the
data to extract the position of the minimum in the singlet probability. We repeat this for every value of b′

12. b)

crosstalk extraction α1
562. The white crosses are the extracted minima in PS . The red dashed line is a fit to the

data. The slope returns -α1
562.

gate k(mV−1) b†
0(mV)

b†
12 -79.29 11.7

b†
23 -94.72 44.1

b†
34 -96.69 21.0

b†
15 -90.05 20.2

b′
26 -90.02 -9.8

b′
37 n.m n.m

b†
48 -86.38 22.6

b†
56 -90.00 13.2

b′
67 n.m n.m

b†
78 -71.6 50.1

Table 5.1: Summary of the measured exchange dependences on the barrier gates. b′
37 and b′

67 have not been

measured and that b′
26 is not virtualized. The DC voltages ensure that |b†

0,i j | < 50mV, enabling a large on-off

ratio within a comfortable pulse amplitude for the AWG.
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have direct access to the ST− avoided crossing in Q23 we opted to initialize |↓↑↓↓〉 in the top row and record
P 12
↓↑ . By fixing the evolution time τ and scanning b′

23 against the other barriers we are still able to follow features

and extract the crosstalk element, although no feature stands out more than others. (b) Exchange oscillations

of Q12 as a function of b†
mn and duration τ. None of the virtual barriers b†

i j affect the oscillation frequency

which indicates that the crosstalk to b†
23 is correctly compensated.
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Subspace (S, mS ) two-qubit basis states
(2,±2) |T ±

i j T ±
kl 〉

Q (2,±1) 1p
2

(|T 0
i j T ±

kl 〉+ |T ±
i j T 0

kl 〉)
(2,0) 1p

6
(|T +

i j T −
kl 〉+ |T −

i j T +
kl 〉+2 |T 0

i j T 0
kl 〉)

1p
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(|T 0
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|Si j T ±
kl 〉

1p
2

(|T +
i j T −

kl 〉− |T −
i j T +

kl 〉)
T 0 (1,0) |T 0

i j Skl 〉
|Si j T 0

kl 〉
S (0,0) 1p

3
(|T +

i j T −
kl 〉+ |T −

i j T +
kl 〉− |T 0

i j T 0
kl 〉)

|Si j Skl 〉

Table 5.2: Four-spin shared eigenstates of Ŝ2 and Ŝz expressed in a basis of two-spin singlets and triplets. As
the Heisenberg Hamiltonian is spin conserving, it only couples states within the same subspace. Note that
these states are, in general, not eigenstates of the Heisenberg Hamiltonian. The lowest two states of the T 0 and
T− subspace in the table are used to find resonant four spin conditions in Fig. 5.5.

from these locations. When |Ji j −E Z ,i j | = |Jkl −E Z ,kl | the middle two diagonal terms are

equal and the off diagonal terms
J j k

4 become dominant. Initializing |Si j T −
kl 〉 and pulsing

quickly to this condition will induce |Si j T −
kl 〉 ↔ |T −

i j Skl 〉 oscillations with a frequency

fST − = J j k

h [26].

|ST 0〉 , |T 0S〉 SUBSPACE

If we reduce ourselves to the basis
{|Si j Skl 〉 , |Si j T 0

kl 〉 , |T 0
i j Skl 〉 , |T 0

i j T 0
kl 〉

}
the Hamiltonian

takes the form:

HST 0 =


−Ji j − Jkl ∆EZ ,kl ∆EZ ,i j − J j k

4

∆EZ ,kl −Ji j − J j k

4 ∆EZ ,i j

∆EZ ,i j − J j k

4 −Jkl ∆EZ ,kl

− J j k

4 ∆EZ ,i j ∆EZ ,kl 0


Similar to the Hamiltonian 5.7.8, we can identify a resonant condition:

√
J 2

i j +∆E 2
Z ,i j =√

J 2
kl +∆E 2

Z ,kl . Again we will find that at these special conditions we can induce |Si j T 0
kl 〉↔

|T 0
i j Skl 〉 oscillations at a frequency fST 0 = J j k

h . In this case, however, the leakage terms

outside this subspace are given by ∆EZ ,i j ,kl and are slightly more difficult to avoid. In
fact, we need to ensure that Ji j ≫∆EZ ,i j and Jkl ≫∆EZ ,kl which, for the top right quad-
rants in Fig. 4a,e,i is not always given. These notions are summarized in Fig. 5.21. In
Fig. 5.21a we plot the energy diagram of the 4-spin system 2-1-5-6 as a function of
b†

56 − b†
12 as scanned in Fig. 5.5b with a small exchange between spins 1 and 5 in the

chain induced by b†
15. The overlap with the 4 important states in the legend is color and

thickness coded. We can observe 2 avoided crossings, one between |ST −〉 ↔ |T −S〉 and



5

102 5. MITIGATION OF EXCHANGE CROSSTALK IN DENSE QUANTUM DOT ARRAYS

another for |ST 0〉 ↔ |T 0S〉. The fact that the avoided crossings occur at different gate
voltages reflects the slightly different requirements for J12 and J56. However, the size of
both avoided crossings is equal and solely determined by J15.
Finally, we point out that since the read-out in PSB is not capable of distinguishing |T 0〉

from |T −〉 we will find more ’leakage’ features that, while not directly coupling the differ-
ent subspaces, will lead to deviations from the expected resonant condition positions.
This can be appreciated in Fig. 5.21c where we record the S12T 0

56 resonant condition.
Apart from the expected diagonal feature, we also observe two horizontal features in-
dicated by the arrows. One can be attributed to ST 0 oscillations in Q12, the other to
ST − oscillations at the spin-orbit anticrossing of Q12. Apart from the spin-orbit induced
leakage terms, the Hamiltonian which we use to simulate the system contains all the
necessary information to reproduce the experimental results.

5.7.9. ADDITIONAL DATA FOR 1256 RESONANT CONDITION
Fig. 5.22 shows additional measurements of the S12T −

56 resonant condition as we step

b†
15. We notice the maximum of the oscillation amplitude always in the same point for

b†
56 −b†

12 which suggests that we have likely compensated the crosstalk to b†
15 correctly.

The chevron pattern becomes more spread as a result of an increase in J15 which is re-
flected also by the minimum oscillation frequency in each plot.

5.7.10. SIMULATIONS OF THE HEISENBERG CHAIN
We perform the simulations of our experiments with the python package Qutip and as-
sume that the system evolves under the Heisenberg Hamiltonian defined in eq. 5.5. We
incorporate the experimentally determined g-factors and exchange profiles. For the 4-
spin chains we operate far away from the spin-orbit avoided crossing and therefore omit
them in the simulations for simplicity. Our model still captures the relevant parts of the
system dynamics. Furthermore, in our analysis we have ignored g-factor modulations
due to barrier gate voltages. In fact, for high enough exchange, a small deviation of the
g-factors will not alter the dynamics of the system considerably. Fig. 5.23 simulates the
results for Fig. 4a,b, and c, Fig. 5.24 pertains to the experiments in Fig. 4e,f, and g, while
Fig. 5.25 simulates the results for the linear chain obtained in Fig. 4,i,j, and k of the main
text. In these three figures the red dashed lines are the same as in the corresponding
figure of the main text.
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Figure 5.18: (a) Schematic of a charge stability diagram of a double quantum dot as a function of detuning and
the electro-chemical potentials of the two dots, which are uniformly varied. When the detuning is equal to the
charging energy U , charges get transferred between the dots through the vertical transition lines. The region
inside the dashed triangle corresponds to the metastable region where Pauli-spin-blockade occurs assuming
the triplet excited state falls outside the triangle (otherwise the triangle gets truncated). A typical experiment
starts with two charges in one of the two dots ((2,0) or (0,2) charge region, as depicted in the left sketch in (b)).
We then pulse the system into the (1,1) region at the dwell point D. Depending on the ramp type ((c), (e) or (g))
we initialize |S〉, |↓↑〉 or |↓↓〉. After letting the system evolve we pulse back to the measurement point M and
perform single-shot readout of the final state. (b) Sketch of the typical charge and spin configuration at the
initialization (I) and measurement (M) point (left) as well as at the dwell point (D) (right). (c) Pulse scheme to
obtain ST 0 oscillations when initializing in S and reading S (by “reading a state”, we mean distinguishing this
state from the other three states in the two-qubit space). After pulsing the detuning quickly to D we diabatically
pulse on the barrier voltage and next diabatically pulse the detuning back to M. A typical oscillation pattern
as in (d) emerges. (d) Singlet-triplet oscillations of Q56 as a function of b′

56. For more positive barrier voltages

we clearly see S−T 0 oscillations at a frequency h f =∆g56µB B . As the barrier voltage is lowered and exchange
increases, the oscillation frequency increases and the visibility is lowered indicating the initial |S〉 is now an
eigenstate of the system. Around b′

56 = −40mV another oscillation can be observed corresponding to S −T−
oscillations at the ST− avoided crossing. (e) Pulse scheme to obtain exchange oscillations for initialization
and readout of |↑↓〉. By ramping adiabatically with respect to∆gµB B (after diabatically sweeping over the ST−
avoided crossing) we are able to initialize an antiparallel spin state at the dwell point. A diabatic pulse on the
barrier will then induce SWAP oscillations between |↑↓〉 and |↓↑〉. Ramping the detuning back adiabatically
until the avoided crossing and then diabatically until the measurement point takes the final |↑↓〉 state onto a
singlet (2,0) during readout effectively returning P↑↓. (f) Exchange oscillations as a function of b′

56 utilizing the
pulse scheme in (e). This time we see the amplitude of the oscillations increase as we lower the barrier voltage
and exchange is enhanced, as expected for SWAP oscillations starting from |↓↑〉. (g) Pulse scheme to obtain
oscillations when initializing and reading |T−〉 by adiabatically ramping over the ST− avoided crossing. The
same adiabatic ramp before read-out takes |T−〉 onto a singlet (2,0) during read-out effectively returning P↓↓.
Between initialization and readout, a diabatic barrier pulse is applied. (h) With the pulse scheme in (g) we now
only see oscillations at the ST− avoided crossing as expected when starting from |T−〉.
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Figure 5.19: g -factors for the spins in the different dots. The g -factors were extracted from electric dipole spin
resonance experiments (data not shown).
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crossings occur at different gate voltages reflects the slightly different requirements for J12 and J56. However,
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|S12T 0
56〉 condition as a function of b†

56 and b†
12. We initialize |S12T 0

56〉 and let the system evolve for 100 ns

at each voltage point with a small exchange opened through b†
15. Like in (b) we can identify a sharp resonant

condition which occurs at slightly different gate voltages than (b) as |S12T 0
56〉 evolves to |T 0

12S56〉. In the bottom
left quadrant, however, the two resonant conditions approach each other. This is expected since J12 and J56
become the dominant energies in the system. We can also identify two leakage features indicated by the black
arrows. One pertains to the singlet triplet avoided crossing of Q12 (∆SO ), while the other, at more positive

voltages of b†
12 can be attributed to ST 0 oscillations in Q12 since J12 ≈∆EZ ,12.
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Figure 5.22: Resonant |S12T 0
56〉 condition. The color scale reflects the return probability P 12

S like in Fig. 5.5b.

We scan b†
56 from -7 to +3 mV while scanning b†

12 from -27 to -37 mV and stepping b†
15. The resonant condition

is marked by a maximum in oscillation amplitude and a minimum in oscillation frequency. We observe a stable

position of the resonant condition as we decrease the voltage on b†
15 showing that J12 and J56 remain unaltered

(or more specifically, that J56 − J12 remains unaltered). The chevron pattern we observe becomes broader as

we decrease b†
15 which is expected as the off diagonal term in the reduced 4-spin Hamiltonian increases.
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Figure 5.23: Simulations of the chain spanned by dots 3-4-8-7. (a) We plot the simulated singlet return prob-

ability P 34
S as a function of b†

34 and b†
78 with an exchange opened between spins 4 and 8. The red dotted line

is the same as in Fig. 5.5a of the main text and marks the condition |J34 −EZ 34| = |J78 −EZ 78|. We find excel-

lent agreement with the data. (b) Resonant S34T−
78 condition. We sweep b†

34 and b†
78 like in the experiment in

Fig. 5.5b and report P 34
S finding again good agreement with the data. The leakage features for low values of

b†
34−b†

78 are not prominent in the experiment which we attribute to a low sensor contrast. (c) Resonant S34T−
78

oscillations as a function of b†
48 at the resonant ST− condition. This time we report P 78

S as in the experiment.
The simulation matches the experiment in Fig. 5.5c very well.
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Figure 5.24: Simulations of the chain spanned by dots 2-1-5-6. (a) We plot the simulated singlet return prob-

ability P 12
S as a function of b†

56 and b†
12 with an exchange opened between spins 1 and 5. The red dotted line

is the same as in Fig. 5.5e of the main text and marks the condition |J12 −EZ 12| = |J56 −EZ 56|. We find good

agreement with the data. (b) Resonant S12T−
56 condition. We sweep b†

56 and b†
12 like in the experiment in Fig.

5.5f and again report P 12
S finding again good agreement with the data. For low values of b†

56 −b†
12 we can also

observe leakage features due to ST 0 oscillations in Q12, just like in the experiment. (c) Resonant S12T 0
56 oscil-

lations as a function of b†
15 at the resonant ST 0 condition. The simulation matches the experiment in Fig. 5.5g

very well.
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ability P 12
S as a function of b†
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is the same as in Fig. 5.5i of the main text and marks the condition |J34 −EZ 34| = |J12 −EZ 12|. We find good

agreement with the data. (b) Resonant S12T−
34 condition. We sweep b†

34 and b†
12 like in the experiment in Fig.

