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Abstract

Single-molecule magnets (SMMs) provide chemically engineered, long-lived spin states that
are attractive as qudits and quantum memories, but fast, local readout at the single-molecule
level remains experimentally challenging. This thesis examines whether industrial silicon
metal-oxide-semiconductor (SiMOS) spin qubits can serve as quantum sensors for SMMs,
and which advances are required to approach single-molecule sensitivity.

Industrial SIMOS quantum dots in enriched 8Si are operated as spin qubits with re-
liable spin-selective readout and coherence times of T = (3.1 + 0.1) ps (Ramsey) and
T; = (92 £ 10) ps (Hahn echo), establishing them as a suitable platform for quantum
magnetometry. Quantitative estimates of the dipolar coupling identify the qubit-molecule
separation imposed by the industrial gate stack as the main limitation for single-molecule
readout. To amplify the molecular signal into the detectable range for current SIMOS
devices, an ensemble of the SMM terbium bis(phthalocyanine), TbPc;, heavily diluted in a
YPc, matrix, is deposited on the chip surface. In this hybrid architecture, TbPc, serves as
a prototypical molecular qudit with long-lived spin states, while the SIMOS qubit provides
fast, electrically controlled nanoscale readout. Using a compact rapid adiabatic passage
during spin-selective tunnelling protocol, the qubit resonance can be followed in a robust
and time-efficient manner across a 100 MHz window, enabling measurements of magnetic
hysteresis, angular anisotropy, and slow relaxation of the TbPc, ensemble, with relaxation
times of (107 + 2) min at 48 mK and (0.8 + 0.3) min at 140 mK. These results provide the
first demonstration of a hybrid SiIMOS-SMM sensing architecture.

Beyond single-dot sensing, double quantum dot schemes based on singlet-triplet qubits and
Pauli spin blockade are developed, enabling magnetic-field-gradient sensing and low-field
measurements of the absolute Zeeman splitting. Finally, self-consistent Schrédinger-
Poisson simulations of the industrial gate stack show that the qubit-surface separation can
be reduced to well below 10 nm with realistic design modifications, and a first generation
of such sensing-optimised devices is fabricated in the 300 mm industrial cleanrooms of
imec, outlining a concrete pathway towards single-molecule sensitivity.






Zusammenfassung

Einzelmolekiilmagnete (Single-Molecule Magnets, SMMs) besitzen chemisch gezielt ab-
stimmbare, langlebige Spinzustinde und sind damit attraktive Kandidaten fiir Qudits
und Quantenspeicher. Eine schnelle, lokale Auslese auf Einzelmolekiilebene ist jedoch
experimentell weiterhin anspruchsvoll. Diese Arbeit untersucht, ob industrielle Silizium-
Metall-Oxid-Halbleiter-(SiMOS)-Spinqubits als Quantensensoren fiir SMMs eingesetzt
werden konnen und welche Weiterentwicklungen erforderlich sind, um die Empfindlichkeit
bis zur Einzelmolekiilgrenze zu steigern.

Industrielle SiMOS-Quantenpunkte in angereichertem 23Si werden als Spinqubits mit zuver-
lassiger spinselektiver Auslese betrieben und zeigen Kohérenzzeiten von T, = (3.1 £ 0.1) ps
(Ramsey) und TZHE = (92 + 10) ps (Hahn-Echo), was sie als geeignete Plattform fiir die
Quantummagnetometrie etabliert. Quantitative Abschédtzungen der dipolaren Kopplung
identifizieren den durch den industriellen Gate-Stack vorgegebenen Qubit-Molekiil-Abstand
als zentrale Einschriankung fiir die Einzelmolekiil-Auslese. Um das molekulare Signal fiir
aktuelle SIMOS-Bauelemente in einen detektierbaren Bereich zu verstarken, wird ein En-
semble des SMM Terbium-bis(phthalocyanin), TbPc,, stark verdiinnt in einer YPc,-Matrix,
auf der Chipoberflache deponiert. In dieser hybriden Architektur dient TbPc; als prototy-
pisches molekulares Qudit mit langlebigen Spinzustdnden, wihrend das SIMOS-Qubit eine
schnelle, elektrisch kontrollierte Auslese mit nanoskaliger Ortsauflosung bereitstellt. Mithil-
fe eines kompakten Protokolls der schnellen adiabatischen Passage wahrend spinselektiven
Tunnelns kann die Qubit-Resonanz robust und zeiteffizient tiber ein 100 MHz-Fenster ver-
folgt werden. Dies ermoglicht Messungen von magnetischer Hysterese, Winkelanisotropie
und langsamer Relaxation des TbPc,-Ensembles mit Relaxationszeiten von (107 + 2) min
bei 48 mK und (0.8 +0.3) min bei 140 mK. Diese Ergebnisse stellen die erste Demonstration
einer hybriden SiMOS-SMM-Architektur dar.

Uber die Einzelquantenpunkt-Sensorik hinaus werden Doppel-Quantenpunkt-Konzepte
auf Basis von Singulett-Triplet-Qubits und Pauli-Spin-Blockade entwickelt, die eine Mes-
sung von Magnetfeldgradienten sowie Niederfeldmessungen der absoluten Zeeman-Auf-
spaltung ermoglichen. Schlief3lich zeigen selbstkonsistente Schrodinger-Poisson-Simu-
lationen des industriellen Gate-Stacks, dass der Qubit-Oberflachen-Abstand durch realisti-
sche Designanpassungen auf deutlich unter 10 nm reduziert werden kann. Eine erste Ge-
neration derart sensoroptimierter Bauelemente wird in den 300 mm-Industrie-Reinrdumen
von imec gefertigt und skizziert einen konkreten Weg hin zur Einzelmolekiil-Empfindlichkeit.
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1 Introduction

Quantum technologies have moved from theoretical proposals to laboratory devices that
can be engineered, operated, and benchmarked [1-3]. This “second quantum revolution”
is defined by the controlled preparation, manipulation, and readout of individual quantum
systems, using superposition and entanglement as explicit resources [4]. Within this land-
scape, quantum computing, quantum communication, and quantum sensing form three
closely connected pillars: computing targets classically intractable problems [5], commu-
nication aims at secure transmission of information [6], and sensing pushes measurement
sensitivities towards the limits set by quantum mechanics [7].

Realising these goals in hardware requires physical platforms that support large registers
of well-controlled two-level systems (qubits) or higher-dimensional units (qudits) [8, 9].
Fault-tolerant quantum computing is expected to demand thousands to millions of physical
qubits with high-fidelity gates and fast, efficient readout [10, 11]. No single implemen-
tation presently fulfils all of the DiVincenzo criteria [8] simultaneously: deterministic
state preparation, long coherence, universal control, high-fidelity readout, and scalable
fabrication. As a consequence, a variety of innovative approaches are being pursued to
realise reliable and scalable quantum computing hardware, for example based on trapped
ions [12, 13], photonic architectures [14, 15], superconducting [1, 16] and semiconducting
electronics [2, 17], and magnetic molecules [18, 19]. Many of the DiVincenzo criteria can
be met individually within each of these platforms, but no architecture yet combines them
all in a single, mature technology.

In parallel with the drive towards universal quantum computing, quantum sensing has
emerged as a powerful and more immediate application of small quantum systems [20].
Here, the key idea is to repurpose fragile quantum states as highly sensitive probes of
external fields, forces, or temperatures [21, 22]. The same susceptibility that makes qubits
hard to stabilise becomes an advantage when it is used to detect weak signals, and proto-
cols originally developed for quantum information processing can be adapted to enhance
sensitivity and spectral selectivity [20, 23]. Among the flagship quantum magnetometers
are nitrogen-vacancy (NV) centres in diamond [24, 25], superconducting quantum inter-
ference devices (SQUIDs) [26, 27], and atomic vapour cells [28, 29], which together span
operating regimes from room temperature to millikelvin and from macroscopic samples
to the single-spin limit. Solid-state platforms are especially attractive for such nanoscale
sensors, because they combine scalable lithographic control with on-chip integration, a
feature that is central to the solid-state architecture explored in this work.

This thesis is positioned at the intersection of quantum computing and quantum sensing.
It focuses on a hybrid solid-state architecture that aims to combine the advantages of
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two distinct quantum systems while mitigating their respective drawbacks. In particular,
industrial silicon metal-oxide-semiconductor (SiIMOS) spin qubits are operated as quantum
magnetometers and employed as local sensors for single-molecule magnet (SMM) qudits.
The central theme of this work is to place these industrial SiMOS devices in a regime where
they serve not only as building blocks for scalable quantum processors, but also as versatile,
on-chip quantum sensors capable of probing individual molecular spin systems.

Silicon as a platform is the backbone of classical microelectronics and underpins virtually all
modern information technology [30, 31]. This mature industrial ecosystem makes silicon
an especially attractive host material for scalable qubits, because the same complementary
metal-oxide-semiconductor (CMOS) technology that enabled the classical computing
revolution can be leveraged for quantum devices [32, 33]. In this work, the spin qubits
are realised in SiIMOS quantum dots fabricated in the industrial 300 mm wafer line of
the interuniversity microelectronics centre (imec) [34]. This foundry process provides
precise control over gate-stack geometry and materials, high device yield, and direct
compatibility with CMOS periphery. In the long term, such compatibility opens the
prospect of integrating cryogenic classical control electronics and quantum devices on a
single chip (“cryo-CMOS” 35, 36]), reducing wiring complexity and enabling large-scale
quantum processor or sensor arrays.

In a SiMOS spin qubit, a single electron is confined in an electrostatically defined quantum
dot at the Si/SiO; interface, and its spin-3 degree of freedom encodes the qubit. The
Zeeman splitting of this spin in an applied magnetic field makes it an intrinsically sensitive
probe of local magnetic fields: any additional field from nearby magnetic moments shifts
the qubit resonance frequency. Silicon spin qubits are particularly well suited for such
sensing tasks because of their resilience at high static magnetic fields and their small
physical footprint (= 80 nm x 80 nm for SiMOS devices used here), which allows many
qubits to be placed in close proximity to a target system. In principle, industrial fabrication
can be used to realise multi-qubit sensor arrays [37, 38], where several SIMOS qubits
simultaneously probe different regions of an engineered quantum device or molecular
arrangement.

Despite these advantages, silicon spin qubits inherit important limitations from their
materials stack. Charge noise arising from fluctuating charges in the oxide and the
environment leads to fluctuations in the electrostatic confinement potential and thus in
the qubit energy splitting [39, 40]. Interface disorder at the Si/SiO; boundary further
affects the valley structure and orbital energies of the quantum dot, introducing device-
to-device variability and additional decoherence channels [41, 42]. These imperfections
currently limit both the coherence of individual SIMOS qubits and the reproducibility of
large arrays.

Single-molecule magnets provide a complementary set of strengths to semiconductor
spin qubits. They are molecular complexes in which a single magnetic ion or cluster is
embedded in an organic ligand environment that can be designed and reproduced with
chemical precision. As a result, SMMs are available as chemically identical copies, and
their properties can be engineered at the level of the spin Hamiltonian by appropriate
choice of metal ion, ligand field, and local symmetry [19, 43]. Many SMMs exhibit a large,
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anisotropic spin ground state and a magnetic anisotropy barrier at the single-molecule
level, leading to slow relaxation of the magnetisation and hysteresis reminiscent of classical
nanomagnets, but in an object of molecular dimensions.

Among these systems, the terbium-phthalocyanine complex TbPc; has established itself as
a workhorse platform [44]. Its electronic ground state realises a strongly anisotropic total
angular momentum, coupled to the nuclear spin of the Tb ion, resulting in a compact mul-
tilevel structure that naturally implements a qudit rather than a simple qubit. The nuclear
spin subspace, in particular, features remarkably long-lived dynamics, with spin-relaxation
times on the order of T; ~ 10-30 s and inhomogeneous dephasing times T, ~ 200 ps under
suitable conditions [18, 45, 46]. Coherent quantum control at the single-molecule level
has been demonstrated, including the implementation of multi-level algorithms such as
Grover’s search and the realisation of an iSWAP gate between selected levels of the TbPc,
spin manifold [18, 47]. These results establish TbPc, as a compact, long-lived quantum
memory and a prototypical molecular qudit.

At the same time, precisely those features that give rise to excellent coherence also make
direct readout and circuit-level integration of SMMs challenging. The electronic states
of TbPc; are well shielded from their environment, which suppresses decoherence but
also weakens their coupling to external electrodes and fields. Previous experiments
have achieved spin-state readout by incorporating TbPc, molecules into nanoelectronic
transport structures, such as gold break junctions [18, 45, 48, 49] and carbon nanotubes [49,
50], where changes in magnetisation modulate the device conductance. While these
approaches provide detailed insight into single-molecule spin physics, they suffer from
significant drawbacks: large device-to-device variability, strong measurement back-action
due to current transport through the molecule reported in break junctions [45], and poor
compatibility with established semiconductor-based quantum device technologies. These
limitations motivate the search for alternative readout strategies in which the SMM remains
electrically insulating and is probed indirectly by a well-controlled quantum sensor, such
as the industrial SIMOS spin qubits considered in this thesis. A key advantage of such
non-transport-based readout is that it also enables the use of electrically insulating SMMs
as quantum systems, thereby greatly increasing the flexibility in molecular design and
choice of candidate species.

The central question of this work is whether industrial silicon spin qubits can act as
viable quantum sensors for single-molecule magnets, and which device and protocol
developments are required to approach single-molecule sensitivity. It will be shown that
the key limitation of such a hybrid architecture is set by the dipolar coupling strength
between the SiMOS qubit and the SMM, which in turn is determined by their physical
separation within the SIMOS device material stack. As the current generation of industrial
devices is not optimised for this sensing operation, the magnetic signal of a single TbPc,
molecule is effectively amplified by employing an ensemble of crystallised, diluted TbPc,
molecules on the chip surface.

Quantum magnetometry of this ensemble, performed with an industrial SiIMOS qubit,
serves as a proof of principle of the hybrid SIMOS-SMM platform. The experiment re-
lies on a compact sensing protocol that combines spin-selective tunnelling and rapid
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adiabatic passage of the SIMOS qubit to track its resonance and thereby infer the SMM
magnetisation. In this way, canonical signatures of TbPc; are observed, including mag-
netic hysteresis, angular-dependent anisotropy, and thermally activated relaxation of the
ensemble magnetisation.

Beyond single-dot operation, this thesis explores how a double quantum dot defined in the
same SiMOS technology can be used as an complementary sensor for SMMs. In this regime,
Pauli spin blockade provides a distinct readout mechanism at very low external magnetic
fields, while singlet-triplet oscillations in the two-electron manifold render the device
sensitive to field gradients across the double dot. A nearby TbPc; molecule can thus, in
principle, be detected not only via its net dipolar field, but also through the spatial variation
of this field on the scale of the interdot separation, with the singlet-triplet oscillations
being largely insensitive to homogeneous changes of the absolute magnetic field.

Finally, the prospects for improving SMM-qubit coupling are addressed by means of
Schrédinger-Poisson simulations of the industrial gate stack. These calculations demon-
strate that the qubit-molecule separation can be substantially reduced by targeted gate-
stack optimisation, without sacrificing few-electron operation of the SIMOS quantum dot.
Guided by these simulations, a first generation of sensing-optimised SiMOS devices has
been fabricated in the 300 mm industrial cleanroom of imec. Together, these experimental
and simulation results outline a realistic pathway from ensemble TbPc; magnetometry
towards single-molecule sensitivity in industrial SIMOS-SMM hybrid devices.