5.5j and report P 12
S finding again good agreement with the data except for the leakage features which are not

present in the data, probably due to low visibility. (c) Resonant S12T 34− oscillations as a function of b†
23 at the

resonant ST− condition. The simulation matches the experiment in Fig. 5.5k well.
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6
SITE-RESOLVED MAGNON AND

TRIPLON DYNAMICS ON A

PROGRAMMABLE QUANTUM DOT

SPIN LADDER

Quasi-particle dynamics in interacting systems in the presence of disorder challenges the
notion of internal thermalization, but proves difficult to investigate theoretically for large
particle numbers. Engineered quantum systems may offer a viable alternative, as wit-
nessed in experimental demonstrations in a variety of physical platforms, each with its
own capabilities and limitations. Semiconductor gate-defined quantum dot arrays are of
particular interest since they offer both a direct mapping of their Hamiltonian to Fermi-
Hubbard and Heisenberg models and the in-situ tunability of (magnetic) interactions and
onsite potentials. In this work, we use an array of germanium quantum dots to sim-
ulate the dynamics of both single-spin excitations (magnons) and two-spin excitations
(triplons). We develop a methodology that combines digital spin qubit operations for state
preparation and readout with analog evolution under the full system Hamiltonian. Using
these techniques, we can reconstruct quantum walk plots for both magnons and triplons,
and for various configurations of Heisenberg exchange couplings. We furthermore explore
the effect of single-site disorder and its impact on the propagation of spin excitations. The
obtained results can provide a basis for simulating disorder-based solid-state phenomena
such as many-body localization.

This chapter has been published as: Pablo Cova Fariña, Daniel Jirovec, Xin Zhang, Elizaveta Morozova, Ste-
fan D. Oosterhout, Stefano Reale, Tzu-Kan Hsiao, Giordano Scappucci, Menno Veldhorst & Lieven M. K.
Vandersypen, "Site-resolved magnon and triplon dynamics on a programmable quantum dot spin ladder",
arXiv:2506.08663 (2025).
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6.1. INTRODUCTION
The observation of correlated many-body phenomena is one of the most promising ap-
plications of quantum simulators [1–3]. For example, studying the dynamics of spin ex-
citations under a given many-body spin model can provide insight into the system’s un-
derlying Hamiltonian and its magnetic properties. A fascinating open question pertains
to the properties of isolated quantum systems in the presence of disorder, which com-
petes with interactions and can significantly alter the propagation of spin excitations or
the thermalization properties of the system [4]. While different simulator platforms have
implemented this Hamiltonian class [5–12], a rigorous study of such models ideally re-
quires precise tunability of both spin-spin interactions and single-site disorder, as well
as reliable initialization and readout of the spin states with single-site resolution. When
comparing different quantum simulation platforms, atomic systems [13–16] can reach
large sizes but are often limited in their local control capabilities, while solid-state-based
systems [17–19] offer a high degree of tunability but need to tackle other challenges such
as crosstalk, homogeneity and scalability.

In this context, gate-defined semiconductor quantum dots provide a versatile plat-
form to perform quantum simulations of Fermi-Hubbard [19–23] and Heisenberg-type
[24, 25] physics. Precise control of onsite energies and local couplings is routinely achie-
ved through voltages applied on dedicated electrodes. Additionally, quantum dot ar-
rays naturally emulate the Heisenberg model at half filling, making them a promising
candidate for simulating spin physics. Among the available semiconductor platforms,
Ge/SiGe quantum dots have been rapidly scaled up in recent years [26–31], enabling
the fabrication of 2D quantum dot arrays and device sizes approaching the many-body
regime. Moreover, significant variations of the g -tensors of hole spins in germanium
quantum dots and their principal axes are commonly observed, which has enabled qubit
addressability for spin-qubit experiments [31, 32]. In the context of this work, this g -
tensor variability also provides a native realization of random single-site disorder. Fi-
nally, individual spin exchange couplings, arising due to wavefunction overlap between
neighboring dots, can be quickly turned on or off by gate voltage pulses, in principle
allowing to observe the evolution of the system after a Hamiltonian quench.

In this work, we explore the dynamics of two kinds of spin excitations, namely mag-
nons and triplons, and their propagation for different exchange coupling configurations
in a semiconductor 2×4 quantum dot ladder. For this purpose, we use an analog-digital
experimental framework [33, 34]. For initialization and readout, we combine quantum
gates and transitions with a controlled degree of adiabaticity, which allows us to pre-
pare spin excitations on arbitrary sites and track their position over time. In between,
we allow the system to evolve under its native Hamiltonian. We first investigate the dy-
namics of single-spin excitations, or magnons, under different coupling topologies and
disorder-to-interaction ratios, for which we leverage on a recently developed crosstalk
mitigation protocol for exchange couplings in dense quantum dot arrays [35]. We de-
velop methods to prepare a magnon in any site of the ladder and probe the presence of
a magnon in a site-resolved manner, allowing us to reconstruct quantum walks [36–38].
Next, we study the propagation of two-spin excitations, or triplons [39–41], along a chain
of dimerized sites, building on previous work on singlet-triplet qubit control across a
quantum dot ladder [42]. We demonstrate a method to initialize a triplon in any site,
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Figure 6.1: Atomic-force microscopy images of the two germanium 2×4 quantum dot devices used in this
work. Spins are schematically depicted to highlight the two different types of encoding: (a) single-spin and (b)
singlet-triplet. (c) Schematics of a digital-analog circuit: During the state preparation and readout phases, per-
formed in the computational (Zeeman) basis, a combination of ramp times τi of the interdot detunings with
single- and two-qubit gates allows the preparation of a variety of states as well as the extraction of single-site
spin information. During the analog evolution part, spin-exchange couplings can be diabatically or adiabat-
ically turned on, resulting in spin dynamics under the system’s native Hamiltonian, as described in the main
text. Schematic depiction of (d) initialization (see main text), (e) readout (see main text), (f) single-spin drive
using microwaves and (g) two-spin gates based on Heisenberg exchange utilized in this work.

fully and independently tune interactions and on-site disorder, and detect the presence
or absence of a triplon on three sites in a single-shot manner.

6.2. DEVICE AND MODE OF OPERATION
Fig. 6.1a and b show two atomic-force microscopy images of the two Ge/SiGe 2×4 quan-
tum dot devices used in this work. While Fig. 6.1a corresponds to the device used for the
magnon propagation experiments (Sections 6.4 and 6.5), we use the device in Fig. 6.1b to
explore triplon propagation in the singlet-triplet basis (Section 6.6). On this same device,
universal control of four singlet-triplet qubits was previously demonstrated [42].

The device of Fig. 6.1a incorporates a few small but relevant changes with respect to
the previous version [42]. First, the barrier gates are patterned in the first metal layer to
increase their lever arm and, consequently, the ability to tune the exchange interaction
strengths. Additionally, the charge sensors, used for tuning and readout purposes, are
not tunnel coupled to the device while maintaining a high capacitive coupling, which
improved the sensing dot tunability (see Fig. 6.10 for details on the device layout).

We operate both devices in a mixed analog-digital fashion (Figs. 6.1 c-g). We rely on
pairwise spin initialization and readout based on Pauli-spin blockade (PSB) by control-
ling the ramp speed between the (2,0) and (1,1) states (see Section 6.4), where (nl ,nr )
represent the number of charges in the left and right dot of a quantum dot pair. Although
the key element of these experiments is the analog evolution part, we also employ single-
and two-qubit gates as a means to quickly and reliably prepare any desired initial state
relevant for this work, and to access additional readout bases. Note that for this partic-
ular work, microwave driving is only used for qubit spectroscopy, since we operate at a
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low magnetic field of 10 mT, where microwave-driven gates are slow [43–46].

6.3. SPIN HAMILTONIANS
The Hamiltonian of an array of quantum dots with a single spin per site and an external
magnetic field B is given by a Heisenberg model with exchange interactions Ji j and site-
dependent g -factors gi :

H0 =
∑
〈i , j 〉

Ji j Si ·Sj +µB B
∑

i
gi Sz

i , (6.1)

where the first sum runs only over nearest neighbors i and j , Si is the vector of spin
operators (Sx

i ,S y
i ,Sz

i ) = ħ
2 (σx

i ,σy
i ,σz

i ), using the Pauli matrices for each spin i . For holes
in germanium quantum dots, this Hamiltonian is only an approximation, neglecting the
tensorial nature of Ji j and gi [47]. These terms, and additional intrinsic spin-orbit spin
flip components, are typically captured by an additional term of the form

∑
i ∆ST,i Sx,i ,

with ∆ST the spin-orbit strength, a term we will exploit for initialization and readout but
ignore during the analog evolution. Despite these simplifications, the Hamiltonian of
Eq. 6.1 suffices to model the experimental data revealing magnon propagation, see also
the discussion in Section 6.7. Important for studies of spin dynamics, the spin exchange
interactions are individually tunable through the gate voltage that controls the interdot
tunnel coupling. Also the individual g -tensors have been demonstrated to be electri-
cally tunable by modulating the shape of the quantum dot wavefunction [27, 28, 46, 48].
However, this tunability is often hard to predict in practice since it is highly dependent
on microscopic device details.

Next we consider an array of singlet-triplet qubits, where each rung i of the ladder
encodes a single qubit in the singlet-triplet basis (see Fig. 6.1b). When projected onto the
S-T− subspace, the coupling Hamiltonian of two singlet-triplet qubits can be mapped to
[42]:

HST = 1

4

∑
〈i , j 〉

J∥i j

[
σx

i σ
x
j +σ

y
i σ

y
j +

1

2

(
σz

i − I
)(
σz

j − I
)]

+ 1

2

∑
i

(Ēz,i − J⊥i )σz
i ,

(6.2)

where J∥i j and J⊥i are the exchange couplings between different rungs i , j and within

each rung i , respectively. In this case, single-site energy terms become programmable
by means of J⊥i . Note that in Eq. 6.2 we also neglect the spin-orbit coupling (SOC) terms
[42], which would result in deviations from the isotropic behavior. This is only valid
far from the spin-orbit induced avoided crossings, which is the case during the analog
evolution part. In contrast, for initialization and readout, we explicitly pulse to the spin-
orbit induced S-T− avoided crossing to achieve single-qubit rotations (see Section 6.6).

Interestingly, the interaction terms of Eqs. 6.1 and 6.2 realize two different spin XXZ
Hamiltonians of the form

Hint ∝
∑
〈i , j 〉

[
σx

i σ
x
j +σ

y
i σ

y
j +∆σz

i σ
z
j

]
, (6.3)
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Encoding Single-spin Singlet-triplet

Number of sites
for N dots

N N /2

Interaction
Hamiltonian

(neglecting SOC)
XXX (∆= 1) XXZ (∆= 0.5)

Interaction
tunability

Yes Yes

Disorder source g -factor variability Ēz − J⊥

Disorder
tunability

Global (B-field)

Limited local tunability

(g-tensor modulation)

Yes

Site-resolved
readout

PSB + SWAP PSB

Table 6.1: Comparison between single-spin and singlet-triplet encodings.

with∆ the anisotropy parameter [36]. While Eq. 6.1 is a Heisenberg or XXX Hamiltonian
with ∆ = 1, in the triplon case we find ∆ = 0.5 (Eq. 6.2). Table 6.1 summarizes both
encodings.

6.4. STATE INITIALIZATION AND READOUT

Fig. 6.2a shows the typical energy diagram of a germanium double quantum dot [27,
49] as a function of detuning εi j = 1

2 (µ j −µi ), with µi the electrochemical potentials of
two neighboring dots i and j . This energy diagram is simulated using the lowest en-
ergy levels of a two-site Fermi-Hubbard model (see Eq. 6.4 of the Supplementary Ma-
terial). The detuning axis is chosen such that the total charge occupation of the sys-
tem is conserved. At the symmetry point εi j = 0, there is one charge per quantum dot
(charge state (1,1)) and, at small tunnel coupling values ti j , the spin eigenstates are the
four product states {|↓↓〉 , |↑↓〉 , |↓↑〉 , |↑↑〉}. Away from ε = 0 (leaving out the subscripts for
simplicity), the wavefunction overlap between the two charges increases, resulting in an
increased exchange coupling J . The spin-orbit induced anticrossing between the sin-
glet and triplet branches occurs at J = Ēz . Finally, at very positive or negative detuning,
with absolute values larger than the quantum dot charging energies, both charges sit on
the same quantum dot, and the ground state of the system is a singlet (S(2,0) or S(0,2),
respectively).

The initialization procedure is derived from this energy diagram. Starting from S(2,0),
we ramp to the symmetry point at ε = 0 with a ramp time τ. Crucially, the state we ini-
tialize depends on the ramp rate v = dE

dτ and two relevant energy scales: the S-T− anti-
crossing size ∆ST and the Zeeman energy difference between the two dots ∆Ez [50, 51].
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Figure 6.2: Pairwise initialization and readout of a pair of hole spins. (a) Energy diagram for a pair of spins. The
black dashed lines represent the initialization (I), operation (O) and readout (R) points, respectively. The S-T−
anticrossing is highlighted in yellow. (b) Charge stability diagram of quantum dot pair 4-8. Along the x-axis,
we scan the detuning ε48 = 1

2 (v p8 −v p4), and the global chemical potential u48 = v p8 +v p4 is scanned along
the y-axis. For each combination of gate voltages, we record the sensor signal. The numbers (n1,n2) represent
the double dot charge occupation. The three voltage points I (initialization), O (operation) and R (readout) lie
along the detuning axis and are calibrated for each quantum dot pair. (c) Pulse scheme to initialize the state
|S(1,1)〉. After waiting 20µs at point I to initialize the state |S(2,0)〉, we pulse to the operation point with a
ramp speed of 4 ns, which is diabatic and conserves the total spin state. (d) Pulse scheme to initialize the state
|↑↓〉. After waiting 20µs at point I, we first pulse fast (4 ns) just over the ST− anticrossing (shown as a yellow
dashed line), conserving the spin singlet state. Subsequently, a slow (∼ 1µs ramp) is used, which adiabatically
maps the singlet into the |↑↓〉 state. (e) Pulse scheme to initialize the state |↓↓〉. After waiting 20µs at point I,
we first pulse fast (4 ns) just before the ST− anticrossing. Subsequently, a slow (∼ 1µs ramp) is used, which
adiabatically maps the singlet into the |↓↓〉 state. (f) Pulse scheme to readout a singlet state |S(1,1)〉. (g) Pulse
scheme to readout the state |↑↓〉. (h) Pulse scheme to readout the state |↓↓〉.
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Figure 6.3: Experimentally observed dynamics of the spin state of quantum dot pair 5-b, as a function of initial-
ization and readout ramp speed, and as a function of barrier voltage vb56. (a) A singlet is initialized and read
out using pulse schemes of Fig. 6.2c,f. S-T0 oscillations are visible at low exchange (positive barrier voltage).
Additional oscillations at high exchange (negative barrier voltage) are consistent with an evolution at the S-T−
anticrossing. (b) The state |↑↓〉 is initialized and read out using pulse schemes of Fig. 6.2d,g. Exchange oscil-
lations are visible at high values of J . (c) The state |↓↓〉 is initialized and read out using pulse schemes of Fig.
6.2e,h. The only observed dynamics is at the S-T− anticrossing. The diagrams above the data schematically
show the corresponding pulse schemes for both detuning (black lines) and barrier voltage (purple lines). The
gray shaded regions correspond to initialization and readout. (d) Bloch sphere depiction of the time evolution
of a singlet and a |↑↓〉 state for an interaction-dominated Hamiltonian (J >∆Ez ). (e) Bloch sphere depiction of
the time evolution of a singlet and a |↑↓〉 state for a disorder-dominated Hamiltonian (J <∆Ez ).

Using realistic experimental parameters, we simulate the initialized states as a function
of ramp speed (Fig. 6.15) and recognize three distinct regimes. At diabatic ramp speeds
ħv ≫ ∆E 2

z , ħv ≫ ∆2
ST , the initial spin state is conserved, resulting in the state S(1,1).

In contrast, at adiabatic speeds, the ground state of the system |↓↓〉 is initialized. At in-
termediate speeds, when the ramp speed is adiabatic only with respect to the Zeeman
energy difference, the state |↑↓〉 is initialized, with the spin-up corresponding to the dot
with the lowest g -factor.

The same reasoning applies to readout, which is based on Pauli spin blockade [52–
57]. The ramp rate from the symmetry point to the readout point determines which two-
spin state is unblocked and therefore distinguished from the three other, orthogonal,
spin states. While a diabatic ramp will result in an unblocked S(1,1) state, the state |↓↓〉
(|↑↓〉) is unblocked for adiabatic (intermediate) ramp speeds. To further improve the
initialization and readout fidelities, we make use of composite ramps as depicted in Figs.
6.2c-e for initialization and Figs. 6.2f-h for readout. Note that more complex ramps could
be implemented to further optimize initialization and readout [58].

We experimentally demonstrate the initialization, readout and exchange control ca-
pabilities in Fig. 6.3a-c. Each of the panels shows the evolution of a two-spin initial state
for quantum dot pair 56 as a function of its corresponding virtual barrier [35] voltage vb56

for diabatic, intermediate and adiabatic initialization and readout ramps, respectively.
The dynamics in Figs. 6.3a and b can be understood through a Bloch sphere represen-
tation in the S-T0 basis [27] (Figs. 6.3d and e). At positive barrier voltages, the exchange
interaction between dots is minimized (J ≪ ∆Ez , disorder-dominated regime) and the
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Figure 6.4: Characterization of exchange coupling and Zeeman energies for the full 4×2 array. (a) Exchange
coupling tunability as a function of barrier gate voltage, extracted from Fig. 6.13. We obtain interaction
strengths of up to 500 MHz and down to well below 1 MHz for each dot pair, highlighting the excellent indi-
vidual tunability of the exchange couplings. In particular, we can comfortably reach the J ≫∆Ez and J ≪∆Ez
regimes. (b) Zeeman energy extraction through EDSR. For each pair of spins, the resonances are assigned de-
pending on the driving gate (we flipped half of the signals for clarity). This sets the single-particle disorder
landscape. We find that neighboring spins differ in frequency by 5-15 MHz at a magnetic field of 10 mT.

eigenstates are well approximated by the eigenstates of the Zeeman Hamiltonian, i.e.
the product states {|↓↓〉 , |↑↓〉 , |↓↑〉 , |↑↑〉}. An initial |S〉 state, being an equal superposition
of |↑↓〉 and |↓↑〉 , should therefore oscillate with maximum visibility, while an initial |↑↓〉
state should not oscillate. The opposite behavior is expected at negative barrier voltages,
i.e. high exchange couplings (J ≫ ∆Ez , interaction-dominated regime). In either of the
two cases, the |↓↓〉 state should not evolve since it is an eigenstate of both the Zeeman
and the Heisenberg Hamiltonians. Figs. 6.3a-c show the expected evolution patterns,
highlighting not only the initialization and readout capability in different bases, but also
the excellent control over the ratio between interactions and Zeeman energy differences.
Note that at interaction strengths J = Ēz , we observe an extra set of oscillations for all
three initialized states, consistent with the position of the S-T− anticrossing, and vali-
dated through simulations (see Fig. 6.16).

We demonstrate this behavior for all four spin pairs individually (see Fig. 6.12 and
6.13) and extract exchange interaction values of up to 500 MHz and down to well below
1 MHz within a comfortable dynamical range in the barrier gate voltages of < 100mV
(Fig. 6.4a). Note that the onset of oscillations for the |↑↓〉 plots depends on the∆Ez value
of each pair, which differs due to the difference in g -factors. This well-known behavior
for two spins forecasts a more generic behavior, where a spin excitation which can prop-
agate along an array of spins under the influence of exchange interactions J becomes
localized when disorder in the local Zeeman energies ∆Ez exceeds spin exchange.

We make use of microwave driving to extract the individual Zeeman energies via
electric-dipole spin resonance (EDSR) (Fig. 6.4b). We obtain the resonance frequen-
cies by initializing a product state for each pair and driving with different plunger gates
to pinpoint which resonance line corresponds to which spin, or by measuring the ex-
change splitting of the resonance lines as a function of neighboring barrier voltages
(see Fig. 6.26). For the applied in-plane field of 10 mT, the Zeeman energy differences
are of the order of 5-15 MHz, while the Zeeman energies correspond to g -factors of
0.30 < gi < 0.44, slightly higher than the values reported in the literature [32]. This could
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Figure 6.5: Calibration of SWAP times and reconstruction of single-site probabilities. (a) Circuit diagram for
simultaneous calibration of SWAP times τ12 and τ56. For this particular experiment, the only exchange that
is switched on during the analog evolution is J15. |↑↓〉-readout allows to obtain the spin-up probability of the
quantum dot with the lowest g -factor for each pair. (b) |↑↓〉 probability for quantum dot pair 1-2 as a function
of evolution time t0, recorded after running the quantum circuit in panel (a) without the SWAP operations.
(c) |↑↓〉 probability for quantum dot pair 5-6 as a function of evolution time t0, recorded after running the
quantum circuit in panel (a) without the SWAP operations. (d) and (e) Unblocked state probability for (d) pair
1-2 and (e) pair 5-6 after executing the quantum circuit of panel (a), as a function of t0 and the SWAP times as
indicated. From these 2D maps, we extract the SWAP times which correspond to spin-up readout for each of
the four spins (indicated by the dashed orange lines).

be caused by misalignment of the external magnetic field, leading to a small out-of-plane
field component.

6.5. SWAP GATES, SINGLE-SITE READOUT AND QUANTUM WALKS
Building on the tools for initialization and readout showcased in section 6.4, we can
study the propagation of single-spin excitations or magnons in extended quantum dot
arrays. The three different readout types outlined above allow us to discriminate a single
unblocked two-spin state (|S〉, |↑↓〉 or |↓↓〉 respectively) from the states in its orthogo-
nal subspace. This does not directly translate to single-spin probabilities. For instance,
reading out at an intermediate ramp speed yields the probability of measuring |↑↓〉, but
the readout signal would not distinguish between the states |↓↑〉, |↓↓〉, and |↑↑〉 which
are all blocked. However, apart from the |↑↓〉 and |↓↓〉 readouts demonstrated in section
6.4, we can also read out the orthogonal state |↓↑〉 by implementing a SWAP gate before
ramping to the readout point (Fig. 6.5a). Since the exchange control permits to reach
J ≫∆Ez for all dot pairs, the SWAP gate is a native two-qubit gate of the system, achiev-
able by pulsing the barrier gates for a time τSWAP = π/J . In this way, readout of three
orthogonal two-spin states is possible from which the fourth can be inferred through
normalization, allowing us to reconstruct all single-spin probabilities. Importantly, if
only a single excitation is present in the array, only two of the three readouts are neces-
sary since P (|↑↑〉) = 0. In this case, P (|↑i 〉) = P (|↑i↓ j 〉) and P (|↑ j 〉) = P (|↓i↑ j 〉). This is the
case for all quantum walk data shown in Fig. 6.5 and 6.6.

In Fig. 6.5a-e, we show a method for simultaneously calibrating two SWAP gates in
a four-spin system and to obtain site-resolved quantum walk plots. For this example,
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Figure 6.6: Magnon propagation for the left half of the 2×4 array with various coupling configurations. (a)
Four-spin quantum walk corresponding to the circuit in Fig. 6.5a and extracted from the 2D plots pf Fig. 6.5d
and e, showing evolution of the spin-up probability for the sites 2, 1, 5 and 6 as a function of t0. For this and
the following quantum walk plots, the border of the quantum dot with the initial spin-up is highlighted in
orange, the magnitude of the Zeeman energies is color-coded in green, and the exchange interaction strengths
in purple. (b) Four-spin quantum walk in a 2×2 array with J26 ≈ 40 MHz and the other exchanges switched
off. (c) Four-spin quantum walk in a configuration with J12 ≈ J56 ≈ 100 MHz and J15 ≈ J26 ≈ 25 MHz. (d)
Four-spin quantum walk in a 2×2 ring with homogeneous exchange couplings (Ji j ≈ 21 MHz). The excitation
mainly oscillates between dots 2 and 5, a beating pattern is additionally observed. (e) Four-spin quantum walk
in a 2×2 ring with disorder in the Ji j values, with barrier voltages slightly tuned away from the homogeneous
exchange point. A rather regular oscillation pattern mainly between dots 2 and 5 is observed.

we initialize the spin state |1〉 = |↑1↓2↓5↓6〉. During the analog evolution, the exchange
coupling J15 is activated for a period of time t0, which should yield a simple oscillatory
pattern between spins 1 and 5. After the evolution, we either perform |↑↓〉-readout di-
rectly on pairs 1-2 and 5-6, or we activate the exchanges J12 and J56 for a variable time
τ12 and τ56 before readout. This is depicted as a quantum circuit in Fig. 6.5a. For this
four-spin experiment, the g -factor landscape corresponds to Fig. 6.4b. This means that
the dots with the lowest g -factors are dot 1 for the top pair and dot 6 for the bottom pair.

When no SWAP gate is applied before readout (Figs. 6.5b and c), we observe an
oscillating pattern for the top pair and a constant low probability for the bottom pair,
consistent with the readout of spins 1 and 6. Figs. 6.5d and e show the measured spin
probabilities as a function of time t0 and the SWAP time before readout. At SWAP times
τi j = 2π/JSWAP,i j , the line cuts correspond to Figs. 6.5b and c. In contrast, when τi j =
π/JSWAP,i j , we obtain the readout of dots 2 and 5, respectively, resulting in oscillations
of the bottom pair and a low constant signal for the top pair. From this 2D map, we ex-
tract the correct SWAP times and reconstruct the four-spin quantum walk in Fig. 6.6a,
showing spin oscillations between sites 1 and 5, as expected. Notably, the 2D maps in
Figs. 6.5d and e also contain readout probabilities of other two-spin operators for inter-
mediate SWAP times, which might prove useful to directly obtain other observables of
interest [59].
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Looking closely at Figs. 6.5d,e, we observe that the oscillations as a function of SWAP
time are slightly offset in phase compared to what one would ideally expect. Additionally,
the oscillation frequency is below its steady value for short times t0 in Figs. 6.5b,d,e. We
attribute the former mainly to the use of 15 ns ramp times on the barrier pulses, and the
latter to gate voltage pulse distortions.