The thesis is organised as follows. Chapter 2 introduces the underlying concepts of the
SiMOS qubit and SMMs, with particular emphasis on TbPc,, and develops the theoretical
description of the dipolar coupling between the two. Chapter 3 summarises the exper-
imental infrastructure required to operate the industrial SIMOS devices, including the
dilution cryostat, wiring, printed circuit boards, microwave and pulse-generation chain.
Chapter 4 presents the definition and characterisation of the industrial SIMOS spin qubit,
covering charge sensing, noise spectroscopy, and coherent single-qubit control. Chap-
ter 5 reports quantum magnetometry of a TbPc; ensemble using the SiMOS qubit as a
nanoscale magnetic-field sensor. Chapter 6 explores double-quantum-dot devices for sens-
ing, including singlet-triplet based schemes and Pauli spin blockade readout. Chapter 7
presents simulation-driven optimisations of gate-stack architectures aimed at enhancing
the SMM-qubit coupling. The final chapter summarises the main results, discusses their
implications for hybrid SMM-SiMOS platforms, and outlines future directions towards
single-molecule sensing.



2 Silicon Spin Qubits Coupled to
Single-Molecule Magnets

This chapter presents industrial SIMOS spin qubits as quantum sensors for single-molecule-
magnet (SMM) qudits. It first summarises the SiIMOS qubit, including its confinement
and coherent control, before introducing key SMM concepts with emphasis on the TbPc;
system used throughout this work. The coupling between the SiIMOS qubit and TbPc; is
quantified by translating device geometry into dipolar interaction strengths at relevant
separations. The accessible qubit-SMM distances are then compared across different
semiconductor spin qubit platforms.

2.1  The Silicon MOS Spin Qubit

Silicon is the foundation of modern information technology, with the semiconductor sector
generating $630.5 billion of global sales in 2024 [51]. In close analogy to conventional
metal-oxide-semiconductor (MOS) transistors, silicon MOS spin qubits rely on the same
production concepts: gate electrodes confine and control single electrons at the Si/SiO;
interface, and the device stack is compatible with standard industrial flows. While the
scaling of classical transistors approaches its physical limits, the quantum-computing
approach in silicon is only just beginning. The unique advantage of industrial mass
fabrication, including mature processes, reproducibility, and the prospect of large-scale
integration, is therefore a strong motivation to investigate silicon qubits.

At the same time, several drawbacks are evident. Atomic-scale disorder at the Si/SiO,
interface perturbs the electronic states and shifts the gate-voltage thresholds and operating
points [52, 53], low-frequency charge noise leads to decoherence [39], and there is a wide
device-to-device variation in valley splittings (Sec. 2.1.3) [54] that influences qubit stability
and gate fidelity. These issues do not negate the promise of SIMOS, but they do limit
present-day usability and motivate complementary hybrid strategies.

To dive into the topic, we begin by defining the qubit and briefly revisiting the Loss-
DiVincenzo proposal for spin-based quantum computation in semiconductors [55].
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Quantum Bit

The basic unit of quantum information is the quantum bit (qubit), a controllable two-level
system. Unlike a classical bit, confined to the definite values 0 or 1, a qubit can be in
coherent superposition of both basis states. A general pure state can be written as

|¥) =alo) +b|1), abeC, la*>+b>=1, (2.1)

with complex probability amplitudes a and b which are normalised. Superposition pro-
vides the foundation for quantum interference which is exploited by algorithms to steer
probability amplitudes towards correct answers [56]. By choreographing unitary gate
sequences that set relative phases, constructive interference amplifies the amplitudes of
desired outcomes while destructive interference suppresses competing paths.

A second indispensable resource is entanglement: multi-qubit states that cannot be fac-
tored into products of single-qubit states exhibit correlations with no classical analogue.
In such states, the subsystems are nonlocally correlated, and measurements on one imme-
diately constrain the statistical predictions for the others irrespective of spatial separation.
Superposition and entanglement together underwrite the quantum advantage.

It is convenient to visualise a single qubit on the Bloch sphere which is shown in the left
panel of Fig. 2.1. Any pure state corresponds to a point on the unit sphere and can be
parametrised by spherical angles (6, ¢) as

|¥) = cos(g) 0) + ¢ sin(g) 1), (2.2)

with the polar angle 6 and the azimuthal angle ¢. The states |0) and |1) are the north and
south poles, respectively. Points on the equator represent equal-weight superpositions
such as (|0) + |1))/V2, while ¢ sets their relative phase.

The qubit state can be controlled by applying an oscillating magnetic field along the
x-direction, which drives rotations of the qubit state around this axis. The amplitude,
phase, and duration of the field control the rotation rate, axis, and angle of the qubit
state. This control mechanism allows for precise manipulation of the qubit, enabling the
implementation of various quantum operations. The specific pulse schemes used for qubit
manipulation in this thesis are discussed in Sec. 2.1.4.

2.1.1 Loss-DiVincenzo Qubit

Daniel Loss and David P. DiVincenzo proposed encoding a qubit in the spin of a single,
confined electron [55]. Motivated by rapid advances in nanofabrication, they identified
gate-defined quantum dots as a practical way to realise this confinement. The two logical
states are provided by the electron’s spin-% doublet, split by an external magnetic field B
via the Zeeman interaction

9HB

h
HZ:7B'S, SZEO-’ G:(Gx,Uy,UZ), (23)
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Figure 2.1: Left Geometric depiction of a qubit state on the Bloch sphere. The qubit state |¥) (black arrow)
is mapped to a point on the unit sphere, defined by 8 and ¢. The quantisation axis is aligned with the static
B field (blue arrow), while the oscillating field Bf(ff (green arrow) induces coherent rotations of the state
vector, enabling full qubit control. Right Schematic representation of spin qubits implemented in a linear
array of quantum dots. Each dot contains a single confined electron, with its spin state controlled by an
oscillating transverse magnetic field B (t), while a static magnetic field Bt defines the quantisation axis.
Taken from [54].

where g is the electron Landé g-factor and pp the Bohr magneton. Choosing B = B, 2 fixes
the computational basis {|T),||)} as the eigenstates of ¢,, to which one maps |0) and |1).
The corresponding Zeeman energies are

1
Ez = £ 9HB B, (2.4)

so that the level splitting is AEz = g pp B, and the Larmor frequency is wy = AEz/h. Thus
the static field sets both the qubit energy scale and its natural precession rate.

While single-qubit control is achieved by applying a weak oscillating magnetic field
transverse to z and driving near w,, scalable architectures also require controllable two-
qubit interactions. In the proposal of Loss and DiVincenzo [55], these are implemented
electrically via tunable exchange coupling between neighbouring quantum dots. As
sketched in the right panel of Fig. 2.1, an array of quantum dots is formed, and barrier
gates are used to control the wavefunction overlap between adjacent sites. By lowering a
barrier for a controlled time interval, the Heisenberg exchange interaction is turned on
and is described by [54]

1 1
Hu(t) = ﬁZ]ij(t) SiS; = ZZ]ij(t) 00, (2.5)
(@) (i.5)

with J;;(t) the time-dependent exchange coupling between dots i and j. Properly timed
exchange pulses implement VSWAP operations. Combined with single-qubit rotations they
yield standard entangling gates such as CNOT and controlled-phase, enabling multi-qubit
computation. For more information on qubit gates refer to Ref. [54].

The physical origin of exchange is tied to the Pauli exclusion principle [57] and the antisym-
metry of the total two-electron wavefunction. In the singlet configuration (antisymmetric
in spin), a symmetric spatial state is allowed, which is bonding and lowers the energy
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Figure 2.2: Electron accumulation in a SiMOS qubit. Left Cross-section sketch of the device, with 28Si shown
in blue, SiOy in grey, and polycrystalline Si gates in white. A positive voltage on G1 and G2 lowers the
conduction-band edge shown in a diagram (energy vs. x-direction). The reservoir has a continuum of states
(dark shading), while the dot exhibits quantised levels. An electron can be loaded from the reservoir into
the dot (grey arrow). Barrier gates are omitted in this simplified schematic. Right Vertical band diagram at
the position of G1. A positive V;; bends the conduction band below the Fermi level Er in silicon, forming a
triangular well and accumulating a two-dimensional electron gas (2DEG).

through delocalisation. In contrast, triplet states (symmetric in spin) require antisymmetric
spatial states with a node between electrons, which are antibonding and therefore higher in
energy. The resulting singlet-triplet energy splitting constitutes the exchange interaction
and can be tuned electrically by gate voltages.

An experimental realisation of this scheme is presented in Ch. 6, where a readout based on
Pauli spin blockade in a double dot [17] is implemented and coherent SWAP oscillations
are demonstrated.

2.1.2 Electron Confinement

Silicon MOS spin qubits are built on a simple heterostructure: a gate electrode sits on a thin
SiOy layer that insulates it from the crystalline silicon substrate. A simplified schematic of
this structure is shown in the left panel of Fig. 2.2. In practice, the “metal” gate is often
realised as highly doped polycrystalline silicon rather than a true metal [58, 59].

A positive voltage on a surface gate bends the silicon conduction band downwards near
the Si/SiO, interface. Once the band edge falls below the Fermi level, electrons accumulate
in a narrow triangular well beneath the interface as shown in the right panel of Fig. 2.2.
Motion along z becomes quantised, while motion in the x-y plane remains free, thereby
forming a two-dimensional electron gas (2DEG). The oxide ensures electrostatic control
without any DC current from gate to 2DEG.

Lateral confinement is created electrostatically with patterned gates that sculpt the 2DEG
into tunnel-coupled puddles. Gates biased less positively raise potential barriers, providing
confinement along x and y. A plunger gate sets the dot potential minimum, while barrier
gates tune the tunnel rates to a reservoir and to neighbouring dots. The specific gate
geometry of the devices used in this work is introduced in Sec. 4.1.
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Electron reservoirs in the 2DEG are tied to a well-defined ground reference by degenerately
doped (n**) implantation regions that form ohmic contacts to the metal interconnects
and bond pads. Positively biased lead/accumulation gates then create a continuous low-
resistance channel from the dot region to these implants, allowing controlled loading and
unloading of single electrons.

Although the wafer starts from natural silicon, an epitaxial ~100 nm layer of isotopically
enriched #Si (residual 2°Si ~400 ppm) is grown before thermal oxidation to form the
Si/SiO, interface. Natural silicon contains 4.7% °Si nuclei (I = %), which generate slowly
fluctuating hyperfine (Overhauser) fields and accelerated dephasing. Reducing the 2°Si
fraction by over two orders of magnitude stabilises the Larmor frequency and extends
coherence times [60, 61].

Silicon is an attractive host for gate-defined dots owing to abundant materials and mature
CMOS-compatible processing [62]. The devices used in this thesis are fabricated in imec’s
state-of-the-art 300 mm pilot line [34], which brings modern process control and metrology
to quantum-dot fabrication. It allows rapid iteration, statistical screening across many
dies, and reproducible device recipes which are key advantages for scaling beyond single
proof-of-concept qubits.

2.1.3 Silicon Band Structure and Valleys

To understand how electrostatic confinement at the Si/SiO, interface shapes the spectrum
of a SIMOS qubit, we first recall the key features of silicon’s band structure. Crystalline
silicon adopts the diamond-cubic lattice: a face-centred cubic lattice with a two-atom basis,
in which each atom is tetrahedrally bonded to four neighbours [63]. As shown in the left
panel of Fig. 2.3, silicon has an indirect band gap of E; ~ 1.17 €V in the T — 0 K limit [64].
The valence-band maximum lies at I', while the conduction-band minima are displaced
from I' along the (100) axes towards X. There are six such minima, or valleys, which are
related by the cubic symmetry and are therefore degenerate in bulk, defining the valley
degree of freedom in silicon [33].

In conventional electronic transport, the multiplicity of valleys typically does not change
qualitative drift-diffusion behaviour [33]. In quantum-confined nanostructures, however,
valley physics becomes central: intervalley coupling and valley-orbit interactions modify
selection rules and energy spectra. A notable consequence is the erosion of Pauli spin
blockade in double quantum dots when valley states are weakly split or mixed, which
complicates spin initialisation, manipulation, and readout [65].

Vertical confinement together with the interfacial potential breaks cubic symmetry and
lifts the sixfold degeneracy. In a (001) quantum well the four in-plane valleys (+x, +y) are
raised relative to the two out-of-plane valleys (+z), which become the lowest in energy [33,
66]. The residual degeneracy within the +z pair is further lifted by quantum confinement
and by the vertical electric field, producing the valley splitting E,. The magnitude of E,
depends sensitively on electric field and atomic-scale interface details such as interface
abruptness, disorder, and local strain [67-69].
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Figure 2.3: Left Electronic band structure of bulk silicon highlighting the indirect band gap (E; ~ 1.17 eV
at T — 0 K) [64] and the six equivalent conduction-band minima along the A lines towards the X points.
Right Schematic lifting of valley degeneracy in a confined silicon layer. Biaxial tensile strain raise the
in-plane (+x, ty) valleys and lowers the out-of-plane (+z) valleys in energy (red). Confinement in the
quantum well and electric fields further split the remaining pair by E, (blue). Taken from [33].

Although it is generally desirable for E, to exceed the Zeeman energy Ez, this condition is
not always satisfied. If E;, < Ez, the excited spin state of the lower valley can approach the
ground spin state of the upper valley, enabling spin-valley mixing via spin-orbit coupling or
interface disorder. Practically, such mixing accelerates spin relaxation, with a pronounced
“hot-spot" over applied magnetic field when the spin and valley levels become (near-)
degenerate [41, 70]. Operation in this regime remains possible but introduces additional
complexity that can degrade performance unless carefully managed.

Determining E, was not an objective of this work. For SIMOS devices, reported valley split-
tings are typically > 0.1 meV, i.e. well above the Zeeman energies used in this work [41, 71,
72]. The ESR frequencies employed were < 18.5 GHz, corresponding to Ez = hf = 77 peV,
which lies below the cited SIMOS E, range. In conclusion, valley effects did not play a
limiting role in the measurements presented.

2.1.4 Coherent Spin Manipulation

Whilst the experimental details of state preparation and readout are presented in Ch. 4,
here the basic control of a single electron spin is outlined. As discussed earlier, a static
external magnetic field By = B, €, defines the quantisation axis and sets the Larmor
precession frequency wy = gusB, /h.

Transitions between spin states ||) and |T) are driven by applying a magnetic-field perturba-
tion perpendicular to the qubit’s quantisation axis, given by Byrw (2) = Byw sin(wmw t + 6) éx.
Here, Byw denotes the field amplitude, wyw the drive frequency, and § the initial phase.
Since the drive frequencies in our experiments lie in the microwave range, the subscript
“MW” is used.

10
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|0)

Figure 2.4: Schematic of spin dynamics under resonant transverse driving. The static magnetic field B,
defines the quantisation axis (z) and sets the Larmor frequency w,. Left Lab-frame trajectory. The spin
precesses about the effective field B.g, producing a spiralling path on the Bloch sphere. Right Co-rotating
frame (RWA). At resonance, Bg points along x, yielding a uniform circular rotation about the x-axis at the
Rabi frequency Qg.