This methodology allows us to experimentally observe quantum walks with different
coupling topologies, where the interplay between disorder, interactions and evolution
time becomes crucial. As a first example and in contrast to the free spin propagation
of Fig. 6.6a, Fig. 6.6b shows an initial magnon remaining localized in quantum dot 1,
in a regime where the exchange values to its nearest neighbors are much smaller than
the Zeeman energy differences (J12, J15 ≪∆E15,∆E12), favoring localization. In Fig. 6.6c,
we tune the exchange couplings such that J12 ≈ J56 ≈ 100 MHz, more than an order of
magnitude larger than the average Zeeman energy differences, and J15 ≈ J26 ≈ 25 MHz.
We recognize two distinct oscillation frequencies: fast oscillations within each double
dot pair, and a slow transfer of the spin excitation from the top to the bottom channel.
This topology corresponds to two weakly coupled pairs of spins, where for the evolution
time of 150 ns, the Zeeman energy disorder does not play a role (see simulations of Fig.
6.19). We observe a decay of the signal after 100 ns, consistent with a reduced coherence
time at high exchange interaction values.

We furthermore explore the interesting regime in between the two aforementioned
cases, where the exchange interactions and the Zeeman energy differences are similar
(Figs. 6.6d and e). For Fig. 6.6d, using a previously reported method to equalize ex-
change interactions in a four-spin array [24, 25], we tune all Ji j ∼ 21 MHz, which is about
3.5 times larger than the average disorder in Zeeman energies. We observe an oscillation
pattern between quantum dots 2 and 5, as expected for a ring with homogeneous ex-
changes, where the initial excitation only constructively interferes on the opposite site of
the array. However, we observe an additional beating pattern, which we can attribute to
the underlying Zeeman energy disorder (see simulations in Figs. 6.21 and 6.22). There-
fore, the observed dynamics is a consequence of the competition of both energy scales.
Additionally, we leverage on our largely independent barrier control [35] to explore the
effect of locally introducing disorder in the exchange interactions. We find an exchange
voltage configuration which seems to compensate for the underlying Zeeman energy
disorder, yielding a regular oscillation pattern between dots 2 and 5 (Fig. 6.6e). We again
validate this with simulations (Figs. 6.20 and 6.22), from which we extract J12 =11.5 MHz,
J56 =27.0 MHz, J15 =20.0 MHz and J26 =15.5 MHz. We further show our independent
tunability of exchange interactions explicitly in Fig. 6.23 by looking at the dependence
of the oscillations on barrier gate voltages, which is in good agreement with simulations.

Additionally, instead of changing the initialization ramp times to select which spin(s)
to initialize in the excited state, one can also utilize the SWAP gates to move the initial
excitation across the array before the analog evolution. We show this in Fig. 6.7b (with
Fig. 6.7a showing the corresponding quantum circuit). For this experiment, we first
prepare the full 2×4 array in the state |2〉 = |↓1↑2↓3 ... ↓8〉 in all cases, and subsequently
perform selected SWAP operations to take the excitation from dot 2 to any of the seven
other dots. Finally, we read out pairs 3-4 and 5-6 followed by readout of pairs 1-2 and 7-
8. Without (with) the readout SWAPs, the readout returns the probability of finding the
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Figure 6.7: Initialization of magnon product states using SWAP gates. (a) Circuit diagram depicting the prepa-
ration of any initial state |i 〉, with a single spin-up initialized in site i . After preparing the state |2〉 adjusting the
speed of the initialization ramps, the single excitation is swapped around the array. Finally, the resulting state
is read out. Initialization and readout happen sequentially and not simultaneously (see depiction of Fig. 6.5a,
but are drawn here on top of each other for compactness. (b) Spin-up probability for the full 8-site array as a
function of readout site and target initial state.

excitation in dots 1, 4, 6 and 8 (2, 3, 5 and 7). As seen in the figure, we can successfully
prepare any single-magnon product state with this method, with typical SWAP times
below 10 ns, and detect in which dot the magnon was initialized in two repetitions of the
protocol. We note that, in this case, the contrast for the readout of dots 7 and 8 is quite
low, which we attribute to a low readout visibility at the time of this measurement.

Note that these methods are not only limited to initializing single excitations but
also allow to prepare up to four spin-up excitations, corresponding to a Néel state (or
permutations thereof). This is demonstrated in Fig. 6.24. Furthermore, we could ap-
pend an intermediate-speed ramp back to (1,1) after PSB readout, such that the post-
measurement state coincides with the pre-measurement state. Applying a SWAP opera-
tion and performing another PSB readout would allow us to record both ↑↓ and ↓↑ in a
single execution. Ramping back semi-adiabatically once more and reading out again but
now adiabatically, would give access to all four probabilities for each pair, and thus all
eight single-spin probabilities, in every run, similar in spirit to a recent demonstration
on two spins [57].

6.6. QUANTUM WALK WITH SINGLET-TRIPLET ENCODING
We next turn to methods for exploring the propagation of two-spin excitations, also
known as triplons [39–41], in the 2×4 quantum dot ladder. The two-spin excitation is
here given by the lowest-energy spin triplet state, T−, with two-spin singlets along the
rungs of the ladder forming the ground state. Singlet-triplet physics of a pair of quan-
tum dots and qubit encodings in the singlet-triplet basis have been widely explored in
the literature [27, 42, 49]. Encoding a qubit in the S-T− subspace has the advantage that
even at low magnetic fields, fast, high-fidelity and baseband single-qubit operations are
available through rotations at the S-T− anticrossing [42], which at the 10 mT in-plane
field used for this experiment are as fast as 10 MHz. Coupling two singlet-triplet qubits
together results in an effective spin-spin Hamiltonian (see Eq. 6.2) where, in the lan-
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Figure 6.8: Triplon propagation in a dimerized quantum dot array. (a) Quantum circuit showing the state
preparation and readout as well the analog evolution of a single triplon state. (b) Energy diagram for two
coupled S-T− qubits, showing the four lowest energy branches as a function of detuning within one of the
dot pairs. At a finite detuning value, an avoided crossing between the ST− and T−S branches occurs, the
size of which is given by the average exchange coupling between both qubits. (c) Schematics of the detuning
configuration at the start of the calibration procedure. (d) Two-step calibration of the homogeneous exchange
point for three coupled singlet-triplet pairs. The measured T− probability is shown for each of the three qubits
(as indicated) as a function of the detuning ε37 (top three panels) and ε15 (bottom three panels), and as a
function of the analog evolution time. A triplon, initially confined in Q2, can propagate to Q3 (top) and through
the full three-site system (bottom) at the respective homogeneous conditions (see main text). (e) Three-site
quantum walk of a single triplon, initialized on Q1, Q2 or Q3, respectively, at the homogeneous condition. The
T− probability is plotted for each of the three sites as a function of the analog evolution time.
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guage of propagating spin excitations, both the interaction and the disorder terms are
gate-voltage tunable. Furthermore, this encoding allows for direct site-resolved readout
via PSB. All this comes at the expense of halving the number of available sites, and we
will operate the device in an effective 1D configuration.

Fig. 6.8a shows a circuit diagram depicting initialization, propagation and readout
of three interacting singlet-triplet qubits. The initialized state |S1T2S3〉 corresponds to
a single triplon in the center of the array. After the analog evolution, successive PSB
readouts (including a SWAP operation for spin transfer) enable the retrieval of all three
singlet-triplet probabilities in every single run, in principle allowing us not only to ex-
tract the individual single-qubit probabilities, but also all spin-spin correlation terms
Ci j = P T

i , j −P T
i P T

j [36], where P T
i is the probability of finding a triplon in site i , and P T

i , j
is the joint probability of finding triplons in sites i and j .

To observe magnon propagation without disorder, the terms ∝ Sz,i in Eq. 6.2 should
be made equal for all pairs. This effectively requires satisfying the condition of Eq. 6.8
for all qubit pairs (i , j ), which we call the homogeneous condition. For two qubits, this
reduces to Ēz,i − J⊥i = Ēz, j − J⊥j , corresponding to the avoided crossing of Fig. 6.8b, where

we depict the energy levels of the S-T− subspace of two qubits as a function of the inter-
dot detuning within each pair, which we use to control the respective exchanges. At this
avoided crossing, coherent |ST −〉↔ |T −S〉 oscillations can be induced, with a frequency
given by the average J∥i j between the pairs [42].

To tune to the homogeneous condition and enable magnon propagation through the
array, we resort to an iterative method, illustrated in Fig. 6.8c and d. First, we start with a
detuning configuration away from the symmetry point ε26 > ε15,ε37, where the perpen-
dicular exchange coupling corresponding to Q2 is the largest (Fig. 6.8c). Next, we scan
the detuning ε37, effectively increasing J⊥3 . We observe coherent oscillations between Q2
and Q3 (top right panels of Fig. 6.8d), which display a minimum frequency and a max-
imum visibility at the homogeneous condition. These are only visible in the Q2 and Q3
readout signals, as expected. Next, we fix the detuning values for Q2 and Q3 at this volt-
age point and scan ε15. Away from the homogeneous condition, the speed of the Q2-Q3
oscillations remain unchanged, as expected. At the homogeneous condition point for
all three qubits, a second set of oscillations is visible, which can now also be seen in the
Q1 readout signal. This is a signature that the excitation that was first confined to pairs
2 and 3 can propagate all the way to pair 1. Again, at the minimum oscillation speed,
all disorder (single-particle) terms are equal and the propagation speed is only given by
the exact values of J∥i j . Note that the second set of oscillations visible in the bottom left

panel of Fig. 6.8d corresponds to single-qubit rotations of Q1 (i.e. when Ēz,1 = J⊥1 ), which
occur well outside the homogeneous point, not affecting the magnon propagation. The
data shown in Fig. 6.8d correspond to tuning three singlet-triplet pairs, but this iterative
method can be extended to larger arrays (see Fig. 6.30 for data on four pairs).

Fig. 6.8e shows quantum walk plots for three coupled pairs at the homogeneous
condition. In each plot, a single triplon is initialized in different positions in the array. In
this case, the readout fidelity of Q3 is significantly lower than that of Q1 and Q2, which
explains the difference in oscillation amplitude between the columns. Simulating the
quantum walk data with Eq. 6.2 yields an excellent agreement (see Fig. 6.27) and we
extract J∥12 ≈ J∥23 = 14 MHz. Additionally, we can extract all correlations Ci j as shown in
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Figure 6.9: Demonstration of independent interaction and disorder tunability for two coupled S-T− qubits. (a)
Two-site "phase diagram" as a function of interactions (vb48, tuning J∥ in Eq. 6.2) and disorder (vb78 and vb34,
controlling Ēz − J⊥). After initializing a state |ST−〉 and allowing it to evolve for a fixed duration of 200 ns, we
retrieve the top site T− probability for different values of vb48 and vb78-vb34. (b) Simulated evolution of an
initial state |ST−〉 under the Hamiltonian of Eq. 6.2. The x-axis corresponds to the coupling term J∥ = J48,
while on the y-axis, the difference in single-site disorder is scanned using the exchange couplings J⊥,1 = J34
and J⊥,2 = J78. The simulated pattern is in good agreement with the experimental results. In addition, the
red line corresponds to the "phase boundary" where the single-site disorder is equal to the exchange coupling
strength.

Fig. 6.28. As an example, the correlation value C13 in Fig. 6.28b is negative at the point
where the triplon is delocalized between sites 1 and 3: if it is measured to be in site 1, it
will not appear in site 3, and vice versa. This is consistent with the expected generation
of entanglement between Q1 and Q3, though measurements in additional bases would
be needed to confirm the presence of entanglement [42].

Finally, we explicitly demonstrate the tunability of interactions and disorder in Fig.
6.9a. For a two-site system (as depicted on the figure inset), we initialize |ST −〉 and
evolve for a fixed duration of 200 ns, before retrieving the triplet probability of the top
channel. We do so as a function of virtual barrier voltage vb48, which controls the cou-
pling J48 between the two sites, and barriers vb34 and vb78 which control J34 and J78,
respectively, and therefore the single-site disorder for the top and bottom sites. At the
relative value vb78−vb34 = 0, the system is at the homogeneous condition with no dis-
order between the two sites, and oscillations are observed for a wide range of values of
vb48. As vb78 and vb34 are asymmetrically scanned away from zero, the single-site dis-
order between the two sites increases, leading to localization of the triplon for small J48

(positive vb48). Only when J48 is large enough to overcome disorder (negative vb48), the
triplon propagates. Note that there is an extra line of high triplet probability on the top
right corner of the plot, consistent with the S-T− anticrossing of quantum dot pair 3-4.
Overall, this plot can be viewed as a two-site phase diagram, and highlights the indepen-
dent tunability of the interaction and single-site disorder terms. This measurement is in
good agreement with the simulated results (Fig. 6.9b), where the solid red line represents
the points in the phase diagram where interaction and disorder terms are equal, serving
as a "phase boundary" between the interaction-dominated and the disorder-dominated
regimes (see Fig. 6.29 for more information on the simulation).
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6.7. DISCUSSION AND OUTLOOK
In this work, we have observed the dynamics of spin excitations as they propagate through
an array of exchange-coupled quantum dots. We expand upon the methodologies for
initialization, manipulation and readout of germanium quantum dot spin qubits, while
also building on analog simulation techniques for semiconductor quantum dot arrays.
This analog-digital framework has allowed us to initialize, control and track the propa-
gation of excitations in an extended quantum dot array, while maintaining a high degree
of control over individual Hamiltonian parameters. This highlights the power offered by
the combination of analog and digital techniques for quantum simulations with quan-
tum dots. By exploring two different types of spin excitations, magnons and triplons, we
present the advantages, operation techniques and challenges of both approaches.