Following the Zeeman interaction Hamiltonian in Eq. (2.3), the total Hamiltonian that
includes both field contributions is

H(t) = Hy + Hy (1)

9gHB
/]
= Q%Bzo'z + g%BMW sin(wmw t + 8) oy
_9ks B, Buw sin(oywt + 6)
2 Buw sin(a)th + 5) -B,

In this matrix form, the off-diagonal elements, proportional to the oscillating field By,
generate coherent coupling between ||) and |T). When the drive is tuned to the Larmor
frequency, wmw = wy, the transverse excitation produces an effective magnetic field in the
xy-plane that exerts a torque on the spin, rotating the Bloch vector away from the z-axis.
In the laboratory frame this appears as precession about the composite effective field Beg
formed by B, and Byw (t), yielding a spiral trajectory on the Bloch sphere, as sketched in
the left panel of Fig. 2.4.

A more intuitive picture of Bloch-vector rotations is obtained in the co-rotating frame,
which turns at the drive frequency wpw. The laboratory-frame state |¥(¢)) is mapped to
the rotating-frame state |‘I’(t)> by the time-dependent unitary operator

e—ia)th/Z 0

[¥(1)) =U" (1) [¥ (1)), IH0=®mLéwmw@]=( 0 ploawi)?

This change of frame removes the rapid precession at wyw and leaves only the slow
dynamics due to detuning and the transverse drive.

11
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Inserting the rotating-frame transformation into the laboratory-frame Schrédinger equa-
tion ik oy |y = H(t) |¢) gives [73]:

ih o,

J(0) = (U OHOU @ - U OU ) [F0)

Aw hQ hQ hQ —i20Mwi—0

[T + —R cos(8) oy + TR sin(6) oy + TR (eiZw:ijé ‘ )] ‘¢(t)>
iAo
2

Qr
+ — cos(5) Oy + hT sin(d) oy

7 )

(2, o

= Hrwa ‘l}(t)>

with the detuning Aw = wy — wmw and the Rabi frequency Qr = gugBymw /% The final line
identifies the effective Hamiltonian Hrwa of the rotating-wave approximation (RWA). In
making this approximation, the rapidly oscillating terms oc e*2“MW! are neglected because
their frequency 2wymw is much larger than the relevant rates |Aw| and Qg.

The rotation axis in the xy plane can be tuned by the drive phase § when the field is applied
along x, effectively rotating the control axis on the equator. In the co-rotating frame (right
panel of Fig. 2.4) the motion reduces to a uniform circular trajectory about this axis. The
rotation angle then depends on the field amplitude By, the drive frequency wpw, and
the chosen phase § of the driving field.

The solution to the time-dependent Schrédinger equation in the co-rotating frame is
|t}(t)> = exp(—%HRWAt) ‘1,5(0)>. The probability to find the spin in |T) after initialisation
in ||) is [74]

- Q2
Pr(0) = [N = o5 sinZ(Q;“ t)

eff

after a manipulation of duration ¢, with the effective rotation frequency Qg = /Aw? + Qi.

At resonance (Aw = 0) this yields perfect spin inversion while for finite detuning the
oscillation contrast is reduced by the factor (Qr/Qcg)? and the oscillation frequency
increases to Q.g. Experimentally, these oscillations, called Rabi oscillations, are presented
in Sec. 4.8 alongside more advanced pulse schemes.

In the SIMOS devices used here, the oscillating magnetic field is generated by feeding a
high-frequency current into a short-terminated coplanar waveguide (CPW) placed near
the quantum dot. The short acts as a current-carrying conductor and produces a near-field
magnetic field around the termination which is the standard electron spin resonance (ESR)
implementation. According to the Biot-Savart law, the field magnitude from the conductor
scales as oc 1/r with the distance r between the termination and the qubit, so an essential
design goal is to minimise this distance to maximise Byw and the achievable Rabi rate. In

12
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the measurements presented, the on-chip antenna is positioned directly above the qubit,
yielding an oscillating field predominantly in the plane of the chip and transverse to the
static quantisation field.

The discussion so far has established the SIMOS spin qubit as a coherent, controllable
two-level system. Beyond enabling conventional quantum-information protocols, this also
turns the qubit into a sensitive, nanoscale probe of its magnetic environment. The next
chapter introduces the small magnetic structures that are probed in this way.

2.2 Single-Molecule Magnets

In conventional magnets, properties such as remanence and hysteresis arise from the col-
lective behaviour of many spins. The macroscopic magnetisation reflects long-range order
established by exchange interactions between individual moments. By contrast, single-
molecule magnets (SMMs) are isolated molecules that carry large moments and exhibit two
stable magnetisation states despite the absence of intermolecular long-range order. This
bistability is protected by an energy barrier that suppresses relaxation of the magnetisation.
The discovery of magnetic bistability in Mnj,-acetate, Mn;5,012(CH3COO);4(H20)4 (Mny2-
ac), inaugurated the field in 1991 [75-78]. The molecular structure of Mnj,-ac is shown in

Fig. 2.5, alongside another heavily investigated system, the Feg cluster [FegO3(OH);,(tacn)s ]3*.

The technical interest in SMMs stems from their potential use in quantum information
processing as long-lived quantum memories and qubits in which the logical state is encoded
in the magnetisation of a single molecule [18]. A principal advantage of SMM-based qubits
is that chemical synthesis delivers very large numbers of indistinguishable units. This
striking reproducibility, combined with the chemical tunability of the spin Hamiltonian
and environment [19, 79, 80], stands in sharp contrast to many present-day architectures
(e.g. superconducting and semiconductor qubits), where scalability is hampered by device-
to-device variability and the difficulty of reproducibly fabricating large arrays with uniform
parameters. In short, producing many faithful copies, which is an essential prerequisite
for a universal processor, is intrinsically more natural for molecules.

A further advantage is the inherent multilevel spin structure of many SMMs [19]. Conse-
quently, usable quantum levels need not be restricted to a single-qubit subspace. TbPc; is
the archetypal bis-phthalocyaninato terbium SMM used in this work. Its four hyperfine-
resolved levels provide a naturally addressable four-level system (a qudit). This higher
dimensionality can enable more efficient information encoding and manipulation [81].
These features motivate hybrid device concepts that allow one to read out and coherently
manipulate SMMs without sacrificing their favourable properties. Previous approaches
have achieved readout by incorporating TbPc, molecules into nanoelectronic transport
structures, such as carbon nanotubes [49, 50] and gold break junctions [18, 46, 48, 82],
where the magnetisation dynamics modulate the conductance. While such measurements
have been highly informative, the through-current can introduce measurement back-action.
In break-junction devices, signatures of current-induced perturbations were reported [45].

13
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Figure 2.5: Molecular structures of Mnj;-ac (left) and the Feg cluster (right). Colour code: Mn green,
Fe yellow, O red, N light blue, C grey/black; H atoms omitted for clarity. Adapted from [83].

To suppress back-action at the source, this thesis investigates a hybrid architecture in
which a thin SiOy layer separates a silicon spin qubit from the SMM, providing near-
field coupling for control and readout whilst eliminating current transport through the
molecule.

2.2.1 Fundamental Principles and Properties of ThPc,

With the discovery that single lanthanide-phthalocyanine complexes of the form LnPc,
(Ln = Tb3*, Dy>*) exhibit an energy barrier against magnetisation relaxation, a new era
in molecular magnetism began in 2003 [44]. Owing to the strong spin-orbit coupling of
lanthanide ions, the barrier in TbPc; is an order of magnitude larger than in Mnj,-ac [19].

TbPc; hosts a Thb** ion with electron configuration [Xe] 4f%. In Russell-Saunders coupling
this yields L =3, S = 3 and hence J = L + S = 6. The spin-orbit gap to the J = 5 multiplet
is large (of order 2900K in kgT units), so at cryogenic temperatures the dynamics are
confined to the J = 6 manifold with 2J+1 = 13 degenerate sublevels.

The phthalocyanine (Pc) ligands (approximately D4y symmetry) define a molecular easy
axis perpendicular to the Pc planes and split the (2]+1)-fold degeneracy of the J = 6
multiplet. The ligand-field Hamiltonian is conveniently written in Stevens form [84]

3
Hy = )" B3,03, + B0} + B{O} (2.6)
n=1

where OZ are the Stevens operators and BZ the (experimentally determined) Stevens
parameters [84, 85]. Strong axial terms of the ligand field select a ground-state doublet
|m J = ié), separated from the first excited |m 7= i5> doublet by approximately 600K
(~ 0.05eV), rendering the molecule effectively Ising-like at low temperature.

Natural terbium is °**Tb with nuclear spin I = 3/2. The hyperfine interaction between the
electronic and nuclear moments Apy, 1] splits each component of the ground electronic
doublet into 2I+1 = 4 sublevels with m; = {-3/2,—1/2,+1/2,+3/2}. The nuclear electric
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Figure 2.6: Left Side view of the molecular structure of [TbPcy]~. The central Tb3" ion (dark blue) is
coordinated by eight N atoms (light blue). C atoms are shown in grey; H atoms are omitted for clarity.
Right Crystal packing of diluted [TbPc,]~ in the unit cell. Two [TbPc,]~/[YPcz]™ units are arranged with
additional tetraethylammonium (TEA) ions to maintain charge neutrality.

quadrupole interaction Ipquadl produces unequal spacings between these levels. Including
Zeeman coupling, a compact spin Hamiltonian for TbPc; is [18, 86]

HTbPCz = Hyr + ﬂB,UOng + Ahyp IJ+ IIsquad I (2-7)

where H is the applied magnetic field and g the g-tensor. The experimentally determined
values of Bk, Apyp, and Pquad are given in Ref. [84]. The resulting electronic and hyperfine
levels are illustrated in Fig. 2.7.

The energy splittings of the hyperfine-split levels are uneven and the transition frequencies
are approximately 2.45 GHz, 3.13 GHz, 3.81 GHz between the individual

mr ={-3/2,-1/2,+1/2,+3/2} state [87]. This is very convenient as the frequency range
lies in the experimentally accessible microwave range and enables to chose which transition
should be driven.

Magnetisation Reversal

Reversal of the m; = +6 magnetic moment can be accomplished by sweeping a magnetic
field parallel to the molecular easy axis of TbPc;. At small fields the magnetisation switches
in discrete steps at the hyperfine-resolved avoided crossings (labelled by mj). These
tunnel transitions through the anisotropy barrier are explained by quantum tunnelling
of magnetisation (QTM): off-diagonal ligand-field terms, B;O; and B;O¢, admix |+6) and
|-6) and open avoided crossings (see Fig. 2.7). When the longitudinal field is swept
across an anticrossing with tunnel splitting A, ,» (here m and m’ denote the electronic
quantum numbers m; and m)), the probability to tunnel from | J, m) to |J, m’) is given by
the Landau-Zener formula [88, 89]

2
T Am)m,

Ppm = 1—exp|— (2.8)

aH
21 gp |m — m’| o

where o dH) /dt is the sweep rate of the longitudinal field. Thus Py, increases with
larger A, v and slower sweeps. In TbPc, the four hyperfine-split anticrossings give
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Figure 2.7: Energy spectrum of Eq. (2.7) for TbPc;. a Electronic levels labelled by ‘], m]>. The = 600K
separation between m; = +6 and m; = +5 is annotated. b Zoom into the hyperfine-split ground doublet
(m; = +6) showing m; = —3/2 (black), —1/2 (red), +1/2 (green), +3/2 (blue). ¢ Magnified view of the
my = —1/2 avoided crossing illustrates quantum tunnelling of magnetisation (QTM). Taken from [19].

four characteristic magnetisation steps in the hysteresis (see pSQUID data in Fig. 5.12), a
hallmark signature of this SMM.

Additionally to QTM, phonon-assisted transitions can reverse the magnetic moment of
TbPc;, [90, 91]. This temperature-dependent relaxation is experimentally characterised
in Sec. 5.3. In these inelastic processes, lattice phonons supply (or remove) the required
energy and momentum-hence the term spin-lattice relaxation. Three types of processes
can be distinguished. First, at low temperatures a direct one-phonon process will most
probably reverse the moment by emission of a single phonon to the thermal bath. This
process becomes more likely at higher magnetic fields and the relaxation time 7 scales
with 7 o« H73 [92]. At higher temperatures, two-phonon processes become more likely:
the molecular state is excited to an intermediate state |e) by absorbing a phonon of energy
hw; and relaxes by emitting a phonon of energy fiw, with w, > w;. If |e) is a virtual
state, the relaxation is a Raman process with temperature dependence 7 oc T~ If |e) is
a real crystal-field level, the relaxation is an Orbach process with activated behaviour
T o exp(fi|wy — w1|/(kgT)). Consequently, the exponential Orbach channel dominates at
elevated temperatures.

Break-Junction Experiment

The most prominent implementation of single-molecule spin-state read-out is the elec-
tromigrated tunnel (“break”) junction [18, 45-48]. In this architecture a single TbPc,
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2.3 Coupling SMMs to Silicon Spin Qubits

bridges a nanometre-scale gap between two gold electrodes. Charge transport proceeds
through the delocalised, ligand-centred r-radical, which is exchange-coupled to the Tb>*
moment. Consequently, the device conductance depends on the electronic spin state.
When the external magnetic field is swept across the hyperfine-resolved avoided crossings,
the electronic moment flips while conserving the nuclear projection my, producing sharp
conductance jumps that electrically reveal the nuclear state.

This platform enabled microwave manipulation of the nuclear spin manifold and yielded
spin-relaxation times T; ~ 10-30 s [45, 46] and inhomogeneous dephasing times T, ~ 200 ps
[18]. Coherent quantum control at the single-molecule level has been demonstrated,
including multilevel protocols such as Grover’s algorithm [18] and the realisation of an
iSWAP gate [47].

At the same time, these experiments reveal measurement back-action: the tunnelling
current through the SMM shortens the spin lifetime, with a clear linear dependence of
T; on the inverse current [45]. The approach developed in this thesis outlines a roadmap
towards read-out schemes that avoid direct transport through the molecule by using
silicon qubits as proximal sensors, thereby mitigating current-induced perturbations of
the SMM.

TbPc, Neutral and Anionic Form

Two charge states of TbPc, are commonly employed. The neutral (“radical”) species,
[TbPc,]°, is charge-neutral and hosts a ligand-centred 7-radical that enables transport
measurements in the mentioned break junctions. For ensemble spectroscopy with minimal
dipolar/exchange broadening, TbPc; is typically diluted into an isostructural diamagnetic
YPc, matrix. However, ensemble measurements on neutral-radical crystals generally do
not retain clean SMM behaviour: close stacking promotes strong intermolecular exchange
between the ligand 7-radicals, effectively coupling molecules and broadening or smearing
the hyperfine-resolved signatures [93, 94]. Consequently, the crystalline ensemble studies
presented in Ch. 5 and Ch. 6 use the anionic form [TbPc;]|~, which avoids the ligand-
centred radical and thereby suppresses intermolecular coupling. The unit cell is shown in
the right panel of Fig. 2.6 and includes two [TbPc;]|™ and two tetraethylammonium (TEA)
molecules.