We note that in the present work we neglected the tensorial components of the ex-
change interaction terms, as similarly done in a related work [25]. Since we are able to
model the quantum walk plots with an isotropic model, we speculate that this anisotropy
is either small for our particular device, or that we successfully avoid unwanted rotations
on any spin-orbit induced anticrossing in the full energy spectrum during the analog
evolution. Although outside the scope of this work, and since these effects might be-
come more relevant for larger arrays or more complex geometries, we encourage further
research to quantitatively and systematically model and measure the J-tensor of coupled
germanium quantum dots, as done in the literature for hole spins in silicon dots [60]. In
this regard, it would be worthwhile to investigate spin dynamics at different magnetic
field strengths and orientations, as the spin Hamiltonian parameters, including spin-
orbit terms, have an explicit dependence on the magnetic field orientation [44, 49, 60,
61].

Interestingly, by coupling all eight spins and observing the evolution of single-spin
probabilities of highly excited states such as the Néel state, one could already explore
the thermalization properties of the system under the respective spin Hamiltonians as
a function of disorder, spin-spin interaction strengths and topologies. While such mea-
surements could yield a first indication of the many-body localized or ergodic phases,
one could additionally resort to further witnesses such as excited state spectroscopy and
energy level distribution [9, 62–64] among others, to further probe the nature of the un-
derlying Hamiltonians.

Such studies will cross the many-body threshold as the quantum dot arrays are scaled
up to larger sizes while maintaining a high level of control, high initialization and read-
out fidelities and state coherence. We envision that these techniques can be readily ap-
plied to extended (quasi one-dimensional) quantum dot ladders, and, with more effort,
to two-dimensional and even three-dimensional [65] arrays. Still, there are several chal-
lenges to tackle moving in this direction. Even in the present work, the precise and si-
multaneous tuning of all interactions within the array was slowed down by the fact that
any single gate voltage affects the on-site energy and tunnel coupling of neighboring
sites. We have nonetheless been able to dial in the Hamiltonian parameters largely inde-
pendently through the use of virtualization techniques [24, 25, 66] and have expanded
on these in a recent, related work [35], enabling the present experiments. Although the
present results still remain in the few-body regime and can be efficiently benchmarked
with classical simulations based on exact diagonalization, we achieve significant mile-
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stones that can potentially be scaled up to larger systems, likely with the aid of auto-
mated tuning routines [67, 68]. All in all, this work lays the groundwork for the explo-
ration of the rich phase diagram and excitation dynamics in extended single-spin and
dimer lattices.

6.8. SUPPLEMENTARY MATERIAL

6.8.1. DEVICE FABRICATION AND EXPERIMENT SETUP

The devices used in this work were fabricated on a Ge/Si0.2Ge0.8 heterostructure grown
on a silicon wafer, with the quantum well buried 55 nm below the surface. Details about
the heterostructure and the growth process can be found in Ref. [69].

Fig. 6.10 shows two atomic-force microscopy images of the two devices used in this
work. Device 1 (Fig. 6.10a) was used for the magnon propagation experiment, with de-
vice 2 (Fig. 6.10b) being used to measure triplon propagation. As a first fabrication step,
Pt (device 1) or Al (device 2) Ohmics are defined using electron beam lithography and
subsequently annealed so that the metal diffuses into the heterostructure to directly con-
tact the quantum well. Subsequently, three layers of Ti/Pd gate electrodes are patterned
to electrostatically define the potential landscape, with thicknesses of 3/17 nm, 3/27 nm
and 3/37 nm, respectively. The three layers correspond to plunger gates, which control
the electrochemical potential of the quantum dots; barrier gates, to control the tunnel
coupling and exchange interaction between nearest neighbors; and screening gates to
screen unwanted accumulation of charges near the device’s active area. The fabrication
order of the gate electrodes is barriers-screening-plungers for device 1 (Fig. 6.10c) and
screening-plungers-barriers for device 2 (Fig. 6.10d). All gate layers are separated from
each other with Al2O3 grown by atomic layer deposition (ALD), each of them 5 nm thick.

The experiments are carried out in Oxford Triton (device 1) and Bluefors XLD (de-
vice 2) dilution refrigerators with base temperatures of around 10 mK. Each gate elec-
trode is connected with DC lines to the ports of home-built serial peripheral interface
(SPI) DAC modules to individually set DC voltages. In addition, all plunger and barrier
gates are connected to a Keysight M3202A arbitrary waveform generator (AWG) for base-
band pulse control. Both DC and AC signals are combined on the printed circuit board
(on which the sample is glued and bonded) using bias tees with resistor-capacitor time
constants of 100 ms, orders of magnitude higher than the duration of each single exper-
imental shot. Between shots, a compensation pulse is applied to all AC gates whose area
is equal and opposite to the accumulated DC offset during the measurement to miti-
gate bias-tee charging. AC lines are attenuated and thermally anchored to each dilution
refrigerator plate using cryogenic attenuators. Additionally, these lines are filtered us-
ing common-mode ferrite chokes at room temperature to filter out low-frequency noise.
The high-frequency noise on the DC lines is filtered using resistor-capacitor filters and
copper-powder filters at the mixing chamber plate.

Charge sensors are used to read out the charge state of the devices as a result of their
capacitive coupling to neighboring dots. The state of the sensors themselves is read out
using radiofrequency (RF) reflectometry via one of the two Ohmic contacts, which is
bonded to an off-chip NbTiN inductor forming a inductor-capacitor (LC) tank circuit.
Every inductor is fabricated to have a different inductance, which results in a different
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Figure 6.10: (a) AFM of 2×4 device used for the magnon propagation experiments. (b) Corresponding multi-
layer gate layout. The four panels display the four different fabrication layers: Ohmic contacts, barrier gates,
screening gates and plunger gates. Between each fabrication step, an Al2O3 ALD layer is deposited, preventing
contact between different fabrication layers. (c) AFM of 2×4 device used for the triplon propagation experi-
ments. (d) Corresponding multi-layer gate layout. The four panels display the four different fabrication layers:
Ohmic contacts, screening gates, plunger gates and barrier gates. Note the difference in ordering with respect
to panel (b). Between each fabrication step, an Al2O3 ALD layer is deposited, preventing contact between dif-
ferent fabrication layers. The barrier layer was deposited in two steps to avoid unwanted shorting of the gates.

resonance frequency for each tank circuit. This allows for simultaneous readout of all
sensors by multiplexing all Ohmics to a single RF line, and modulation and demodula-
tion measurements using custom-built SPI RF generators and in-phase and quadrature
(IQ) demodulators.

Note that, while the loading of charges into the quantum dot array happens via the
sensing dot for device 2, which requires the sensor to be tunnel-coupled to its neighbor-
ing quantum dot, loading happens directly from the Ohmics in device 1. In this case, half
of the Ohmics are shared between sensing dot and quantum dot (see device schematics
in Figs. 6.10c and d). This comes at the expense of increasing the sensor-to-dot distance
by about 30 %, which does not significantly affect the sensing capabilities, but which
makes the independent tunability of sensing dot and quantum dots easier.
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6.8.2. CHARGE STABILITY DIAGRAM, INITIALIZATION AND READOUT RAMPS
In Fig. 6.11, we schematically represent the pulse scheme used for pairwise initializa-
tion throughout this work. To navigate the charge state of the system and correctly cal-
ibrate the detuning axes, we first record the charge stability diagrams (Fig. 6.11a) for
each quantum dot pair. Most detuning pulses used in this work rely on three different
voltage points: “I", the initialization point deep in the (0,2) charge state, where a singlet
is initialized after a typical waiting time of 20µs; “O", the operation point in the center
of the (1,1) charge configuration; and “R", the readout point where Pauli spin blockade
is performed. As outlined in the main text, we use three different ramp configurations
between “I" and “O" to initialized three different states: S(1,1) (6.11b), |↑↓〉 (6.11c) and
|↓↓〉 (6.11d). By choosing either fast or slow ramps, we ensure to be either adiabatic or
diabatic with respect to the ST− anticrossing (which is represented as a yellow dashed
line at the corresponding detuning value) and the Zeeman energy difference ∆Ez . More
information is outlined in the main text.
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Figure 6.11: Schematics of pulsed initialization. (a) Charge stability diagram of quantum dot pair 4-8. Along
the x-axis, we scan the detuning ε48 = 1

2 (v p8 − v p4), and the global chemical potential u48 = v p8 + v p4 is
scanned along the y-axis. For each combination of gate voltages, we record the sensor signal. The numbers
(n1,n2) represent the double dot charge occupation. The three voltage points I (initialization), O (operation)
and R (readout) lie along the detuning axis and are calibrated for each quantum dot pair. (b) Pulse scheme to
initialize the state |S(1,1)〉. After waiting 20µs at point I to initialize the state |S(2,0)〉, we pulse to the operation
point with a ramp speed of 4 ns, which is diabatic and conserves the total spin state. (b) Pulse scheme to
initialize the state |↑↓〉. After waiting 20µs at point I, we first pulse fast (4 ns) just over the ST− anticrossing
(shown as a yellow dashed line), conserving the spin singlet state. Subsequently, a slow (∼ 1µs ramp) is used,
which adiabatically maps the singlet into the |↑↓〉 state. (c) Pulse scheme to initialize the state |↓↓〉. After waiting
20µs at point I, we first pulse fast (4 ns) just before the ST− anticrossing. Subsequently, a slow (∼ 1µs ramp) is
used, which adiabatically maps the singlet into the |↓↓〉 state.
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6.8.3. TWO-SPIN DYNAMICS FOR ALL FOUR PAIRS
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Figure 6.12: Dynamics of an initial state |S〉 as a function of interaction strength for each pair of quantum
dots in the array. At positive barrier voltages, we observe ST0 oscillations, corresponding to the regime of low
exchange. At more negative barrier voltages (high exchange interaction), the singlet is an eigenstate and does
not oscillate. Each of the four pairs shows oscillations at the ST− anticrossing at J = Ēz .
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Figure 6.13: Top: Dynamics of an initial state |↑↓〉 as a function of interaction strength for each pair of quantum
dots in the array. At positive barrier voltages, |↑↓〉 is an eigenstate and does not oscillate. At more negative
barrier voltages (high exchange interaction), we observe SWAP oscillations. Each of the four pairs shows os-
cillations at the ST− anticrossing at J = Ēz . Bottom: corresponding Fourier transforms of the signal, showing
oscillation speeds reaching 500 MHz for all pairs. These Fourier spectra are fitted to extract the exchange val-
ues reported in Fig. 6.4a.
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6.8.4. COHERENT SWAPS AT HIGH EXCHANGE FOR PAIR 34
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Figure 6.14: Fast exchange oscillations of an initial state |↑↓〉 on quantum dot pair 34. The obtained exchange
speed is J = 460 MHz. Even at this high exchange, for this particular quantum dot pair, we retain a high quality
factor, highlighting the potential operation of quantum dot devices at high exchange coupling values, as well
as ultra-fast two-qubit gates in the regime where J ≫∆Ez .

6.8.5. SIMULATION OF ENERGY DIAGRAM AND INITIALIZATION FIDELITY
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Figure 6.15: Simulation of initialization fidelity as a function of ramp time from the (2,0) to the (1,1) state. The
simulation shows four distinct regimes. (a) S(0,2) initialization: the ramp time is diabatic with respect to tun-
nel coupling. (b) S(1,1) initialization: ramping is adiabatic with respect to tunnel coupling, but diabatic with
respect to all spin energy scales. (c) |↓↑〉 initialization: ramping is diabatic with respect to ∆ST and adiabatic
otherwise. (d) |↓↓〉 initialization: ramping is adiabatic with respect to all energy scales. For this simulation, we
include not only a ramp in detuning but also on tunnel coupling, consistent with experimental values. Simu-
lation input parameters: U =U1 =U2 = 300GHz, Ez,1 = 40MHz, Ez,2 = 55MHz, tSO,x = tSO,y = tSO,z = 20MHz,
ε0 = −2U , ε f = 0, t0 = 20GHz, t f = 0.2GHz. For this simulation, the ramp is chosen to be linear, while in
experiments, we resort to composite ramps to increase initialization speed and fidelity.

The Hamiltonian to describe the lowest energy levels of a double quantum dot is
given by [49]:

H =


U +ε −t x

so + i t y
so t0 − i t z

so −t0 − i t z
so −t y

so − i t x
so

−t y
so − i t x

so Ēz 0 0 0

t0 + i t z
so 0 ∆Ez 0 0

−t0 + i t z
so 0 0 −∆Ez 0

−t y
so + i t x

so 0 0 0 −Ēz

 , (6.4)
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written in the basis {S(0,2), |↓↓〉 , |↓↑〉 , |↑↓〉 , |↑↑〉}.
To simulate state initialization as a function of ramp time, we solve the time-dependent

Schrödinger equation

i
∂

∂t
|ψ(t )〉 = H(t ) |ψ(t )〉 (6.5)

using QuTip. We introduce the time dependency in the detuning as ε(t ) = ε0+v t and
tc (t ) = t0 − v t , where v is the ramp rate in GHz/ns. The final state can be simulated by
finding the evolution operators

U (t , t +∆t ) = e−i H(t )∆t (6.6)

for small ∆t values and sequentially calculating the state vectors at every time step.
The results can be seen in Fig. 6.15. We observe four distinct regimes emerge, depending
on the degree of (a-)diabaticity with respect to three energy scales: tunnel coupling tc ,
Zeeman energy difference∆Ez and spin-orbit anticrossing∆ST . In the simulation, while
using realistic experimental parameters, we make sure that these timescales are sepa-
rable. In the experiment, if the spin-orbit anticrossing is too large or the difference in
Zeeman energy too small, we resort to composite ramps as highlighted in the main text,
which allow us to cross each anticrossing individually with the desired speed and ensure
proper initialization of all relevant states.