2.3 Coupling SMMs to Silicon Spin Qubits

Building on the introduction of the industrial SiMOS spin qubit and the essential properties
of the TbPc, SMM qudit, this section develops the physical coupling mechanism and
translates it into device-scale numbers. The SMM functions as the qudit resource, while
the SIMOS spin qubit serves as a nanoscale, on-chip magnetometer that transduces the
SMM state via magnetic dipolar coupling. Using the imec gate-stack geometry and layer
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2 Silicon Spin Qubits Coupled to Single-Molecule Magnets

Figure 2.8: Hybrid system combining a single-molecule magnet and a silicon spin qubit. A single TbPc,
molecule is placed above a silicon quantum-dot device and is magnetically coupled to the qubit via its dipolar
field. The Tb** ion is depicted in red with its magnetic moment aligned with the molecular easy axis and
indicated by a red arrow. The quantum-dot electron (blue) resides in isotopically enriched ?Si within a
lateral confinement potential (black) defined by the metallic gate stack (brown), which is separated from the
silicon by an SiOy layer. The gate stack and oxide together set the vertical separation between the molecular
spin and the semiconductor qubit. Schematic not to scale; the quantum dot is an order of magnitude larger
than the SMM.

dimensions, realistic coupling strengths are estimated at relevant separations. The section
closes with a roadmap for hybrid-platform experiments.

Geometric Setup and Dipolar Coupling

The hybrid stack consists of a TbPc; SMM positioned above a SIMOS quantum-dot device.
The separation between the two is set by the gate stack of the silicon qubit and the
interfacial oxide (SiOy). This is schematically shown in Fig. 2.8 with the large J = 6
moment of Th>* (u ~ 9 ug [95]) in red that couples to the s = 1/2 spin of the confined
electron (blue) in the silicon quantum well.

The coupling is provided by the magnetic dipolar interaction, with the SMM approximated
as a point dipole of moment p at displacement r from the qubit. The resulting field is [96]

Bswn (1) = o [3(p-1) £ - p] - (2.9)
4rr
Two special orientations are
Bswwi(r) ‘L 2 uo,u3 P, Bowu( 2 - /10/13 18 (2.10)
4rxr 4rr

showing that the field at the qubit location is twice as large on the dipole axis as in the
equatorial plane. To maximise the contribution of u at the qubit, a parallel alignment is
thus preferred, i.e. the SMM easy axis should be perpendicular to the chip surface, as
shown in Fig. 2.8.
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2.3 Coupling SMMs to Silicon Spin Qubits

A switching event of the SMM magnetisation inverts the sign of By (r). The total
magnetic field at the qubit is then

Biot = Bext £ BSMM(r) s (2-11)

which sets the silicon qubit’s quantisation axis and resonance frequency.

The underlying detection of the electronic state of the TbPc; relies on changes in the qubit
Larmor frequency induced by the added or subtracted field of the TbPc,. With the Zeeman
Hamiltonian of Eq. (2.3), the Larmor frequency is

B
fo = D22 [Best £ Bouna (1) (2.12)
A magnetisation change of the SMM therefore leads to a small shift of the qubit resonance
that can potentially be detected.

Readout of the TbPc, Nuclear States

A change in the electronic spin state of TbPc, produces a corresponding shift of the qubit
resonance frequency. Following the break-junction experiment, the external field Bey: is
swept between approximately +60 mT along the TbPc; easy axis. Four characteristic field
values appear where the SMM reverses its magnetic moment via quantum tunnelling of
magnetisation (QTM). These switching fields correspond to the hyperfine-resolved avoided
crossings associated with the nuclear projections m; € {-3/2,-1/2,+1/2,+3/2} (see
Fig. 2.7b). Because each m; branch shifts the position of the avoided crossing, the electronic
moment flips at a different value of Byt depending on the nuclear state. Identifying the
switching field in a longitudinal sweep therefore provides a direct readout of mj.

In contrast to the break-junction experiment, the SIMOS qubit requires a substantial static
field for spin-to-charge readout. In the present devices, Elzerman readout (see Sec. 4.5)
is implemented for 0.5 T < Bext < 0.7 T. This constant field cannot be applied along the
TbPc, easy axis, as it would freeze the electronic state. Instead, it is applied transverse
to the easy axis (along a hard axis) of the molecule. The transverse bias defines a stable
quantisation axis for the qubit (GHz Larmor frequencies) and enhances the tunnel splitting
A of the ground doublet [97]. The corresponding increase in Landau-Zener tunnelling
probability at each hyperfine avoided crossing facilitates state transfer without degrading
nuclear-spin selectivity. Experimentally, controlled field components along the TbPc; easy
axis are introduced by rotating the vector magnet field at fixed magnitude (see Ch. 5).

SiMOS as the Platform of Choice for Sensing

Beyond the SiMOS qubit structure discussed above, several semiconductor platforms have
been engineered. Here, they are compared in terms of suitability for sensing, with emphasis
on minimising the distance between a silicon qubit and the chip surface to enhance dipolar
coupling to a SMM.

19



2 Silicon Spin Qubits Coupled to Single-Molecule Magnets

GaAs SiMOS Si/SiGe Ge/SiGe

Depletion gate B Accumulation gate H sior [ AlpO3

Figure 2.9: Schematic cross-sections of common gate-defined spin-qubit platforms: GaAs, SIMOS, Si/SiGe,
and Ge/SiGe (left to right). Charge carriers are indicated by dots at the confinement plane (electrons:
black; holes: white). In GaAs, a 2DEG is formed at the n-AlGaAs/GaAs interface and quantum dots are
defined by depletion gates (light grey). In SiMOS, electrons are accumulated at the 28Si/SiO, interface using
accumulation gates (dark grey) in combination with depletion gates for lateral confinement. In Si/SiGe, an
electron quantum well in %Si is embedded between Si, ;Ge, 3 barriers, increasing the distance to the oxide.
In Ge/SiGe, holes are confined in a Ge quantum well between Sij ;Ge, g barriers. Taken from [99].

Historically, coherent spin control was first demonstrated in modulation-doped AlGaAs/GaAs
heterostructures [17]. In these devices a two-dimensional electron gas (2DEG) exists at
zero gate bias due to remote donors in the AlGaAs layer. Surface gates biased negatively
locally deplete the 2DEG to form quantum dots. For sensing, this depletion-mode geometry
has the appealing feature that confinement can be achieved without an accumulation
gate directly above the dot (Fig. 2.9), leaving local surface area for integration of an SMM.
However, because all naturally abundant isotopes of Ga and As carry nuclear spin, hyper-
fine noise strongly limits coherence [17], and the AlGaAs spacer layer that separates the
surface from the 2DEG is typically on the order of 50-100 nm [98], which is unfavourable
for near-field sensing.

SiMOS emerged as a leading alternative thanks to nuclear-spin-free silicon isotopes
(*8Si ~ 92%, 3°Si ~ 3%) and the availability of isotopically enriched ?Si with residual
29Si concentrations as low as ~ 50 ppm [100]. The first single-qubit control in enriched 24Si
was reported in 2014 [101]. In SiMOS, the oxide thickness between the gate stack and the
quantum dot is typically below 10 nm [99] (in device A of this thesis it is 8 nm; see Sec. 4.1),
enabling very small spin-surface separations that are advantageous for sensing.

To mitigate trap-induced charge noise associated with the Si/SiO, interface [40], silicon
quantum wells can be embedded between SiGe layers (Si/SiGe devices). This pushes the
oxide further away, but introduces a SiGe spacer that generally exceeds ~ 40 nm [102-104],
increasing the qubit-surface distance. The larger separation also weakens AC magnetic
fields generated by conventional on-chip waveguides, so micromagnets together with
electric-dipole spin resonance are commonly employed for fast control [54] which is a
combination that is less favourable for magnetic-field sensing with an overlying SMM that
is potentially influenced by the micromagnet.
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2.3 Coupling SMMs to Silicon Spin Qubits

Figure 2.10: Scalable device architectures for on-chip quantum sensing. Left Quantum-dot crossbar array
in Ge/SiGe. False-coloured scanning electron micrograph (top view) with individual gates colourised for
clarity. Two staircase barrier-gate layers (red and blue) run orthogonally. A set of 16 quantum dots are
defined beneath the plunger-gate layer (green) and four corner charge sensors (single-hole transistors,
yellow) provide readout. Scale bar: 100 nm. The crossbar architecture controls 16 dots with only 23 control
terminals. Taken from [37]. Right False-coloured scanning electron micrograph (top view) of a Si/SiGe
shuttling (“QuBus”) device. Phase-shifted sinusoidal waveforms applied to the four shuttling gates (S1-S4)
create a moving potential well that transports electrons along the x-direction. Taken from [108].

Ge/SiGe devices employ a Ge quantum well between SiGe barriers and accumulate holes
rather than electrons. Single-hole manipulation has been demonstrated in 2020 [105]. The
strong spin-orbit coupling of holes enables all-electric control without micromagnets, but
typical spacers of ~ 20-55 nm still separate the well from the surface [37, 106, 107], again
limiting proximal coupling to external spins.

Gate-stack simulations (Ch. 7) indicate that accumulation layouts can be optimised so
that a dot forms without placing a gate directly above it. With such sensing-oriented
designs, the relevant separation is set by the oxide in SiMOS (only a few nanometres),
whereas in Si/SiGe and Ge/SiGe it is the oxide plus the heterostructure spacer. This makes
SiMOS the most favourable for strong dipolar coupling. Moreover, SiMOS devices typically
incorporate an on-chip microwave antenna for ESR, which can potentially be repurposed
to drive an SMM magnetically. In summary, the combination of ultra-shallow dots, the
possibility of local oxide thinning or removal (Sec. 7.4), and native ESR hardware makes
SiMOS the platform of choice for sensing applications.

Sensor Geometries

Recent progress in two-dimensional (2D) quantum-dot arrays and on-chip spin shuttling
opens routes to spatially resolved sensor layouts (Fig. 2.10). Two-dimensional arrays of
gate-defined quantum dots have been realised in semiconductor spin-qubit platforms [37,
38, 109, 110]. The largest implementation to date is the 4 X 4 Ge/SiGe crossbar array [37]
shown in the left panel of Fig. 2.10, where interdot tunnel coupling in vertical and horizontal
pairs is tunable over a ~ 20 GHz range. Although site-resolved single-qubit driving was
not demonstrated, this architecture already illustrates the potential of semiconductor spin
qubits to probe many lateral positions across a chip, enabling measurements of single
molecules or microscopic particles placed above selected pixels.
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2 Silicon Spin Qubits Coupled to Single-Molecule Magnets

Furthermore, lateral shuttling of single-electron qubits using conveyor-type gate sequences
has been demonstrated [108, 111, 112]. For quantum computing, this enables coupling
beyond nearest neighbours by translating an electron between dots over micrometre dis-
tances to interact with far-separated qubits. To date, charge shuttling has been shown over
distances of order 10 pm, while preservation of spin coherence during motion has been
demonstrated up to ~ 0.56 pm [112]. Beyond computation, such shuttling architectures
offer movable sensor qubits: the spin can be positioned close to a target for enhanced cou-
pling and then potentially displaced to a low-noise site for readout, effectively decoupling
the optimal sensing and readout locations.

Coupling Estimations

The magnetic coupling between a TbPc; molecule and a SiMOS spin qubit is primarily
set by their vertical separation. In the present (non-optimised) device, the gate stack and
ESR antenna are encapsulated in a SiO, passivation layer that fixes a minimum spacing of
r ~ 250 nm. A detailed layer stack is given in Tab. C.1. At this distance, the on-axis dipolar
field of a Th*>* moment p~9 g [95] at the qubit position is

B(250 nm lﬂr Ho HTbPc, _ Ho 9 U
27r3 27(250 nm)3

~ 1nT. (2.13)

A reversal of the TbPc; moment changes the local field by AB=2B, producing a Larmor

shift of the silicon qubit
gHs

Af = 25°B ~ 60Hz, (2.14)
for g~ 2 and B~ 1nT. This is exceedingly small. For context, the qubit’s homogeneous
coherence time extracted from echo is T, ~ 92 s (see Sec. 4.10), corresponding to a
Lorentzian Fourier-limited linewidth of 1/(7 T,) 3 kHz [113]. Although this linewidth
is only a rough indicator of detectability, it makes clear that the ~ 60 Hz single-molecule
frequency step is far below the present SIMOS qubit’s sensitivity at r ~ 250 nm.

The r-dependence of Af is sketched in Fig. 2.11. The red band marks the current separation
(r~250 nm). The orange band indicates the approximate sensitivity window of the silicon
qubit set by the Lorentzian linewidth. There is no overlap with the red band at present. To
obtain a measurable response to switching events, a highly diluted ensemble is therefore
employed in crystalline form: 5% [TbPc;]™ in a 95% diamagnetic [YPc;]™ matrix. In this
configuration the molecular spins are sufficiently separated to preserve single-molecule
behaviour (Sec. 2.2.1), yet the collective dipolar field at the qubit enhances the net shift
into the tens-of-megahertz range (see measurements in Ch. 5), yielding a clear hysteresis
signature.

Finally, while the orange region in Fig. 2.11 reflects the Fourier-limited linewidth of the
qubit, the blue region highlights the sensitive operating range of the readout method
developed in Ch. 5: a simultaneous rapid adiabatic passage and spin-selective tunnelling
(RPSS) protocol tailored to detect frequency shifts in a ~ 100 MHz window from a TbPc,
ensemble.
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Figure 2.11: Distance dependence of dipolar coupling in the hybrid device. The two axes map the vertical
separation r between a single [TbPc;]~ molecule and a silicon spin qubit to the corresponding qubit frequency
shift Af. In the current industrial device the gate stack and passivation set r ~ 250 nm (red), giving Af ~ 60 Hz
which is below the qubit’s typical detection limit (orange, T, ~ 92 ps). Using a dilute ensemble amplifies the
magnetic field by orders of magnitude and moves the response into the sensitive MHz range of the RPSS
protocol (blue) described in Ch. 5.

Outlook: Single SMM Sensing

A central requirement for sensing a single SMM is to enhance the dipolar coupling between
the molecular moment and the silicon spin qubit. Since the dipolar field decays as B o 1/r3
with the separation r between SMM and qubit, the most effective lever is geometric:
the physical distance between a surface-deposited TbPc, and the electron in the silicon
quantum dot must be reduced, while the device remains tunable in the few-electron
regime.

In the present industrial SiMOS device A (see Sec. 4.1 and Tab. C.1), the vertical separation
between a TbPc; placed on the chip surface and the qubit is set by three stacked contribu-
tions above the channel: the gate stack, the on-chip ESR antenna and a SiO, passivation
layer. The gate stack and antenna are embedded within this passivation. This architecture
is excellent for robustness and yield in standard qubit operation, but it pushes the molecule
too far away from the active quantum region and thus strongly suppresses the dipolar

field at the qubit.

Gate-stack simulations in Ch. 7 show that it is possible to alter the layout such that no gate
needs to sit directly on top of the quantum dot used for sensing, while preserving device
functionality. In parallel, Section 7.4 investigates post-processing routes in which the
passivation layer is locally removed above the target dot by a selective hydrofluoric (HF)
etch, opening a window to the surface without modifying the rest of the wafer. Together
with an ESR antenna that is laterally displaced from the sensing site (at the cost of a modest
reduction in Rabi rate), the minimum SMM-qubit distance is then set by the internal oxides
of the gate stack.

For the purpose-designed layout of device A, this residual separation is approximately
r ~ 18nm. Using the dipolar field expression of Eq. (2.13), a TbPc;, at this distance
produces a field of B(18 nm) = 2.9 uT at the qubit, corresponding to a frequency shift of
Af =~ 160 kHz.

Further thinning of the oxide by local HF etching can potentially reduce the separation
towards r ~ 5nm, where one expects

B(5nm) ~ 130pT and Af = 7.5MHz.
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2 Silicon Spin Qubits Coupled to Single-Molecule Magnets

Both frequency shifts are orders of magnitude larger than the Fourier-limited linewidth
of the present SIMOS qubit (~ 3 kHz). This indicates that, with suitably optimised device
geometries and local post-processing, the field change associated with the magnetisation
reversal of a single TbPc; should be resolvable, thereby paving the way towards single
SMM sensing with SiIMOS spin qubits.
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3 Experimental Methods and
Instrumentation

This chapter describes the experimental platform used to investigate hybrid quantum
systems that couple single-molecule magnets to silicon spin qubits. Measurements were
carried out in a custom *He/*He dilution refrigerator with a base temperature below 50 mK,
supporting stable device operation at millikelvin temperatures (Sec. 3.1).

We first cover the physical stack: the standard sample printed-circuit board (PCB) for device
mounting and wiring (Sec. 3.2); the cryogenic cabling and filtering that link room temper-
ature to the mK stage (Sec. 3.3); and the interfaces that integrate room-temperature instru-
mentation with the cryostat, including thermal anchoring and signal routing (Sec. 3.4).

We then describe the signal chain: microwave control via single-sideband IQ mixing
(Sec. 3.5); high-speed gate pulses delivered through resistive bias-tee networks with pulse
pre-emphasis and compensation (Sec. 3.6); and deterministic acquisition and device control
using an ADwin Pro II (Sec. 3.7). We conclude with a newly developed high-density
interface PCB (“The Beast”) that expands DC and RF I/O and provides on-board filtering
and reflectometry (Sec. 3.8).

3.1 Dilution Cryostat (Sionludi L)

The cryogenic environment required for the experiments in this work was provided by
a customised Sionludi L tabletop dilution refrigerator originally developed at the Néel
Institute (CNRS, Grenoble) and optimised for compactness, rapid cooldown, and efficient
helium use. It employs two independent helium cycles: a *He precooling loop and a closed
3He-*He dilution circuit, which are thermally coupled via counter-flow heat exchangers.
This configuration, combined with a direct fast-injection line for precooled mixture, enables
a remarkably short cooldown time and reduces complexity in the precooling phase.

Operating at such low temperatures is crucial for suppressing thermal population of excited
spin states. For an electron spin with g ~ 2 in a magnetic field of B = 0.66 T (used in all
single-qubit experiments shown in Chs. 4 and 5), the Zeeman energy splitting is

AE = gugB =2 x5.788 x 10 eV/T x 0.66 T ~ 7.64 X 107> eV, (3.1)

which corresponds to
AE  7.64x107°eV

ks 8.617x 1075eV/K

~ 0.884K. (3.2)
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In thermal equilibrium, the excited-state occupation pey. of a two-level system follows an
Arrhenius-type dependence [63]:

AE
Pexc = EXPp _kB_T . (33)
At T = 51mkK, this yields
0.884 2.8%1078 (3.4)
TeXp|l————— | * 4. . .
Pexe = &XP| =4 051

However, as will be discussed in Sec. 4.4, the electron temperature T, of the device is
elevated due to imperfect thermalisation of the electrical lines, reaching T, = 130 mK. This
leads to an excited-state occupation of

884 i
Pexe X €XP ~0130 ~1.1x107", (3.5)

corresponding to approximately 0.1% of spins thermally populating the excited state even
before any control pulses are applied. This finite thermal population imposes a fundamental
limit on the qubit initialisation fidelity and underlines the critical importance of achieving
and maintaining the lowest possible temperature in the experimental environment.

In the present configuration, the cryostat cools from room temperature to below 100 mK
in approximately 3 h 20 min, without the use of any intermediate cryogens other than
liquid helium. The base temperature achieved during stable operation is T, = 51 mK,
measured at the mixing-chamber plate using a calibrated ruthenium oxide thermometer.
The mechanical layout follows a vertical, multi-stage arrangement reminiscent of a nested-
doll geometry. Each thermal stage is mechanically supported by stainless-steel columns,
enclosed by dedicated radiation shields, and isolated under high vacuum. The millikelvin
(mK) stage is positioned at the top of the cryostat, directly above the mixing chamber,
where the sample holder is mounted.

The cooling process begins in the “*He cycle by filling the 4K pot from an external liquid-
helium storage vessel. The liquid helium is then routed through a counter-flow heat
exchanger, where it pre-cools the *He-*He mixture of the secondary cycle. Once cooled to
approximately 4 K, the mixture undergoes further cooling in a Joule-Thomson expansion
stage before entering the dilution unit. In standard operation, the mixture is thermalised
first to the still and subsequently flows into the mixing chamber via the normal injection
line. A distinctive feature of the Sionludi design is the inclusion of a fast-injection line,
which has a significantly larger cross-section than the normal injection path. This fast-
injection line permits precooled mixture to circulate directly from the 1K pot (also referred
to as the turbo-condenser) into the mixing chamber during cooldown. By bypassing inter-
mediate restrictions and delivering cooling power more directly, this arrangement shortens
cooldown times by several hours compared to conventional dilution refrigerators.

When the mixing chamber reaches the phase-separation temperature of approximately
0.86 K, dilution cooling begins [114, 115]. In this regime, 3He atoms dissolve into the
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Figure 3.1: Experimental volume above the mK stage. Left: Side view of the Sionludi L showing: mK stage
(diameter 17 cm) with connection to the dilution unit (1), DC line connectors (2), first low-pass filtering
stage (3), RF connections (4), thermometer line (5), mK shield enclosing the sample PCB (6), and sample
position (7). Right: Top view with the elevated 4 K plate (8) attached, showing the low-T; superconductors (9),
their thermal anchor (10), and 3D vector magnet (11).

*He-rich phase, an endothermic process that absorbs heat from the surroundings due
to the associated increase in entropy at constant total energy, in accordance with the
second law of thermodynamics. The resulting difference in chemical potential between
the concentrated and dilute phases generates an osmotic pressure gradient that drives >He
atoms towards the still. At ~ 0.7 K, the saturation vapour pressure of *He is roughly an
order of magnitude greater than that of *He, causing *He to evaporate preferentially. The
evaporated *He is extracted from the still by a turbomolecular pump, recondensed via the
counter-flow heat exchanger and Joule-Thomson expansion stage, and then reinjected
into the mixing chamber, thereby completing the continuous cooling cycle.

A photograph of the upper stages of the cryostat used in this work is shown in Fig. 3.1, while
a schematic view of its internal structure is presented in Fig. 3.2. Mounted on an elevated
4 K shield is a three-dimensional vector magnet system, developed by Julian Ferrero [116].
The magnet is wound from NbTi superconducting wire and provides a maximum field of
1T along its primary x-axis, which coincides with the main rotational symmetry axis of
the cryostat, and up to 0.35 T along each of the two orthogonal directions.

The compact tabletop geometry of the cryostat, measuring approximately 22 cm in diameter
and 53 cm in height, allows convenient access to the experimental space and facilitates
the integration of auxiliary instrumentation. All DC and RF wiring is routed through the
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Figure 3.2: Schematic representation of the Sionludi L dilution refrigerator, nicknamed “Idefix”. The cryostat
operates using only “He, eliminating the need for liquid nitrogen handling during regular operation. A
superconducting 3D vector magnet is positioned around the sample region (blue) and thermally anchored to
an elevated 4K stage. The qubit sample, mounted on a printed circuit board (PCB), resides on the mixing
chamber stage at millikelvin temperatures and is enclosed within a copper cylinder for thermal shielding.

nested thermal stages, with thermal anchoring implemented at each temperature stage to
minimise conductive heat leaks to the millikelvin stage, as described in Sec. 3.3.

In summary, the Sionludi L refrigerator used in this work combines rapid cooldown
capability, a stable base temperature of 51 mK, and a compact tabletop form factor, all
without the need for a liquid-nitrogen pre-cooling stage. These characteristics make it
particularly well suited for experiments requiring both fast turnaround and ultra-low
thermal excitation of quantum devices.
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3.2 Printed Circuit Board for Sample Interfacing

Figure 3.3: Standard PCB with individual components highlighted. Upper picture: The gold-coated copper
surface is visible in yellow, with the chip position indicated in red. DC connections to the PCB are made via
two PCle connectors, whose pin outlines are highlighted in orange; additional PCle connectors present on
the board are not used during operation but can be used to prevent electrostatic discharge by application
of a short-circuit adapter during transfer of the PCB. The second-stage DC filtering section (also present
on the reverse side of the PCB) is marked in blue. High-frequency connections are provided by three SMP
connectors shown in green. The bias-tee networks are indicated in purple and consist of a resistor (left box)
and a capacitor (right box near the SMP connector). Lower picture: Zoom of the red-marked chip area.
The chip is glued to the PCB using GE varnish, and electrical connections are made by wire bonding. The
three coplanar waveguides approach from the right-hand side.

3.2 Printed Circuit Board for Sample Interfacing

All data presented in this thesis were acquired using one of the Wernsdorfer group’s
standard printed circuit boards (PCBs), designed by Tino Cubaynes. The PCB layout and
functionality are described in detail below.

The standard PCB used to interface the sample with the cryogenic measurement setup is
shown in Fig. 3.3. It provides 24 DC lines and 3 RF lines, with dedicated pads integrated
into the layout to accommodate on-board RC filters for the DC connections. The second-
stage DC filtering, implemented using surface-mount devices (SMDs), is visible in Fig. 3.3
and includes capacitances installed in series with the inner conductors of each RF line.
The specific filter configurations and cut-off frequencies of the DC lines are discussed in
Sec. 3.3.

Electrical connectivity for the DC lines is provided via two split-PCI connectors, one located
on the top and one on the bottom of the PCB. This dual-connector arrangement enables
galvanic grounding of the DC lines during sample exchange or storage, thereby reducing
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the risk of electrostatic-discharge damage. The RF lines are connected through three
SMP connectors and are routed to the sample region via individual coplanar waveguides
designed to support frequencies up to 20 GHz.

The sample is mounted at the end of an extended cold finger, positioning it at the centre
of the 3D vector magnet. It is fixed onto a 7 mm X 4 mm gold-coated copper plate, which
serves as a back gate and is grounded in our experiments. Electrical contact between the
sample and the PCB is established via wire bonds from the sample pads to the surrounding
DC and RF bonding pads.

Resistive bias-tees can be implemented on the PCB by soldering a capacitor in series with
the RF inner conductor and a resistor in series with the corresponding DC line. Near the
sample, the RF and DC lines are joined by wire bonds to complete the bias-tee configuration.
As shown in Fig. 3.3, bias-tees are installed on all three RF lines, consisting of 0402 SMD
capacitors and metal-electrode leadless-face (MELF) resistors. Further details on the exact
component values and electrical characteristics of the bias-tees are provided in Sec. 3.6.

3.3 Cryogenic Cabling and Filtering

As part of this thesis, 72 DC lines were installed in the cryostat in collaboration with Viktor
Adam [119]. Each line consists of 70 cm of insulated Constantan wire (80 pm diameter)
with a resistance of approximately 90 Q. The lines are bundled in groups of 24 and housed
within a FeCuNi capillary of 1.5 mm diameter. A thin coating of Apiezon grease is applied
during assembly to reduce friction, thereby preventing insulation damage, and to improve
thermal contact between the wires and the capillary. A detailed fabrication procedure is
provided in Ch. A.

After assembly, the capillaries are galvanically connected to ground to provide electromag-
netic shielding and mechanical stabilisation. To achieve this, silver-coated copper wire is
affixed to the capillary using silver powder epoxy.

At millikelvin temperatures, the DC lines are filtered using a two-stage RC low-pass filter
configuration, yielding combined cut-off frequencies of 250 Hz for static voltage gates and
59 kHz for DC lines used in current readout. Each DC line is also fitted with an LFCN-
80+ surface-mount band-stop filter (Mini-Circuits), providing additional mid-frequency
attenuation between 200 MHz and 4.5 GHz. A schematic of the filter configurations and the
corresponding passive components is shown in Fig. 3.4. The LFCN-80+ filter and the first
RC filter stage are soldered onto a dedicated filter PCB, enclosed in a copper housing, and
thermally anchored to the mK stage. The second-stage RC filters are integrated directly
onto the sample PCB, as illustrated in Fig. 3.3.

The cryostat was further equipped with 12 RF lines to deliver microwave signals to the
sample. Each RF line consists of four sections of CuNi coaxial cable: (1) from room
temperature to the 4 K stage (thermally anchored to the 100K and 20 K stage), (2) from
4K to the 1K stage, (3) from 1K to the 50 mK stage, and (4) from 50 mK to the sample
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Figure 3.4: Low-pass filtering of the standard PCB at millikelvin temperatures. a Two-stage low-pass filter
arrangement used for gate voltages, with a —3 dB point at 250 Hz. An additional Mini-Circuits LFCN-80+
band-stop filter is included, providing a stop band in the range of 200-4500 MHz. The first low-pass stage is
located on the mixing chamber stage, while the second stage is implemented directly on the PCB. b Filter
arrangement of the DC lines used for readout, designed with a higher cut-off frequency. A two-stage
low-pass filter leads to the single-electron transistor (SET), with a —3 dB point at 59 kHz. The current then
flows through the filter configuration in reverse until it reaches the readout electronics. The —3 dB point of
the readout path is 40 kHz. ¢ LTspice simulation of the signal path shown in b, excluding the LFCN-80+ filter,
with an applied 1 mV amplitude. Two SET resistances (0.5 MQ and 1 MQ) illustrate the current-frequency
response; these values are typical for SET charge sensors [117, 118].

PCB. Within the cryostat, SMP connectors are employed due to their compact form factor
and frequency range up to 26.5 GHz, while SMA connectors are used for the hermetic RF
feedthroughs. Additional cryogenic attenuators (Rosenberger 19AS101) are installed at
the 4K, 1K, and 50 mK stages to improve the signal-to-noise ratio (SNR) at the sample.

In the measurements reported in this thesis, only 24 DC lines and three RF lines were used
for qubit manipulation, as the standard sample PCB accommodates this number. With the
novel PCB design presented in Sec. 3.8, however, all 72 DC lines and 12 RF lines installed
in the cryostat can be fully utilised.
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Figure 3.5: Integration of the measurement electronics with the cryostat. DC voltages (black lines) are routed
from the ADwin system via a breakout box into the cryostat, while output DC signals are returned via the
IV converter to the ADwin inputs. Time-domain control is achieved using the HDAWG, which triggers
the microwave generator and mixes its MHz-frequency signal to the GHz range using the RF tone. Gate
manipulation pulses are sent directly from the HDAWG to the cryostat. Attenuation values for the RF path
are indicated.

3.4 Integration of Measurement Electronics with the
Cryostat

The overall measurement architecture used for qubit experiments is illustrated in Fig. 3.5,
which depicts the full signal chain from the room-temperature control electronics to the
cryogenic wiring. All DC lines are controlled by an ADwin Pro II real-time control system
(Jaeger Messtechnik), offering a voltage resolution of 305 puV from its 16-bit +10 V outputs,
and enter the cryostat through an external breakout box (a shielded fan-out enclosure that
converts multiway connectors to individual connectors). The readout current is converted
to voltage at room temperature by an SP983c current-voltage (IV) converter (Basel Precision
Instruments) and subsequently digitised using a Pro II Aln-F-4/16 analogue input module,
which supports sampling rates of up to 4 MHz. For the standard amplification setting of
10® V/A applied throughout this work, the IV converters have a specified bandwidth of
24 kHz.
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Fast voltage pulses for qubit manipulation are generated by a HDAWG arbitrary waveform
generator (Zurich Instruments), which provides four output channels operating at a
sampling rate of 2.4 GHz. Microwave control is implemented using a Keysight N5173B
microwave source, delivering frequencies up to 20 GHz. Both signals are combined using a
Marki Microwave SSB-0618 single-sideband mixer to generate the required sideband tones
for qubit control. The principle of IQ mixing and its role in these experiments is discussed
in Sec. 3.5. All instruments are computer-controlled via the Python-based Spin-Suite,
developed by Julian Ferrero [116] within the qkit measurement framework [120].