6.8.6. SIMULATION OF OSCILLATION PATTERNS OF FIG. 6.3
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Figure 6.16: Simulation of oscillation patterns in Fig.6.3a-c. The simulated results match with Ez,1 = 50MHz
and Ez,2 = 55MHz, slightly higher than the Zeeman energy values we find in Fig. 6.4b. A possible explanation is
g -factor modulation through the barrier pulses, which also explains the strong bending of the S-T0-oscillations
for higher barrier voltages. For these simulations, we use the initial states that result from the ramped initial-
ization simulations of Fig. 6.15 for the ramp speeds with the highest overlap with the desired state.
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6.8.7. EDSR SPECTRA
In Fig. 6.17, we report the EDSR lines corresponding to quantum dots 1, 2, 5 and 6 for the
magnon experiment. This corresponds to the quantum dots of the left half of the array,
at a time where only those four quantum dots were populated. In Table 6.2, we list and
compare the extracted resonance frequencies with those reported in Fig. 6.4b, when the
full array was tuned during a second cooldown. Interestingly, the disorder landscape dif-
fers significantly, which can result from different tuning voltages between two different
cooldowns, but predominantly from the fact that even within the same cooldown, tun-
ing half of the array or the full array also requires significantly different voltages. As re-
marked in the main text and observed experimentally (see Fig. 6.26 below), the g -tensor
of germanium quantum dots can be electrically modulated.
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Figure 6.17: EDSR spectra corresponding to the reso-
nance frequencies of spins 1 and 2 (left panel) and 5
and 6 (right panel) for the magnon experiment, mea-
sured during the first cooldown. At this point, only
the left half of the 2×4 array was tuned, resulting in
different resonance frequencies as compared to those
reported in Fig. 6.4b.

Qubit
num-

ber

Resonance
frequency

(first
cooldown)

Resonance
frequency

(second
cooldown)

Q1 54.6 58.2

Q2 53.9 62.8

Q3 – 58.4

Q4 – 51.8

Q5 57.3 51.7

Q6 65.4 42.4

Q7 – 48.8

Q8 – 44.2

Table 6.2: Summary of EDSR frequencies for Fig. 6.17
(left table) and Fig. 6.4b, corresponding to the two dif-
ferent cooldowns and tuning regimes used for the data
in this paper. The disorder landscape of the left table
corresponds to the quantum walk plots of Fig. 6.6c-e,
while the right table corresponding to all other plots of
Figs. 6.3, 6.5, 6.6 and 6.7.

One important consequence of this change in resonance frequencies is that it cru-
cially changes which spin is initialized as spin-up during the pairwise initialization stage,
when the ramps are chosen such that the state |↑↓〉 is initialized. As outlined in the main
text, the spin with the lowest g -factor per pair will be initialized in the up-state, while the
other will be down. During the first cooldown (left data in Table 6.2), dots 2 and 5 had
the lowest g -factors, while during the second cooldown (right data), it was dots 1 and 6.
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6.8.8. 2D PLOTS AND QUANTUM WALKS FOR STATIC AND PAIR PLOTS

1 2

5 6

1 2

5 6

a b c d 1 2

5 6

1 2

5 6

Figure 6.18: (a) |↑↓〉 state probability as a function of evolution time and readout SWAP times τ12 and τ56 (see
main text), after executing the quantum circuit of panel 6.5a, but with only J26 turned on during the analog
evolution phase. The top and the bottom panels correspond to the top (pair 12) and bottom (pair 56) readouts,
respectively. (b) Same circuit as for panel (a), but initializing the spin excitation in dot 1. From these 2D maps,
we extract the SWAP times which correspond to spin-up readout for each of the four spins (indicated by the
dashed orange lines), used to extract the quantum walk data shown in panels (c) and (d). (c) Spin quantum
walk corresponding to exchange configuration (a). We observe the magnon oscillate between sites 2 and 6, as
expected. (d) Spin quantum walk corresponding to exchange configuration (d), where the magnon remains
localized in dot 1. This figure corresponds to Fig. 6.6b.

6.8.9. SIMULATION OF QUANTUM WALK DATA
The quantum walk data simulations reported in the subsections below are performed
using QuTip. We use the Zeeman energy values reported in Table 6.2 as well as estimated
values of all exchange couplings as input parameters to generate the Hamiltonian ma-
trices of Eq. 6.1 (for the magnon simulations) and Eq. 6.2 (for the triplon simulations).
Since our spin Hamiltonians are time-independent, we can compute the time evolution
by calculating the Hamiltonian’s matrix exponential for each time step. Finally, we can
compute the single-site magnetization value for each time step and plot the results in the
same way as the measured quantum walks. We iterate over various interaction values {Ji }
around the expected exchange configuration and compare to the measured data.
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6.8.10. 2D PLOTS, QUANTUM WALKS AND SIMULATION OF WEAKLY COU-
PLED PAIRS

a b c d

Figure 6.19: Measurements and simulation of the dynamics of a single excitation |2〉 = |↓1↑2↓3↓4〉 in a 2×2
array of weakly coupled pairs, corresponding to Fig. 6.6c. (a) Unblocked state probability for pair 12 (top
panel) and pair 56 (bottom panel) after a variable evolution time t0. The readout was performed ramping with
an intermediate speed to the PSB point, where the unblocked state is expected to be |↑↓〉 (see main text). For
a single excitation in the array and the g -factor landscape at this time of tuning, this corresponds to the spin-
up probabilities of dots 2 and 5, respectively. (b) Readout as a function of SWAP time τ12 (top panel) and τ56
(top panel). The dashed horizontal lines correspond to rotations by π and 2π (top panel) or 0 and π (bottom
panel), which can be inferred by comparison to the measurements without the SWAP gate (panel (a)). The
dashed lines then correspond to all four single-spin probabilities. (c) Site-resolved quantum walk, where the
spin-up probabilities for each site are plotted as a function of evolution time. (d) Simulated quantum walk for
this exchange coupling configuration, and using the Zeeman energy values of table 6.2 (left column), showing
good agreement with the measured data. From the simulation, we extract J12 = J56 = 100 MHz and J15 = J26 =
25 MHz.
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6.8.11. 2D PLOTS, QUANTUM WALKS AND SIMULATION OF 2×2 RING WITH

INHOMOGENEOUS EXCHANGE COUPLINGS

a b c d

Figure 6.20: Measurements and simulation of the dynamics of a single excitation |2〉 = |↓1↑2↓3↓4〉 in a 2×2
array with all exchange couplings on, corresponding to Fig. 6.6e. (a) Unblocked state probability for pair 12
(top panel) and pair 56 (bottom panel) after a variable evolution time t0. The readout was performed ramping
with an intermediate speed to the PSB point, where the unblocked state is expected to be |↑↓〉 (see main text).
For a single excitation in the array and the g -factor landscape at this time of tuning, this corresponds to the
spin-up probabilities of dots 2 and 5, respectively. (b) Readout as a function of SWAP time τ12 (top panel) and
τ56 (top panel). The dashed horizontal lines correspond to rotations by π and 2π (top panel) or 2π and 3π
(bottom panel), which can be inferred by comparison to the measurements without the SWAP gate (panel (a)).
The dashed lines then correspond to all four single-spin probabilities. (c) Site-resolved quantum walk, where
the spin-up probabilities for each site are plotted as a function of evolution time. (d) Simulated quantum walk
for an exchange coupling configuration J12 = 11.5 MHz, J56 = 27.0 MHz, J15 = 20.0 MHz and J26 = 15.5 MHz,
and using the Zeeman energy values of table 6.2 (left column), showing good agreement with the measured
data.
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6.8.12. 2D PLOTS, QUANTUM WALKS AND SIMULATION OF 2×2 RING WITH

HOMOGENEOUS EXCHANGE COUPLINGS

ba c

Figure 6.21: Measurements and simulation of the dynamics of a single excitation |2〉 = |↓1↑2↓3↓4〉 in a 2×2
array with all exchange couplings on and tuned homogeneously, corresponding to Fig. 6.6d. (a) Unblocked
state probability for pair 12 (top panel) and pair 56 (bottom panel) after a variable evolution time t0 and as
a function of SWAP time τ12 (top panel) and τ56 (top panel). The readout was performed ramping with an
intermediate speed to the PSB point, where the unblocked state is expected to be |↑↓〉 (see main text). The
dashed horizontal lines correspond to rotations by π and 2π (top panel) or 2π and 3π (bottom panel), these
SWAP times are the same as in Fig. 6.20. These lines correspond to all four single-spin probabilities. (c) Site-
resolved quantum walk, where the spin-up probabilities for each site are plotted as a function of evolution
time. (d) Simulated quantum walk for an exchange coupling configuration J12 = J56 = J15 = J26 =21 MHz
and using the Zeeman energy values of table 6.2 (left column), showing good agreement with the measured
data. The slight deviation can be explained by a small g -tensor modulation that could be caused by the barrier
voltage pulses.



6

140
6. SITE-RESOLVED MAGNON AND TRIPLON DYNAMICS ON A PROGRAMMABLE QUANTUM

DOT SPIN LADDER

1 2

5 6

1 2

5 6

1 2

5 6

a b c

Figure 6.22: Simulated quantum walk for three different parameter regimes, with a single initial spin excitation
in dot 2. (a) All g -factors are equal (no single-site disorder) and all exchange couplings are equal J =20 MHz
(no exchange disorder). The excitation fully refocuses on the other side of the array (dot 5). (b) The Zeeman en-
ergies correspond to those measured experimentally, and all exchange couplings are equal J =21 MHz (single-
site disorder, but no exchange disorder). The obtained pattern is less regular and captures the main features of
Fig. 6.6d, where we aimed to experimentally tune the exchange couplings homogeneously. (c) The Zeeman en-
ergies correspond to those measured experimentally, and the input exchange interactions are J12 =11.5 MHz,
J56 =27.0 MHz, J15 =20.0 MHz and J26 =15.5 MHz (single-site disorder and exchange disorder). The obtained
pattern captures the main features of Fig. 6.6e.

a b

Figure 6.23: Dynamics of a single excitation |2〉 = |↓1↑2↓3↓4〉 in a 2×2 array with all exchange couplings on,
corresponding to the quantum walk of Fig. 6.6e, as a function of barrier voltage combinations vb26 - vb12 (top
two panels) and vb15 - vb56 (bottom two panels). For each row, the first plot corresponds to the readout of
pair 12, the second plot to the readout of pair 56. The relative voltage value of 0 corresponds to the voltage
configuration for which Fig. 6.6e was taken. Away from that center point, the oscillations (corresponding to
the spin-up probabilities of dots 2 and 5, respectively) become less regular and show a more complex pattern.
(b) Simulation of the data in (a), starting at the exchange configuration of Fig. 6.22c, showing good agreement
with the experimentally observed oscillation patters. This supports the correctness of the previously simulated
exchange interaction values.
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6.8.13. 8-SPIN QUANTUM WALK OF FOUR UNCOUPLED PAIRS

a b

Figure 6.24: (a) 8-site quantum walk with staggered couplings, resulting in four uncoupled pairs. The initial
state is a Néel state (up to a single initial SWAP for pair 34). The evolution pattern is consistent with four uncou-
pled pairs, where each spin excitation does not leave the pair it was initialized in. This plot demonstrates the
ability to simultaneously initialize all spins in the array. State readout was performed in two separate experi-
mental rounds. In the first round, all spin pairs were read out sequentially, resulting in four bits of information,
corresponding to the spin-up probability of the spin in each pair with the lowest g -factors (see main text). In
the second round, a SWAP gate is applied on each pair before readout, allowing us to obtain the spin-up prob-
ability of the other dot. Note that, for some pairs, a small phase mismatch is observed for longer evolution
times, which we attribute to imprecise SWAP gate calibration. (b) Fourier transform of (a). For each quantum
dot pair, the oscillation frequency is the same for the two spins, consistent with the spins only oscillating be-
tween the dots of the same pair.

6.8.14. MEASURED INITIALIZATION DATA CORRESPONDING TO FIG. 6.7B
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Figure 6.25: Static quantum walk plots for single magnons initialized in different locations in the array, cor-
responding to the data shown in Fig. 6.7b after averaging over the y-axis. For each plot, the state |2〉 =
|↓1↑2↓3↓4↓5↓6↓7↓8〉 was initialized, with a single magnon in dot 2. Subsequently, a sequence of SWAP gates
was applied to move the excitation around, as depicted on the quantum circuit of Fig. 6.7a. For dots 1-6, the
measurement results in the expected initialized spin-up. For dot pair 7-8, the readout visibility was very low at
the time of measurement, resulting in a seemingly always high signal.
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6.8.15. EDSR, EXCHANGE SPLITTING AND g -FACTOR MODULATION
In this work, we have used EDSR as a method to spectroscopically determine the reso-
nance frequency of each spin. Since we obtain two different resonances for each quan-
tum dot pair, we need to identify which resonance corresponds to which spin within
each pair. Fig. 6.26a and b show the resonance frequencies of Q1 and Q2 at a magnetic
field of 20 mT, and as a function of barrier voltages vb15 and vb26, respectively. Spins 5
and 6 are not initialized for this experiment and thus remain in a mixed state. We observe
the expected branching of the resonance frequencies as a function of exchange interac-
tion. Given that the rightmost resonance branches with increased J15 (Fig. 6.26a), we
infer that this frequency corresponds to dot 1. Similarly, J26 causes the branching of the
leftmost resonance (Fig. 6.26b), which we then attribute to dot 2. Thus, this straight-
forward technique allows us to identify which resonance corresponds to which spin for
each quantum dot pair, which is relevant especially for the initialization of the state |↑↓〉,
where the spin-up is initialized (and read out) on the spin with the lowest Zeeman en-
ergy. This data corresponds to the first cooldown, where only the left half of the array
was tuned (see Fig. 6.17).

a b c

Figure 6.26: Microwave spectroscopy of Zeeman energies, exchange control and g -factor modulation. (a) Res-
onances as a function of barrier vb15. Exchange splitting is only observed for the rightmost resonance, which
corresponds to dot 1. The splitting is a direct measure of J15. (b) Resonances as a function of barrier vb26.
Exchange splitting is only observed for the leftmost resonance, which corresponds to dot 2. The splitting is a
direct measure of J26. An additional splitting is observed for dot 1, which we attribute to bad virtualization of
J15 with respect to barrier voltage vb26. (c) EDSR resonance of spins 1 and 2 as a function of detuning ε12. A
g -factor crossing is observed at ε12 ≈ 6 mV.