Inside the cryostat, DC wiring is carefully filtered and thermally anchored at multiple
temperature stages. As indicated by the orange markers in Fig. 3.5, thermal anchoring
is realised using silver epoxy. For clarity, only the three RF lines and one DC capillary
containing 24 lines used in this thesis are shown in Fig. 3.5. Each RF line passes through
staged attenuation at the 4 K, 1 K, and 50 mK plates to improve the signal-to-noise ratio
and suppress high-frequency noise.

This integrated setup enables coherent qubit control while maintaining a low-noise, ther-
mally optimised environment, ensuring stable operating conditions for the experiments
presented in this work.

3.5 Single-Sideband Mixing

Microwave pulses for qubit control in this thesis are generated with a Marki Microwave
SSB-0618 single-sideband mixer. In general, an SSB mixer allows one to manipulate a
high-frequency carrier (here ~ 18.5 GHz) using low-frequency baseband signals (here
< 100 MHz). This enables full amplitude, phase, and frequency control without retuning
the microwave source using cost-effective baseband electronics.

An ordinary (double-sideband) mixer is a three-port device that multiplies a local-oscillator
(LO) tone with a baseband or intermediate-frequency (IF) signal. Let

vLo(t) = Aro cos(wrot), op(t) = Arr cos(wirt).

The RF output is proportional to the product

orp(t) o oro()om(t) = 284 [cos((wio — wir)t) + cos((wio + wm)t)],  (3.6)

using cos(x) cos(y) = %[cos(x —y) + cos(x + y)]. Thus, ordinary mixing creates two
sidebands: the lower sideband (LSB) at wy o — wrr and the upper sideband (USB) at w10 + wir
(Fig. 3.6 left). In practice there is also finite LO and IF feedthrough. While small leakage
may be tolerable, continuous RF carrier leakage heats the device and raises the electron
temperature, reducing ground-state occupation and capping qubit initialisation fidelity.
In multi-tone control, out-of-band leakage can also drive off-resonant rotations, thereby
lowering gate fidelities.
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Figure 3.6: Single-sideband (SSB) mixing used for qubit control. Left Ordinary (double-sideband) mixing
produces both the lower (LO— IF) and upper (LO+ IF) sidebands around the LO. Right In an SSB architecture,
the LO and IF are each split by 90° hybrids to drive two mixer cores in quadrature; their RF outputs are then
recombined so that one sideband interferes destructively while the other adds constructively.

Principle of Single-Sideband (SSB) Mixing

Single-sideband (SSB) mixing suppresses one of the two image sidebands so that, ideally,
only the upper sideband (USB) or the lower sideband (LSB) remains. In our setup the SSB
mixer is configured to select the LSB. In practice, an SSB mixer comprises two mixer cores
operating in parallel (Fig. 3.6 right). The local-oscillator (LO) signal is split into two copies
with a 90° phase shift-one per mixer. Likewise, the baseband or intermediate-frequency
(IF) signal is split into two copies that are also 90° out of phase, forming the in-phase (I) and
quadrature (Q) channels. Each mixer multiplies its LO input with its respective IF input,
and the two outputs are then recombined such that one sideband interferes destructively
while the other adds constructively [121, 122].

Feed the LO into a 90° hybrid coupler to obtain
LO; = cos(wrot), LOg = sin(wrot),
and split the IF likewise into
USB choice: IF; = cos(wrrt), IFp = — sin(wrrt),

LSB choice: IF; = cos(wirt), IFp = + sin(wirt).

with the choice determining which sideband is selected. This depends on which 90° hybrid
output port is fed into the I and Q mixers.

Each mixer core multiplies its LO and IF inputs:

Vi o« cos(wrot) cos(wrpt)
= %[cos((a)Lo - a)IF)t) + cos((a)Lo + a)H:)t)] ,
VQ o sin(a)Lot) ($ Sil’l(a)H:t))

= 73 [cos((wLo — wip)t) — cos((wLo + wr)t) |,

where the upper/lower sign corresponds to the USB/LSB choice of IF phase above.
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Finally, recombining the two mixer outputs yields
VrRp < VI + VQ (Ve COS((a)Lo =+ O)IF)t),

so that, in the ideal case, the desired sideband (USB or LSB) remains while the unwanted
sideband is fully cancelled.

3.6 Pulse Shaping and Bias-Tee Compensation

In our setup, a resistive bias-tee allows fast AC manipulation to be superimposed on a
static gate voltage. While bias-tees are commonly implemented with an inductor in the
DC path, we employ a resistive feed instead. An inductor placed close to the sample would
experience continuously changing high magnetic fields during sensing experiments and,
by Faraday’s law, develop unwanted induced voltages. In the implementation shown in
the left panel of Fig. 3.7, the series coupling capacitor C = 15nF and the DC feed resistor
R =7MQ form a first-order high-pass as seen by the RF drive, with time constant

T = RC ~ 105 ms.

An uncompensated step applied at the RF input produces an exponential response at the
gate:
Vgate(t) = Vstep e—t/r’

i.e., the bias-tee differentiates slow components and removes DC [123]. Consequently, a
nominally flat (square) pulse at the RF port will relax towards baseline at the gate on the
timescale 7. To restore a square gate waveform of duration T, we pre-emphasise the drive
with a small linear term,

VRF(I) =V (1 + Oft),

where « is tuned experimentally. This pre-distortion flattens the top of Vyate (), but it also
means that Vg and Vgate no longer return to zero simultaneously. Simply forcing Vgr to 0V
after the voltage step would induce a negative transient at the gate due to the high-pass
coupling.

To end the pulse with both Vg and Vgate at 0V, the gate waveform must satisfy a zero-area
(zero-DC) condition,

/ Veate (£) dt = 0.

A straightforward way to enforce this is to append a opposite-polarity (inverse) segment
after the main pulse so that the net area cancels. In practice, using a briefer inverse segment
with a proportionally larger amplitude resets the baseline faster, enabling back-to-back
pulse sequences without cumulative offsets.

The effect is illustrated in the right panel of Fig. 3.7. The target is a 1 mV square gate pulse
of 200 ms (blue). The required RF drive (orange) includes (i) a small linear pre-emphasis
to flatten the top and (ii) a inverse section to satisfy the zero-area condition. Both traces
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Figure 3.7: Bias-tee on the standard PCB and compensation principle. Left Resistive bias-tee used in our
setup. The RF path is capacitively coupled to the gate through a 15 nF 0201 capacitor, while the DC bias
is supplied via a 7MQ MELF resistor. Right A shaped voltage pulse applied at Vir (orange) produces
an approximately square pulse at the device gate (blue). The gate waveform is constructed to have zero
time-integral. Data are from an LTspice simulation with typical parameters used in our experiments.

return to 0V at the end of the sequence, allowing sequential operation. Without this
inverse section, the bias-tee could introduce slow drifts of the quantum-dot potentials and
reduce readout fidelity [124].

The choice of 7 is a compromise. Larger 7 (increased R and/or C) reduces the needed
pre-emphasis a and preserves RF headroom which is a useful consideration because
external drive voltages must be ~ 44X larger to overcome the —33 dB cryogenic attenuation.
However, a larger 7 slows DC operations: a DC step applied through the bias-tee follows
Viate (1) = Vitep [1 — e~!/7], reaching 95% of its value only after 37 (here 37 ~ 315 ms). In
practice, coarse DC ramps are performed faster (we seek qualitative features rather than
exact voltages), whereas for precise setpoints we wait > 57.

Experimental Determination of the Compensation

The compensation factor « is calibrated separately for each bias-tee, as component toler-
ances and mK-temperature behaviour differ. We track a sharp charge transition over time
(up to 200 ms) using a square readout pulse with linear pre-emphasis, Vgp(t) =V (1 + at).
During calibration we omit the inverse segment to avoid biasing the result; applying an
incorrect @ could otherwise produce charge accumulation. Instead, after each readout
window we set the RF drive to 0V and insert a delay of 57 (here ~ 525 ms) to allow > 99%
discharge before the next iteration.

Figure 3.8 compares a poor calibration (left), where the charge transition drifts during
the 100 ms trace, with a good calibration (right), where the working point is stable over
200 ms. Further details on the readout protocol used are given in Sec. 4.5.
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Figure 3.8: Experimental bias-tee compensation calibration. The device working point is stepped from 0V to
various readout voltages; the time-dependent current is colour-coded. A constant « is applied to the readout
pulses. After each acquisition the voltage returns to 0V, and the next iteration is delayed by 57 to fully
discharge the bias-tee. Ten averages are shown. Left Incorrect « leads to a systematic drift of the charge
transition during the 100 ms window. Right Proper calibration stabilises the working point over 200 ms.

Pulse Construction Recipe

« Enforce a zero-DC condition at the gate: / Veate (£) dt = 0.
« Ensure any additional inverse pulse does not interfere with qubit operations.

« Instantaneous (fast) edges transmit through the bias-tee; slow (DC) components
must be pre-emphasised.

« Use a linear pre-emphasis: Vrr(t) = Vp (1 + at); calibrate @ per channel.

+ During « calibration, insert long delays (> 57) between averages to guarantee full
discharge of the bias-tee.

3.7 FPGA-Based Control and Data Acquisition (ADwin Pro ll)

Qubit DC control and readout were executed with an ADwin-Pro II system fitted with a Pro-
CPU-T12 processor module [125]. The T12 is built around a Xilinx Zynq system-on-chip
(SoC) that combines a dual-core ARM Cortex-A9 CPU (1 GHz) with a field-programmable
gate array (FPGA) fabric (“programmable logic”). An FPGA is a reconfigurable digital
device that implements logic directly in hardware (counters, state machines, timers, direct
memory access engines, etc.) and therefore provides deterministic, low-jitter timing that
is independent of the host PC operating system. In our setup, hard real-time sequencing
runs on the T12 (FPGA/CPU) with 1 GB on-board memory for buffering.

Fast digitisation is provided by a Pro II-AIn-F-4/16 card (16-bit resolution, +10 V range),
whose per-channel analogue-to-digital converters (ADCs) operate up to 4 MS/s with an
analogue bandwidth of roughly 0-600 kHz and large on-module burst memory (~ 256 MB)
for continuous high-rate capture. Analogue control voltages are generated with 16-bit
digital-to-analogue converter (DAC) output boards (+10 V range, us-scale settling), which
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Figure 3.9: ADwin readout implementation. Left Continuous mode. Both the ADC buffer and main memory
are divided into four segments (Div 1-4). The ADC currently writes to Div 4 (dark green) and wraps cyclically.
Using status flags, the process copies the oldest safe segment (here Div 3) to the corresponding main-memory
segment (blue), while another main-memory segment (Div 2) is concurrently transferred to the PC. The
total rolling buffer spans 1s. Right Triggered burst mode. Each external trigger from the AWG (within
a pulse train) initiates a burst that is written contiguously in ADC memory. After the train completes,
the AWG pauses while the ADwin drains the ADC to main memory and then to the PC. Averaging and
post-processing of the 4 MS/s data are performed on the PC while the next train is being recorded.

connect to the Pro bus for synchronous, hardware-timed updates. Real-time experiment
logic is implemented in ADbasic processes that coordinate triggering, buffered acquisition,
and voltage setting. On the host side, Python drivers wrap these ADbasic processes
and present an interface to the Spin Suite; in particular, the real-time engine spin_excite
that orchestrates parallel execution across instruments, and streams buffered data during
runtime [116]. This combination of ADbasic for deterministic timing and Python/Spin Suite
for high-level experiment description and data handling provides robust, hardware-timed
control together with flexible scripting.

Within this thesis, the DC output control originally developed by Sven Fuhrmann [126] was
restructured and optimised. In addition, time-aligned input sampling was implemented
and used for spin-qubit readout with DC digitisation at up to 4 MS/s. The complete
ADwin Pro II driver stack, including the Python interface and the ADbasic programs
running on the FPGA system, is available on GitHub [127]. The following sections briefly
describe the time-domain processes used for the 4 MHz DC readout, and present two
software/hardware approaches for increasing the effective DAC voltage resolution of the
ADwin system.

Continuous Data Acquisition

Continuous acquisition is used primarily for noise spectroscopy, where a long time trace is
Fourier transformed and the resulting spectrum analysed (see Sec. 4.2.3). The Aln-F-4/16
input card supports on-board averaging of the raw 4 MS/s stream, allowing effective
output rates of 2 kS/s, 10 kS/s, 100 kS/s, 1 MS/s, or the full 4 MS/s.
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Table 3.1: ADwin process overview. “Continuous” indicates a periodically repeating process with a fixed time
window; “External” indicates triggering by an external signal (e.g. from the AWG). The rightmost column
lists the associated Spin Suite modules [116] used within the gkit measurement framework [120].

No. Job Priority Trigger Spin Suite
1 Outputs: Ramping (parallel), Lowest, always run- Continuous Spin_tune
Oversampling; Inputs: sin- ning (sync)
gle samples (averaged)
2 Inputs: Continuous readout  High, only started Continuous Spin_watch
when needed (async)
3 Inputs: Burst measurement  High, only started External Spin_excite
when needed (sync’d async)
4 Readout of process 3 after Low, only started Continuous Spin_excite
one average when needed (sync’d async)

A practical challenge is avoiding read-write contention while data are being continuously
acquired, moved to main memory, and transferred to the host. We therefore partition
both the ADC buffer and the ADwin main memory into four equal segments that operate
as a circular pipeline (Fig. 3.9, left). The writer pointer advances segment-by-segment;
a segment can be read only if the writer is not currently on that segment and not on
the subsequent one. Hence, at any time two segments are safe to read and ship to the
next stage. With a total buffer depth corresponding to 1 s of data, ideal, contention-free
transfers occur every 0.25 s.

Triggered Burst Data Acquisition

All time-domain measurements presented in Chs. 4 to 6 use a burst readout that acquires
time-aligned, externally triggered data at up to 4 MS/s for pulse trains as long as ~ 25 s
(Fig. 3.9, right). A digital trigger from the AWG to the ADwin starts each readout window;
a typical pulse train contains < 1000 such windows. Once a train finishes, the AWG idles
while the ADwin drains the ADC buffer to main memory and then transfers the complete
dataset to the PC. On the host, traces are averaged (or filtered) to customary effective rates
(e.g. 100 kS/s); the PC signals completion, upon which the ADwin re-arms and triggers
the AWG to launch the next train.

The control handshake is thus twofold: the ADwin initiates new pulse trains by triggering
the AWG, whereas the AWG issues intra-train triggers that mark the readout windows. To
decorrelate the acquisition from periodic disturbances and reduce systematic timing biases,
the start time of each train (i.e. each average in a pulse-parameter sweep) is randomly
dithered by the ADwin within a window of 10 ns to 1 ms.