Additionally, we can demonstrate g -factor tunability for this quantum dot pair ex-
emplarily, where we scan the detuning ε12 as we record the position of both resonance
frequencies (Fig 6.26c). Strikingly, for this quantum dot pair, the Zeeman energies are
modulated such that they cross at negative detunings. This is not observed for each pair:
the tunability of the g -factors relies on microscopic details such as local disorder in the
heterostructure and the shape of the quantum dot wavefunction.
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6.8.16. THEORY OF EXCHANGE-COUPLED SINGLET-TRIPLET QUBITS
We consider the Hamiltonian of Eq. 6.1 describing an array of exchange-coupled spins.
As outlined in the main text, for this discussion it suffices to consider this isotropic
Hamiltonian and neglect spin-orbit terms (a full derivation of the two-qubit Hamilto-
nian of two singlet-triplet qubits can be found in [42]). Projecting this Hamiltonian
onto the S-T− basis of two qubits, spanned by {|SS〉 , |ST −〉 , |T −S〉 , |T −T −〉}, we obtain
the Hamiltonian of Eq. 6.2 [42] for two qubits. Rewritten so that we treat interaction and
disorder terms separately, this Hamiltonian reads:

HST,2Q = 1

2

(
Ēz,1 − J⊥1 − J∥12

4

)
σz

1

+ 1

2

(
Ēz,2 − J⊥2 − J∥12

4

)
σz

2

+ J∥12

4

(
σx

i σ
x
j +σ

y
i σ

y
j +

1

2
σz

i σ
z
j

)
,

(6.7)

where the first two terms represent the single-site disorder, and the last term is the
qubit-qubit interaction. For a two-site system, tuning to the homogeneous condition
is equivalent to finding J⊥1 and J⊥2 such that Ēz,1 − J⊥1 = Ēz,2 − J⊥2 . However, when con-
sidering a one-dimensional chain of N sites, also the individual, parallel exchange in-
teractions need to be considered. Even if all parallel interactions are tuned equally, i.e.
J∥12 = J∥23 = ... = J∥N−1,N = J∥, the first and last site would have a different disorder con-
tribution due to the absence of periodic boundary conditions. For N = 3 qubits, the
corresponding homogeneous condition reads:

Ēz,1 − J⊥1 − J∥12

4
= Ēz,2 − J⊥2 − J∥12

4
− J∥23

4
= Ēz,3 − J⊥3 − J∥23

4
(6.8)

The calibration procedure outlined in the main text allows for the independent and
sequential calibration of all J⊥i terms, allowing us to achieve the condition above for any

values of J∥12 and J∥23. For the regime where both parallel exchanges are equal, which we
tuned up for the measurements of Fig. 6.8d-e, the final interaction Hamiltonian is an
XXZ Hamiltonian with an anisotropy parameter ∆= 0.5, which simply reads:

H3Q,int = J∥

4

2∑
i=1

(
σx

i σ
x
i+1 +σ

y
i σ

y
i+1 +

1

2
σz

i σ
z
i+1

)
. (6.9)

Given the iterative nature of the calibration procedure, this method can be scaled in
principle to obtain the Hamiltonian above for any N -site chain of singlet-triplet qubits.

We use Eq. 6.9 to simulate the triplon propagation of Fig. 6.8e, which is plotted in
Fig. 6.27, and find excellent agreement with the measured propagation pattern. The
simulation yields an exchange interaction J∥ = 14 MHz. The difference in visibility of
the experimental data and the simulations can be explained by the difference in readout
fidelity for Q1, Q2 and Q3. Also, small differences can be attributed to slightly different
values of J∥12 and J∥23.
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Figure 6.27: Simulated three-site quantum walk plot of a triplon excitation initialized in Q1, Q2 and Q3, re-
spectively. For this simulation, we let each initial state evolve under the Hamiltonian of Eq. 6.9 and we assume
equal parallel exchange couplings J∥ = 14 MHz. This simulation is in excellent agreement to the measured
triplon quantum walks of Fig. 6.8e.

6.8.17. CORRELATION PLOTS FOR TRIPLON QUANTUM WALKS
Fig. 6.28 shows all site-site correlations Ci j corresponding to the quantum walk data of
Fig. 6.8e. When i ̸= j , we observe the correlation plots become negative for all com-
binations of i and j and irrespective of the site in which the triplon is initialized. This
is consistent with the propagation of the triplon across the array and the generation of
entanglement. Note that the magnitudes of the correlation values remain still relatively
small, mainly due to the reduced readout fidelity.
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a

b

c

Figure 6.28: Site-site correlations Ci j for every pair of sites (i , j ), corresponding to the quantum walks of 6.8e,
where a triplon excitation was initialized in site 1, 2 or 3, respectively.
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6.8.18. SIMULATION OF ST− TWO-SITE PHASE DIAGRAM
In Fig. 6.29, we simulate the evolution of an initial state |ST −〉 of a two-site system sub-
ject to the Hamiltonian of Eq. 6.2, where J⊥,1 = J34, J⊥,2 = J78 and J∥ = J48, corresponding
to the labels used in section 6.6 and Fig. 6.9b. As in the experiment, the initial state is al-
lowed to evolve for 200 ns, and we vary both the interaction as well as the disorder terms
independently. In the simulation, for each combination of exchange terms, we retrieve
the magnetization for the first site, where the exchange interactions are scanned in an
exponential way which corresponds to a linear scan in barrier gate voltage. The result-
ing pattern agrees very well with Fig. 6.9a and is consistent with a variation of coupling
strength of more than two orders of magnitude. The red line corresponds to the points
where the coupling and the disorder terms are equal, serving as a “phase boundary" be-
tween the regions of high interaction-to-disorder ratio, where the excitation can freely
evolve, and that of low interaction-to-disorder ratio, where the excitation remains local-
ized. Note that, for simplicity, we set the average Zeeman energy of both singlet-triplet
qubits to 50 MHz, which is approximately the real experimental values.
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Figure 6.29: Simulated evolution of an initial state |ST−〉 under the Hamiltonian of Eq. 6.2, and corresponding
to the measurement of Fig. 6.9a. The x-axis corresponds to the coupling term J∥ = J48, while on the y-axis,
the difference in single-site disorder is scanned using the exchange couplings J⊥,1 = J34 and J⊥,2 = J78. The
simulated pattern is in good agreement with the experimental results. In addition, the red line corresponds to
the points where the single-site disorder is equal to the coupling strength.
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6.8.19. TRIPLON QUANTUM WALK FOR FOUR SITES
Fig. 6.30 shows the measured triplon quantum walk data for a chain of four coupled
singlet-triplet qubits, i.e. using all eight spins of the 2×4 ladder, with the circuit diagram
corresponding to the measurements depicted in Fig. 6.30a. The data shown corresponds
to the initialization of either a single triplon (6.30b) or two triplons (6.30c). In this case,
the visibility of the oscillations seems to vary strongly between the different panels, sug-
gesting either inhomogeneities in the exchange coupling configuration or, most likely,
strong differences in readout visibility for each site.

|S〉

|S〉

|S〉

X2

|S〉

|S〉

|S〉

|S〉|S〉

a

b c

Figure 6.30: Triplon quantum walk for four coupled singlet-triplet qubits. (a) Circuit diagram showing the state
preparation, evolution and readout steps for the 4-site triplon quantum walk. Readout is performed in two
steps, with a SWAP gate in between to transfer the population of Q2 (Q3) to Q1 (Q4). (b) Quantum walk results
for a single excitation initialized in sites 1, 2, 3 or 4, respectively. Note that at the point of the experiment,
the readout fidelity of the right side of the device was much lower than for the left side, resulting in a lower
visibility for the readout of Q3 and Q4. We do not correct for the difference in readout visibility. (c) Quantum
walk results for two excitations in the array and for different initial states.
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CONCLUSION AND OUTLOOK

As long as there is a mystery for humankind, there will be poetry!

Gustavo Adolfo Bécquer
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7.1. CONCLUSION
This thesis investigates two distinct parameter regimes of the Fermi-Hubbard model on
a 2×4 Ge/SiGe quantum dot ladder. We explore the emergence and propagation of cor-
related spin and charge phenomena in the form of two types of quasiparticles: excitons
and magnons. In chapter 4, the long-range Coulomb interaction and a difference in
global detuning between both ladder legs reveal a region of electrochemical potentials
where excitons are formed and can be transported using voltage pulses. In this parame-
ter regime, around quarter filling, it is the Coulomb repulsion terms V (or, to be precise,
the individual Vi ,i+4 between dots in both ladder legs) which constitute the dominant
energy scales. In contrast, at half filling (one spin per site), the Heisenberg exchange
interaction terms Ji , j dominate, leading to the observation of magnon and triplon prop-
agation. These results, discussed in chapter 6, have been enabled by both applying, ex-
tending and developing methods for charge and spin tuning, initialization, local control
and readout. One concrete example is the development of a barrier-barrier virtualiza-
tion technique based on the spin-orbit anticrossing (∆SO), as showcased in chapter 5,
which enabled the individual control of exchange interaction values over a wide range
of voltages.

While the results achieved in this thesis have been extensively discussed, it is also
informative to look at the broader goals that we set ourselves at the start of these exper-
iments. For the exciton work, it was our intention to go beyond the slow charge sensing
measurements reported in Fig. 4.5 to measurements of current, with the idea of observ-
ing correlations between the charge flow in the top and the bottom legs of the ladder.
While we started exploring fast charge shuttling [1] and observing current flow upon bi-
asing of the channels, we seemed to be limited by the presence of background currents
in the device, which were likely emerging outside of the device’s active area and were
hard to calibrate out. For the magnon work, we aimed at observing a first signature of
many-body localization by looking at the evolution of a Néel state for different values of
exchange-over-disorder ratio [2]. While the preparation and readout of such a state was
possible (see Fig. 6.24), we ran into sensor signal issues when trying to diabatically turn
on many exchange interactions simultaneously during the analog evolution phase.

These two examples highlight what I personally consider one of the greatest chal-
lenges looking forward: an increasing device complexity also results in a growing num-
ber of failure modes and immensely complicates the tuning procedure. Many months
of experimental work were spent navigating the multi-dimensional voltage space of the
ladder device, carefully defining all voltage points and ramps required to operate an
ever-increasing number of experimental steps. Ultimately, the experiments were lim-
ited by a combination of this complexity and other unknowns, which become increas-
ingly more difficult to debug compared to small-scale devices. As opposed to other ana-
log simulation platforms like ultracold atoms, where the starting point is a remarkably
homogeneous potential landscape, this variability of local parameters is natural to the
solid state. In this regard, the possibility of local control is not only an attractive feature
of a quantum dot quantum simulator, but also a necessary requirement to even out local
variability and enable any experiment in the first place.

It might be tempting to declare that, as device size and experimental complexity
scale even further, the amount of time required to tune up and perform experiments
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could soon surpass the timeline of a PhD contract1. But similar to the developments in
the past decade concerning video-mode tuning, the standardization of routines and the
development and establishment of new experimental techniques could speed up spin
experiments with large quantum dot arrays in the future. Concretely, I believe that auto-
matic or semi-automatic tuning routines with the aid of machine learning will not only
be a subject of active research, but will soon become part of the standard operation and
calibration of large quantum dot arrays. This, combined with the progress in material
purity and the creation of regular gate stacks in industrial cleanrooms, leaves room for
hope for the future quantum dot scientists, which should spend less time dealing with
device jumps and long calibration routines, and devote more of their efforts to the ac-
quisition of data and exploration of interesting physical phenomena.

I want to further highlight that, for digital quantum computing, one exciting exper-
imental direction that is recently gaining traction is the development of high-fidelity
shuttling protocols [4–6], which are surely moving the focus of the field from the real-
ization of dense quantum dot arrays to sparse device architectures. These would not
only enable non-local device connectivity, but also significantly reduce crosstalk be-
tween gates, ideally easing calibration and tuning routines. For analog simulators, the
simultaneous activation of couplings still requires a dense operation. However, spin ini-
tialization and readout could be still performed away from the "interaction" area, similar
in spirit to experimental realizations and proposals with reconfigurable arrays of atoms
in optical tweezers [7].

All in all, the challenges ahead are substantial. But it does appear that large chal-
lenges are often matched in size by exciting scientific and technical developments. The
work in this thesis hopes to not only highlight the existence of the former, but to have
played a role in the development of the latter. I hope that in future years, more experi-
mental and theoretical groups are convinced to join the efforts to build analog quantum
simulators based on semiconductor quantum dots. This could be expected, as more
complex quantum dot devices are becoming increasingly available to the broad scien-
tific community, until very recently limited to few-qubit experiments.

7.2. OUTLOOK AND FUTURE DIRECTIONS
In this section, I will further outline possible experimental directions for future quantum
simulation experiments, which either seem feasible in the short term, or worth exploring
in the long run.

7.2.1. GEOMETRIC FRUSTRATION
Antiferromagnetic ordering, with antiparallel spin-spin correlations between neighbor-
ing spins, is prevented for certain lattice geometries. In the simple case of a triangular
lattice, there is no straight-forward way to arrange spins such that all nearest neighbors

1There was a time where even the charge state tuning of large quantum dot arrays was questioned in the group
due to its complexity. The time spent tuning the gate voltages as a function of the number of quantum dots
anecdotally appeared to scale exponentially, an observation that became known informally as "Tim’s law".
[3]. Luckily, the establishment of RF reflectomentry and video-mode tuning, as well as the standardization
of the tuning procedures, significantly aided charge tuning, which now can be done by hand in a matter of
hours.
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a b

Figure 7.1: Scanning electron microscope images of two quantum dot lattices which could exhibit geometric
frustration: (a) a triangular ladder, and (b) a Kagome unit cell.

are antiparallel with respect to each other. This so-called geometric frustration [8] can
prevent spin ordering at low temperatures for real materials. Especially for lattices with a
high degree of frustration like the Kagome lattice, it is debated whether the ground state
can form a quantum spin liquid: a seemingly unordered but highly entangled macro-
scopic spin state. Probing quantum spin liquids still remains a challenging endeavour,
with progress done with real materials and quantum simulators [9, 10].

With progress in scaling up beyond one dimensional quantum dot arrays, some of
which demonstrated by the work in this thesis, larger and more complex quantum dot
structures can be envisioned for future experiments. Fig. 7.1 showcases two SEMs of two
quantum dot test structures fabricated in-house by Davide Degli Esposti, with quantum
dots arranged in geometries which could allow for first experiments on magnetic frustra-
tion. Fig. 7.1a shows a triangular ladder, with seven quantum dots and three charge sen-
sors and nearest-neighbor tunneling control for all quantum dot pairs. Fig. 7.1b show-
cases 12 quantum dots and 6 charge sensors arranged in a Kagome geometry, also with
local tunnel coupling control. In both cases, the fabrication contains the same number
of layers as for the square ladders of Fig. 3.1, and is experimentally compatible with the
PCBs currently used in our experiments.

Probing magnetic frustration could require the measurement of spin-spin correla-
tions, which were introduced in section 6.6 for the triplon quantum walk. For a sim-
ple three-dot system hosted within the ladder of Fig. 7.1a, correlations between single
spins could be easily measured by projecting each of the three spins onto other neigh-
boring spins, which would be used as ancillas. To tune to the homogeneous condition
for three spins, initial simulations show that for J12 = J23 = J13, an initial state |S〉 |↓〉 or
|S〉 |↑〉 should not oscillate for a system with isotropic interactions [11], given the high
symmetry of the system and degeneracy of spin eigenstates. Corrections due to differ-
ences in g -factors or exchange anisotropies should be explored and taken into account.
Note that, precisely for a triangular quantum dot system, a novel three-qubit gate has
been proposed which exploits the existence of strong spin-orbit coupling [12].
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Figure 7.2: Proposal for simulating the Kitaev honeycomb model on a honeycomb lattice of quantum dots.
At half filling, the combination of a native, Heisenberg Hamiltonian (left sketch) and interleaved single-qubit
rotations (middle circuit) results in an average Hamiltonian of staggered X X , Y Y and Z Z couplings, depicted
on the right side. This Hamiltonian is predicted to host a quantum spin liquid with non-abelian properties.

7.2.2. ANALOG-DIGITAL SIMULATIONS WITH SINGLE-QUBIT GATES

One fundamental limitation of purely analog quantum simulators is their non-universal
character: we restrict ourselves to simulations of either the physical Hamiltonian that
natively describes the platform, or of those which can directly be mapped to the Hamil-
tonian of the system. As we have demonstrated throughout this thesis, the Fermi-Hub-
bard nature of holes in quantum dot arrays already provides a plethora of regimes worth
exploring. This is no surprise given the richness of the (extended) Fermi-Hubbard model
itself, where many distinct phases of matter emerge (or are predicted to emerge) as a
function of doping, geometries and interaction strengths. In chapter 6, we additionally
demonstrate that we can combine analog and digital methods in a single framework,
leveraging the capabilities of single- and two-qubit control for fast initialization of many
different states as well as readout in different bases.

We can in principle extend this analog-digital approach to include single-qubit gates
during the evolution phase, either with a local or global drive. This methodology, already
theorized and explored for other physical platforms [13, 14], can enable the simulation
of other, non-native Hamiltonians, and relies on the framework of average Hamiltonian
theory [15]. This framework has been particularly useful to develop dynamical decou-
pling sequences which are either resilient to certain types of errors, or decouple complex
spin-spin interactions in NMR systems [16].

In the case of analog simulations with quantum dots, an interesting use-case would
be the simulation of the Kitaev honeycomb model [17, 18]. This analytically solvable
model relies on the introduction of alternating X X , Y Y and Z Z couplings on the hon-
eycomb lattice (see Fig. 7.2), and can be shown to host a quantum spin liquid with non-
abelian properties. For an array of quantum dots arranged in a honeycomb lattice, and
where the spin-spin interactions are described by the Heisenberg Hamiltonian at half
filling, it is possible to envision a combination of single-qubit X and Y-rotations which,
interleaved, result in the Hamiltonian of the Kitaev model (see circuit in Fig. 7.2). The
introduced single-qubit sequences, of the CPMG or XY-4 type, should also introduce an
additional decoupling of quasi-static noise, alleviating decoherence. Recently, the Kitaev
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Figure 7.3: (a) A unit cell of a Fermi-Hubbard quantum simulator with control over t ′/t . A central barrier gate
could enable controllable diagonal coupling. (b) A two-dimensional Fermi-Hubbard (or Heisenberg) lattice of
quantum dots. In addition to t ′ control, such a regular lattice of gates could enable the realization of multiple
two-dimensional geometries within a single device.

model has been simulated using Rydberg atoms in optical tweezers [19].
A thorough theoretical analysis is beyond the scope of this thesis. Especially, the in-

troduction of gates can itself add a further source of errors which propagate through the
system in a similar way as for digital quantum computers. I mainly introduce this exam-
ple to spark curiosity about the prospects of combining digital and analog tools beyond
what is experimentally demonstrated in this thesis, and consistent with the current ca-
pabilities of spin qubit control in extended quantum dot arrays.

7.2.3. BACK TO THE FERMI-HUBBARD MODEL
One of the long-standing questions of solid-state research over the past half a century is
the origin of high-temperature superconductivity [20]. Unlike conventional supercon-
ductivity, where the electron pairing is well-understood by electron-phonon coupling
within the BCS framework [21], the physical origin of high temperature superconduc-
tors is still very much debated. In the paradigmatic example of cuprates [22], the phase
diagram exhibits an antiferromagnetic Mott insulating ordering at zero doping, hinting
at electron-electron interactions within the Fermi-Hubbard model as a possible origin of
unconventional superconductivity. Understanding this phenomenon can be considered
the holy grail of Fermi-Hubbard quantum simulators.

The arguments in favor of using semiconductor quantum dot arrays as Fermi-Hub-
bard simulators often include the achievable energy scales of t/T > 10 and U /T > 100
[23], with T the electron temperature, which could allow the simulation of the Hamil-
tonian ground state, as well as the local and in-situ control of Hamiltonian parameters.
Apart from past quantum simulation experiments which explicitly explore the Fermi-
Hubbard nature of quantum dots [23, 24], the following proposals explore other possible
experimental directions.

CONTROL OF NEXT-NEAREST NEIGHBOR HOPPING

A recent theoretical study claims to demonstrate the absence of superconductivity in the
"simple" Fermi-Hubbard model [25]. Concretely, other phases of matter such as stripe
ordering [26] compete with the superconducting phase, making it challenging to com-
pute which phase will have a lower energy. It has been speculated that the addition of
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other elements to the Fermi-Hubbard model, such as beyond-nearest neighbor tunnel-
ing t ′, could stabilize the superconducting phase [25, 27]. Diagonal tunneling can also
enable other novel phases of matter such as alter-magnetism [28]. These additional ele-
ments could be difficult to engineer in atomic systems, though there exist proposals for
their realization [28].

Diagonal coupling control has been already reported in the literature for semicon-
ductor quantum dots [29]. A relatively straight-forward way of adding a controllable, di-
agonal t ′ element to quantum dot arrays is by an additional control gate bi j in the center
of each plaquette (see Fig. 7.3a) [24, 29]. This geometry could allow for a wide range of
tunability of t/t ′. Note that a single barrier gate would be responsible for two diagonal
couplings, rendering the homogenization of couplings challenging. While enabling this
sort of two-dimensional geometry is currently challenging in academic cleanrooms us-
ing a lift-off process, progress in this direction has recently demonstrated in industrially
fabricated samples using vias. In general, a dense two-dimensional array of quantum
dots as depicted in Fig. 7.3b, could additionally benefit from reconfigurability [7], where
quantum dots could be electrostatically defined with a combination of several gates and
at different locations, potentially enabling the realization of different geometries within
a single device.

RESILIENCE TO LONG-RANGE COULOMB REPULSION

One additional question is the interplay between long-range Coulomb repulsion and su-
perconductivity in the Fermi-Hubbard model. Recent theoretical work has shown that in
mixed-dimensional ladders, where an energy detuning between ladder legs boosts the
strength of hole pairing, superconductivity is surprisingly robust to long-range Coulomb
repulsion [30]. Interestingly, in this work, a dome-like feature at finite doping, similar
to that of the cuprate phase diagram, seems to result from the addition of long-range
Coulomb repulsion to the Hubbard model. While our platform offers a natural real-
ization of long-range Coulomb repulsion, V tends to be much larger than tunneling.
We encourage the theoretical exploration of the phase diagram of the two-dimensional
Hubbard model for quantum dot arrays with realistic parameters, in order to assess the
feasibility of our platform as a possible quantum simulator of the superconducting phase
of the Fermi-Hubbard model.

EXPLORATION OF CHARGE DYNAMICS

Besides exploring the properties of ground states, observing the dynamics of charges
and spins in analog simulators can shed light on the properties of the underlying Hamil-
tonian. For quantum dot arrays, it is generally believed that charge qubits (see sec. 2.3.1)
are a sub-optimal qubit realization due to their short coherence times. While charges
naturally couple strongly to charge noise, also the evolution timescales can be made very
short (sub-ns) given the achievable tunnel couplings in the GHz range. Especially for
Ge/SiGe, while the material properties have been consistently improved over the years,
no charge qubit experiments have been attempted thus far.

In the field of analog simulations, an interesting use-case beyond the measurement
of a single charge qubit could be the exploration of the collective dynamics of charges
in a quantum dot ladder at quarter filling (see Fig. 7.4) [31]. As depicted in Fig. 7.4a, we
consider a 2×4 ladder at quarter filling with suppressed tunnel couplings along the legs,
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Figure 7.4: Proposal to study coherent and collective charge dynamics in a quantum dot ladder in the presence
of long-range Coulomb repulsion. (a) SEM of 2×4 device at quarter filling, with one charge per rung (double
quantum dot). Opposite to the exciton transport work, tunneling along the legs of the ladder is suppressed.
Still, Coulomb repulsion is present between adjacent sites, and tunneling t⊥ is allowed within the rungs. (b) In
the presence of strong Coulomb repulsion and homogeneous parameters, the low-energy states |ψ1〉 and |ψ2〉
should be degenerate in energy. For the following simulations, we assume homogeneous V and t⊥ throughout
the array. (c) Simulation of the overlap of |ψ1〉with all charge eigenstates with total charge state of 4 for different
V /t⊥ ratios. At V ≫ t⊥, the state overlaps with two eigenstates of the system with a small energy splitting
t 4
⊥ ·V −3. (d) Simulation of the dynamics of an initial state |ψ1〉 at V /t⊥ = 100. The overlap with the states |ψ1〉

and |ψ2〉 is plotted and fitted with a sine function, from which the oscillation frequency can be extracted. (e)
Scaling of oscillation frequency as a function of V for fixed t⊥ = 1. A power law fit recovers the expected scaling
exponent of -3. (f) Scaling of the collective charge oscillation frequency as a function of t⊥ for fixed V = 100. A
power law fit recovers the expected scaling exponent of 4.

but in the presence of intra-dimer coupling t⊥ and nearest-neighbor Coulomb repulsion
V . Through the long-range Coulomb interaction, the system’s ground state is expected
to be a superposition of the two "zig-zag" states |ψ1〉 = |101010...〉 and |ψ2〉 = |010101...〉
(Fig. 7.4b). This occurs at sufficiently large Coulomb interaction V ≫ t⊥, as simulated
in Fig. 7.4c. Starting from an initial state |ψ1〉, charges are expected to collectively oscil-
late between |ψ1〉 and |ψ2〉 with a frequency of t N ·V N−1, with N the number of ladder
rungs. We simulate this oscillation behavior in Fig. 7.4d for V /t⊥ = 100, and observe
the expected power law dependency of the oscillation frequency in Figs. 7.4e and f as a
function of V and t⊥, respectively.

While the resilience with respect to charge noise and parameter variability should be
explored, an experiment like this could be an exciting first demonstration of correlated
charge dynamics in quantum dot arrays.
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