An overview of the processes implemented in this thesis and running in parallel on the
ADwin system is given in Table 3.1.
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Figure 3.10: Two-DAC voltage divider. a Schematic: a resistive divider (illustrated with 11 Q and 9.85 kQ)
combines two ADwin DAC outputs. Vinain sets the coarse level and Vg, provides sub-LSB trimming. The
resulting gate voltage follows Eq. (3.7). b,c Measured DAC current transfer (through 50 kQ, IV-converter,
integration time 0.1 s): raw 16-bit steps (blue) versus the divider-enhanced resolution (orange). Unequal DAC
step spacing can cause slight overlaps when changing Vijain, hence Vipain should be kept constant during
fine sweeps while changing Vg, over a broad range.

Voltage Divider Implementation

The ADwin 16-bit DACs provide a 10 V range, i.e. a least significant bit (LSB) of
AVpac =20 V/2%6 ~ 305 uV. For experiments that rely purely on precise DC control,
we increase the effective voltage resolution at the device without reducing the available
amplitude by combining two DACs through a resistive divider placed between their out-
puts (rather than to ground). The gate node then sees a weighted average of the two DAC

voltages,
Vinain Rene + Vane Rmai
Vgate — main ne ne main , (3.7)
Rmain + Rﬁne

so that increments on Vg, are attenuated by the factor Rmnain/(Rmain + Rfine) (sub-LSB
trimming), while the full gate span remains near +10 V as Vjp,in sweeps.

In our implementation we use Ryain = 11 Q and Rgpe = 9.85 kQ, giving an attenuation
factor of ~ 1/896 for Vjne. Thus the fine step at the gate is AVjare = 305 uV/896 ~ 0.34 pV.
Real DACs exhibit nonlinearity meaning their raw step sizes are not perfectly uniform; to
avoid step overlap artefacts, Viain is held fixed while Vg is swept over the desired range
(see Fig. 3.10b,c).

The divider presently resides at room temperature; ideally it should be mounted inside the
cryostat (4 K or mK stage, subject to heat load) to reduce Johnson-Nyquist noise, which
scales as Vays o« VRT [128, 129]. Cooling-power constraints (watts at 4K, < 1 pW at mK in
a Sionludi [130]) limit the allowable dissipation of resistive networks at the cold stages.

Implementation Notes

« SNR: Lower resistance leads to lower pickup and Johnson-Nyquist noise (Veas o VR).
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Figure 3.11: Oversampling implementation. a Principle: the DAC output voltage toggles between two
adjacent bits in time segments (here: two “low” segments and one “high” per period). After the two-stage
low-pass (cutoff ~ 250 Hz), the sample sees the time average, i.e. a stable voltage between the two bits
b-d Measurement with a 50 kQ load and IV conversion (integration time 0.1 s): raw 16-bit steps (blue) versus
oversampled outputs (orange). Slope variations due to non-linearities in individual bit steps. ¢ Coulomb

oscillation of an SET without oversampling shows discrete plateaus; d the same sweep with oversampling
factor 20 eliminates visible plateaus.

« DAC current: The total divider resistance is Ry, = Rmnain + Rfine- The highest current

Imax = AV /R5 has to be supplied by the DAC. In our case Iy,x & 2.0 mA, comfortably
below the ADwin’s recommended 5 mA.

Vinain — Viine)?
« Power dissipation: The divider dissipates P = (Vinain = Viine)

; verify thermal
Rs

margins, especially if installed cold.

+ Calibration: Measure Vgate (Vinain, Viine) once to extract effective gains and correct
for resistor tolerances and DAC non-linearities; in operation, keep Viyain fixed and
step Vane (use > 10 fine-LSBs per target step to average out non-linearities).

Oversampling Method

Oversampling of the ADwin DAC outputs provides a purely software based implementation
to increase effective voltage resolution at the device node. The DAC is toggled at high
rate (up to 500 kHz) between two adjacent voltage bits, and the two-stage low-pass on the
gate line (~ 250 Hz cutoff) averages this pulse-density-modulated waveform to a DC level
between the bit steps (Fig. 3.11). Let V1, and Vi1 be the voltages of the two neighbouring

DAC steps and let the duty cycle spent at Vi be D € [0, 1]. Provided the toggle frequency
is much higher than the line cutoff, the gate sees

Veate & (1-D)WV + D Wy,
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T

Figure 3.12: The Beast and Connector Board. Left (1) The Beast PCB; (2) chip area; (3) connector board with
first low-pass filtering stage; (4) micro-sub-D connector to the DC lines in the cryostat; (5) PCle connector
for DC contact between The Beast and the connector board; (6) SMP connector for RF contact. Right A chip
(2) glued to The Beast and mounted on the mK stage of the cryostat. Two RF cables are shown installed as
an example. The lower mK shield (7) is in place, while the upper part of the shield is removed to reveal the
assembly. A resting frame (8) provides both mechanical stability and thermal anchoring for The Beast.

so that with a duty-cycle granularity of 1/N (“oversampling factor” N) the minimum
increment is approximately (Vi — V1)/N ~ LSB/N. Compared to a hardware voltage
divider, this method yields unique (non-overlapping) voltages and requires no additional
components; in practice, small residual slope changes remain due to DAC non-linearities,
as visible in Fig. 3.11b.

3.8 Novel Printed Circuit Board: The Beast

From the outset it was clear that the three RF lines available on the standard PCB (see
Sec. 3.2) are insufficient for advanced silicon spin-qubit experiments. With one RF line
typically reserved for the Rabi drive, only two gates remain for fast pulsing which is too
restrictive for double-dot operation, where two plunger gates and the interdot barrier
ideally require independent, high-bandwidth control [131]. To overcome this limitation,
we developed a more capable interface PCB, referred to as The Beast which was made by
the Swiss PCB manufacturer Optiprint [132].

It provides up to 69 DC contacts and 12 RF contacts to the chip, integrates dedicated
bias-tee locations and tank-circuit nodes for RF reflectometry [133] directly on the board,
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bias-T

65.5 mm > 12.5mm

Figure 3.13: Surface-mount components and arrangement of DC/RF lines at the sample space. Left Solder
locations for SMD components forming the second low-pass filter stage and the on-board bias-tees. Positions
of the SMP connectors and the inductor for the tank circuit are indicated. The two bias-tees of the tank-circuit
readout are placed at the top edge of the PCB. Right Zoom of the sample area. The top layer provides DC
bond pads (purple) on all sides. The RF layer beneath (green) routes eleven CPWs that converge centrally
and are initially shorted to ground (opened during sample integration). Labels T1 and T2 mark the pads for
the SMD inductors of the tank-circuit readout.

and includes a second-stage DC low-pass filter network. Wire bonds connect the chip pads
to the surrounding DC/RF pads; to facilitate reliable bonding, the top copper is finished
with an immersion silver coating. The central chip region accommodates devices up to
9 X 10 mm?.

RF connectivity is provided via twelve SMP connectors distributed on the front and back
sides of The Beast, feeding coplanar waveguides (CPWs) that route microwave signals to
the sample region. DC connectivity is made through two 36-pin PCle connectors that mate
to a dedicated connector board (Fig. 3.12), which (i) hosts the first low-pass filtering stage,
(ii) interfaces to the cryostat wiring via a Micro-D connector, and (iii) is rigidly fastened to
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Il Top layer: 56xDC
I Third layer: Chip space
I Manually cut trench

I Floating backgate

Chip dimensions

Figure 3.14: Chip placement on The Beast. CPW terminations are created at positions compatible with the
chip size by manually cutting the CPW centre conductor with a scalpel. A global back-gate (blue) can be
realised by cutting a trench along the red lines to break the local ground connection.

& h, S d

£ h1 w w

Figure 3.15: Schematic of the coplanar waveguides (CPWs) used on The Beast. Two laterally spaced CPWs
(centre conductors in red) are sandwiched between two ground planes (black; one above, one below). The
dielectric above the CPW has thickness h, and relative permittivity ¢;; the dielectric below has hy, ¢;. Each
CPW uses centre conductor width s and gap w. The separation between the two CPWs is d. All ground
planes are stitched together with a via fence to maintain a low-impedance reference.

the mK plate for effective thermal anchoring of the DC lines. A complete schematic of the
DC path is provided in Fig. B.5 (Appendix).

This expanded I/O capability makes The Beast particularly suited to experiments requiring
multiple high-frequency control channels together with a large number of DC biases,
while maintaining the mechanical robustness and thermal performance needed for stable
millikelvin operation.

Fabrication details (layer stack, networks, storage/handling, breakout PCB, pin assignment,
and routing) are compiled in Appendix B.
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Microwave lines

In our setup all microwave transmission lines are designed for a characteristic impedance
Zy =50 Q. When a load Zj, is connected, the voltage reflection coefficient I is

VT Zi-7
Vvt Zu+Zy
and, for a lossless line, the time-averaged power delivered to the load is
[V*|? 2
P = 1—1T%),
L= (-1

using the standard travelling-wave convention [121]. Thus, matching the on-board CPWs
to Zp = 50Q (I' = 0) eliminates reflections and maximises power transfer from the
cryogenic coax to the chip.

To achieve the matching condition on The Beast, we tune the CPW dimensions (s, w, h1, h2)
for the chosen dielectrics (&1, €3) (see Fig. 3.15). For the inner-core routing of the board we
used &; = & = 3.5, hy = 0.42mm, hy = 0.30 mm, s = 0.35mm and w = 0.19 mm, yielding
a calculated impedance of approximately 50 Q. In other regions of the PCB the CPW is
tapered to accommodate launches and fan-outs while preserving the target impedance. The
calculation method for a CPW sandwiched between ground planes is given in Sec. D.1.

To minimise crosstalk between neighbouring CPWs, we keep the ground region between
them sufficiently wide. A practical rule-of-thumb is d > 2s + w for the ground sheet
between two CPWs (see Fig. 3.15) [134].

Via stitching

Vias which are mechanically drilled holes that are subsequently metallised (galvanically
plated) on the inside to form a conductive barrel, provide vertical interconnects between
copper layers (through, blind, or buried). In multilayer RF PCBs, these vias must stitch
all ground planes together densely to avoid parasitic stubs and unintended propagation
paths. We therefore implement (i) longitudinal via fences flanking each CPW, and (ii)
transverse stitching to connect all ground planes. The two opposite via fences form a
narrow “channel” that behaves as a short rectangular waveguide. The dominant TE;y mode-
i.e., the lowest-order transverse-electric waveguide mode whose cutoff is set primarily by
the fence-to-fence spacing a-must remain below cutoff. Accordingly, we choose

A c

a< 2= Y
with A the wavelength in the dielectric and f the highest frequency of interest [121].
For our target up to 40 GHz in ¢, = 3.5, A = 4.0 mm, so a < 2.0 mm. Along each fence,
the via-to-via pitch is kept well below a wavelength (in dielectric) to maintain a solid
RF ground; as a design guideline we use a spacing < A/8 (here ~ 0.5mm) [135]. In the
implemented layout this results in >3000 stitching vias distributed around the CPWs and
ground planes.
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3 Experimental Methods and Instrumentation

Figure 3.16: Exemplary lumped-element tank circuit used for RF-reflectometry readout. The device con-
tributes a capacitance C (and a resistance R), while a discrete inductor L is placed close to the chip to minimise
stray capacitance parallel to C.

Figure 3.17: Thermometers mounted on The Beast. Left Three thermometers are connected in parallel from
a central pad to ground: (1) Panasonic SC 22 Q, (2) Allen-Bradley C 100 Q, and (3) Vishay RuOx 1kQ. The
RuOx sensor is sensitive to excessive heating and is therefore soldered last, using the minimal possible
thermal budget. Right Connector board showing the three DC lines dedicated to thermometry. By default,
these lines are connected to the DC wiring of the cryostat. If the connection is interrupted at the location
marked by the red line, the through-holes indicated by the black and white arrows can be used to attach
separate thermometry wiring.

Tank Circuit

The Beast provides dedicated landing pads (Fig. 3.13, T1/T2) to mount SMD inductors and
realise on-board LC resonators for RF reflectometry. A single 50 Q feedline can service
two independent tank circuits by frequency multiplexing: each device gate is connected
to the common RF line through its own resonator tuned to a distinct resonance fo(i), while
DC biasing of each gate is supplied through its own resistive bias-tee.

Changes in the device’s effective capacitance or resistance alter the resonator impedance
(equivalently its resonance frequency and linewidth), producing a measurable change in
the amplitude and phase of the RF signal reflected.

This architecture supports ps-scale integration times for spin readout [136], detailed design
strategies are reviewed in [137].

Thermometry
The Beast includes a compact, low-thermal-mass on-board thermometer formed by wiring

three thermistors in parallel. Using three dedicated DC lines plus ground enables a four-
wire (Kelvin) measurement to eliminate lead resistance. Each element has a monotonic,
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negative temperature coefficient R;(T) (NTC behaviour), but with a different useful range.
By choosing room-temperature resistances that differ by orders of magnitude, the total
parallel resistance

1 4 1 N 1 )‘1
Ri(T)  Ry(T)  Rs(T)
is dominated by the thermistor with the strongest T-dependence in the current temperature

window, providing useful sensitivity from room temperature down to the millikelvin range.
The three sensors and their typical ranges are:

Riot(T) = (

» Panasonic SC 22 Q: ~ 150-400 K,
« Allen-Bradley C 100 Q: ~ 1-150K,
« Vishay RuO, 1kQ: ~ 10 mK-1K.

A practical calibration procedure is to log Ry, throughout a controlled cool-down (and
warm-up) while measuring temperature with a well-calibrated reference thermometer,
and then fit the resulting data to obtain the mapping T (Riot).

The three dedicated DC lines can alternatively be repurposed to drive a laser diode (e.g.,
for chip reset/illumination) or a micro-heater at the sample. Accordingly, the on-board
thermometry traces are implemented with increased width to accommodate the higher
currents required for these functions.
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4 The SiMOS Spin Qubit: Definition and
Characterisation

A central goal of this work is the integration of a gate-defined silicon spin qubit with a
single-molecule magnet (SMM) into a hybrid quantum platform. As a prerequisite, the spin
qubit must be reliably defined, tuned, and read out with high fidelity. This chapter therefore
introduces the device layout and gate-stack design of the SiMOS spin-qubit structures
used in this thesis and reviews the essential operating principles. The presentation begins
with the lateral gate geometry and the elements of silicon band structure relevant to qubit
definition. The charge-sensing toolbox based on a proximal single-electron transistor
(SET) is then established, including Coulomb-diamond characterisation and charge-noise
spectroscopy, followed by quantitative procedures for extracting gate lever arms and the
electron temperature.

The second part concentrates on spin physics: the spin-selective readout mechanism and
its analysis in single-shot “blip” traces are introduced. The longitudinal relaxation time T;
is quantified and coherent control using electron spin resonance (ESR) and rapid adiabatic
passage (RAP) for robust state transfer are described. The chapter concludes with Ramsey
and Hahn-echo spectroscopy to determine the inhomogeneous dephasing time of the
qubit which requires precise state preparation, phase-accurate manipulation, and faithful
single-shot readout.

Two SiMOS devices from successive fabrication generations are studied, denoted devices A
and B (Tab. 4.1). In both devices the lateral gate geometry is essentially unchanged while
the key process improvement at imec is an increased thermal-oxide thickness from 8 nm
in device A to 20 nm in device B (Tab. C.1) which was implemented to reduce strain at the
295i-SiOy interface and thereby improve interface quality. The basic charge characterisation
presented in this chapter uses data from device B, reflecting its improved tunability and
immediate relevance. A complementary assessment of the charge-noise spectrum for
device A is provided in Appendix C.2. Coherent single-qubit control experiments are
shown of device A. Both devices were fabricated on nominally identical silicon substrates
with a residual #’Si concentration of approximately 400 ppm.

4.1 Device Layout

The term metal-oxide-semiconductor (MOS) derives from the field-effect transistor ar-
chitecture widely used in integrated circuits [59]. In practice, the “metal” gate electrode

49



4 The SiMOS Spin Qubit: Definition and Characterisation

Figure 4.1: Device layout and heterostructure of the SiMOS spin-qubit device. Left Schematic cross-section
(taken along the dotted white line in the right panel) showing three overlapping gate layers on SiO, above
isotopically enriched 2Si. Under operating positive bias, electron accumulation regions (black) form at the
Si/Si0O, interface, defining a quantum dot beneath the plungers P1 and P2 and an adjacent electron reservoir
beneath R. B1 and B2 tune the tunnel couplings to the reservoir and across the interdot barrier, respectively.
An on-chip ESR line above the oxide provides a transverse radio-frequency magnetic field for spin control.
Right False-colour SEM image (top view) of the gate pattern. ST, BL and BR form the proximal SET charge
sensor. C is a confinement gate that electrostatically separates the sensor from the qubit region and provides
lateral confinement along y. The dotted white line marks the cross-section shown at left.

may be realised by highly doped polycrystalline silicon rather than a true metal, both in
conventional MOSFETs and in the devices considered here.

The qubit heterostructure comprises a natural-silicon substrate capped by an epitaxial 23Si
layer of thickness 100 nm with a residual 2’Si concentration of ~400 ppm. A thermally
grown SiOy layer provides vertical insulation and forms the MOS interface. Highly doped
polysilicon gates patterned in three overlapping layers control the electrostatics. Details
of electron accumulation at the interface are discussed in Sec. 2.1.

Figure 4.1 combines a cross-sectional schematic and a false-colored top-down scanning-
electron-microscope (SEM) image of the gate layout. Precise layer heights of the individual
polysilicon and SiOy layers are given in Tab. C.1. The device separates into two functional
regions: an SET used for charge sensing, and a double-quantum-dot (DQD) region used
for qubit operation. These regions are electrostatically isolated by the centre confinement
gate C (pink). Although the DQD geometry supports two dots, throughout this chapter
the left dot is operated while the right dot is merged with the reservoir.

The SET consists of a top gate ST that controls its electrochemical potential and two barrier
gates BL and BR that define the tunnel barriers to source and drain. The DQD region
comprises the confinement gate C, two plunger gates P1 and P2, two barrier gates B1 and
B2, and a reservoir gate R. The electron reservoir accumulated under R serves as an electron
source and drain for the dots. The plunger/barrier array in the qubit region has a gate pitch
of 80 nm (centre-to-centre spacing of the plungers). The three gate layers are arranged as
follows: the bottom layer contains C (pink), which separates and laterally confines the
SET and DQD regions. The middle layer contains BL and BR of the SET together with P1,
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4.2 The Single-Electron Transistor

Table 4.1: Overview of devices.

Name Platform Enrichment Specifier ESR line Experiments
Device A #SiMOS 400 ppm AL102977_D03_Die7_SD5 TiN Single dot
Device B %SiMOS 400 ppm AL210563 D09 Die5 SD5 Al Double dot

P2 and R (green). The top layer contains ST of the SET and the quantum-dot barrier gates
B1 and B2 (blue). This layered architecture shapes the three-dimensional electrostatic
potential, enabling precise control of tunnel couplings and dot energies.

In operation, the SET acts as a sensitive electrometer. ST tunes the SET island potential
while BL and BR adjust the barrier transparencies. The SET typically operates in the
many-electron regime [98], containing thousands of electrons between BL and BR. The
confinement gate C is held at low or slightly negative potential to repel carriers and
suppress unintended conduction between the sensor and qubit regions. Within the DQD,
the plungers P1 and P2 set the single-particle energies and hence the electron occupation,
whereas B1 and B2 control the tunnel rates to the reservoir and across the interdot
barrier. Suitable combinations of plunger and barrier voltages permit reliable single-
electron loading, manipulation, and readout. Operating voltages for devices A and B are
summarised in Appendix C.3.

Microwave control of the qubit is delivered by a coplanar waveguide (CPW) that terminates
on top of the qubit region in a shorted strip acting as an on-chip antenna. The resulting
radio-frequency current generates a transverse magnetic field used to drive electron-spin-
resonance (ESR) transitions. Device A employs a TiN ESR line, whereas device B uses Al
Device identifiers and materials are listed in Table 4.1.

4.2 The Single-Electron Transistor

Single-electron charge detection on a quantum dot coupled to a reservoir requires an
electrometer capable of resolving individual electron tunnelling events. Each electron
transfer must generate a signal with sufficient fidelity to register charge rearrangements
on the chip. The single-electron transistor (SET) provides this functionality [138, 139].
It is itself a quantum dot tunnel-coupled to source and drain leads and, at its working
point, conducts currents in the pA to nA range. Strong capacitive coupling between the
SET and the target dot is achieved by placing them in close lateral proximity. In the gate
design of devices A and B this spacing is set by the confinement gate C (Fig. 4.1) and is
approximately 50 nm.

The SET potential landscape is highly tunable and is sketched in Fig. 4.2. The barrier gates
BL and BR deplete the 2DEG accumulated by the top gate ST, producing lateral electrostatic
confinement and forming a quantum dot with quantised levels yn. The energy required to
add one electron to the dot is the addition energy

Eqqd = pN+1 — un = Ec + 6E, (4.1)
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Figure 4.2: Electrochemical potential diagram of an SET region. The central quantum dot is defined by
the topgate ST and both barrier gates BL and BR and coupled to source (S) and drain (D). The electron
occupation of the dot is given by N. The potentials of source (us) and drain (up) are offset by an energy
bias eVsp. The dot electrochemical potential yy for the N — 1 — N transition is separated by the addition
energy E,qq. Left Coulomb-blockade regime: no current flows as the discrete dot levels are not between
the energy window spanned by ps and pp. Right Transport regime: a tunnelling current flows from S to D
(arrows) as un lies between pg and pp.

where JF is the energy level spacing for two discrete quantum levels, which is zero when
an electron is added to the same spin-degenerate level. The charging energy Ec accounts
for the electrostatic repulsion between the added electron and those already on the island.
It is determined by the total capacitance Cy, to the surrounding environment [140]:

eZ

Eo = —
€720y

(4.2)
with e being the elementary electron charge. Control of the dot electrochemical potential
[ via a gate voltage V is described by the lever arm . Using the capacitive coupling Cg
between gate and dot gives

_Co _ _Am (4.3)
CZ CAVG. ’

o

4.2.1 Coulomb Blockade

Changing the SET top-gate voltage Vsr shifts the island levels by a Vst with the lever
arm «. Applying a source-drain bias opens a bias window. Tunnelling occurs only if
at least one level lies within this window (Fig. 4.2). Only one electron can occupy the
accessible level py at a time. Once it tunnels to the drain, the level becomes available for
the next event, producing a measurable current. If no level lies within the window, the

island charge is fixed and the current is blocked, resulting in a phenomena called Coulomb
blockade [139].

The conductance can be tuned between blockade and transmission by Vst, yielding
Coulomb oscillations as shown in Fig. 4.3. The voltage spacing between adjacent peaks,

AV, follows
Eadd

ea

AV =
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Figure 4.3: Coulomb oscillations of the SET used for charge sensing (device B). Left SET current versus
top-gate (ST) voltage at fixed barrier voltages. The periodic peaks reflect successive single-electron charging
of the SET island. The spacing converts to an addition energy via the gate lever arm. Right SET current
versus the two barrier-gate voltages. Diagonal ridges arise from capacitive cross-coupling of both barriers to
the island potential, while their individual voltages tune the tunnel transparencies. Reducing either barrier
voltage eventually suppresses conduction and pinches off the SET. For charge sensing, a barrier working
point lies in the regime of isolated Coulomb peaks.

Within a parallel-plate approximation the relevant capacitance scalesas C oc A,s0 Ec o« 1/A
via Eq. (4.2), and hence AV o 1/A. A smaller lateral area A therefore yields larger peak
spacings. This scaling is used in two-dimensional SET maps (e.g. Fig. 4.3) to estimate
island size and, via mutual-capacitance signatures from parasitic dots, their approximate
position relative to the sensor.

The minimal full width at half maximum (FWHM) of a Coulomb peak, Vewnwm, is set
by lifetime and thermal broadening. Lifetime broadening due to finite tunnel rate I'
gives Vewnm o AT’/ (e ) [140], while thermal broadening of the Fermi distribution yields
Vewnm o« kpT /(e ) [63], with electron temperature T and Boltzmann constant kg. The
Fermi function imposes a fundamental limit on level discrimination, justifying our cryo-
genic measurement setup (Sec. 3.1).

Experimentally, the lever arm « of the SET top gate ST on the island electrochemical
potential (see Eq. (4.3)) is obtained from a bias-spectroscopy measurement of the SET
current versus source-drain bias Vsp and ST voltage. An example is shown in Fig. 4.4.
Three regions are evident: a diamond-shaped area of (near) zero current where the SET
is in Coulomb blockade [139, 140], and regions of positive/negative current at finite bias.
The blockade region is well described by the constant-interaction model (further details
see [98, 141]).

The lever arm follows from the diamond dimensions as

AVsp
o =
2 AVer

(4.4)

where AVgp is the diamond height (tip-to-tip in bias) and AVsy the width of a single
diamond in gate voltage. Practically, the edges are extrapolated from their slopes near
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Figure 4.4: Coulomb diamonds of the SET (device B). Left SET current through the island formed under ST
as a function of V5p and Vsr. Right Same data with linear guides (green) along the diamond edges (zero
current regime). The diamond height AVsp and width AVst are indicated by white arrows.

Table 4.2: SET lever arm extraction. Systematic errors of 0.5mV on AVsp and 1 mV on AVsr give a combined
lever arm & = (7.0 + 0.3 + 0.9)% (statistical + systematic).

Diamond 1 Diamond 2 Diamond 3 Diamond 4 Average

AVsp (mV) 44 42 3.9 4.1 4.2
AVst (mV) 29.9 29.4 29.4 30.1 29.7
a (%) 7.4 7.1 6.6 6.8 7.0

Vsp = 0 to determine the crossing points (green guidelines in Fig. 4.4, right). The extracted
values are summarised in Tab. 4.2. Systematic uncertainties of 0.5 mV on AVsp and 1 mV on
AVst were assigned to reflect the limited precision of the graphical construction. Averaging
over four diamonds yields = (7.0 + 0.3 + 0.9)%, where the first uncertainty is statistical
and the second systematic.

4.2.2 Charge Sensing

Coulomb oscillations of the SET can be used to sense charge on a nearby dot. A charge
rearrangement on the target dot induces an offset charge Ag on the SET island, which
appears as a break in the oscillation pattern. Equivalently, it looks like a shift in the SET

top-gate voltage,
AVer = 2
ST = =
Cst

with Cst the capacitance between the ST gate and the SET island [142]; see Fig. 4.5, left.

To maximise the step height and hence the signal-to-noise ratio (SNR), the SET is biased
on a steep conductance flank. There the transconductance dIsgr/dVsr is large, so a given
AVst produces a larger current step (Fig. 4.5, right).
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Figure 4.5: Charge sensing of a neighbouring quantum dot using the SET (device B). Left SET current versus
the adjacent plunger P1 voltage. Periodic Coulomb oscillations arise from capacitive cross-coupling of
P1 to the SET island. Superimposed discrete current steps for P1 > 1.3 V mark successive single-electron
charging events of the target dot as its electrochemical potential crosses the reservoir Fermi level. Right
A single transition with the SET biased on a conductance flank (optimised ST) voltage. The enhanced
transconductance yields a large step, providing a suitable working point for high-sensitivity charge sensing.
Charge occupancy N of the dot is indicated.

Increasing the source-drain bias Vsp raises the SET current and can further increase the step
height, but at the cost of peak broadening, which reduces dIsgr/dVst. There is therefore a
bias “sweet spot”. In addition, excessive current can heat the device and series resistors,
elevating the electron temperature (Fig. 4.8, right), which has been shown to shorten the
spin-relaxation time T; in SiIMOS spin qubits [143].

For the single-qubit measurements presented in this chapter, SET sensing targeted the
0 & 1 charge transition of the dot. The SET was operated on the left-hand conductance
flank. This choice makes the N=1 state correspond to a lower SET conductance which is
beneficial as that state occupies most of the pulse cycle thereby reducing average sensor
current and mitigating heating.

For charge sensing, two practical Vsp regimes are used: (i) High-bias tuning (~1 mV-2 mV):
the Coulomb diamonds broaden, leaving little or no fully blockaded region, so the sensor
is not “blind” over wide ranges of dot-gate voltage and discrete charge steps are readily
detected during initial gate sweeps. (ii) Low-bias time-domain sensing (~0.1 mV): the
peaks are sharper and the local transconductance dIsgt/dVst on the chosen flank is larger,
improving step visibility and signal-to-noise ratio (SNR) while minimising dissipation.

4.2.3 Charge Noise Spectroscopy

Charge noise denotes low-frequency fluctuations of the electrostatic environment that
shift dot energies and tunnel barriers. Prominent microscopic sources include defects at
the Si/SiOy interface or within the oxide that stochastically capture and emit electrons [144,
145]. Charge noise degrades qubit coherence and gate fidelity and has been identified
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Figure 4.6: Spectral noise density (SD) of the SET (device B). a Coulomb oscillations of the SET with two
measurement positions indicated. The linear fit on the left peak flank (orange) sets dIsgr/dVst used in c.
The black dot marks a charge-noise-insensitive point used to estimate the setup noise floor in d. b Time
trace of the SET current sampled at 100 kHz. ¢ Spectral noise density of the trace in b, averaged with
Welch’s method (10 Hann windows). The fit is performed over 0.1 Hz to 10 Hz. d Noise floor recorded
at the charge-noise-insensitive point (black dot in a). The mains peak at 50 Hz is indicated (arrow). The
IV-converter bandwidth of ~24 kHz appears as a roll-off of the noise floor above that frequency.

as a principal limitation for SiMOS qubits [2, 146]. Its impact is typically more severe
in devices with micromagnets that convert voltage noise into qubit-frequency noise via
engineered field gradients. By contrast, the intrinsic spin-orbit coupling in SiMOS without
micromagnets is comparatively weak [54], and therefore charge noise generally has a
weaker impact in such SiMOS devices.

To compare devices, the noise magnitude is quantified via current spectroscopy of the
SET. First, the local transconductance at the working point is obtained from the flank of a
Coulomb peak (Fig. 4.6 a); here

dIsgr
dVsr

=291nA/V.

A 100 s time trace of the SET current is then recorded at sampling rate f; = 100 kHz using
the newly implemented continuous readout mode of the ADwin Proll input card (Sec. 3.7).
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4.3 Plunger Gates: Lever Arm Extraction

Table 4.3: Charge noise spectroscopy of device B. A complete analysis for device A is provided in Ap-

pendix C.2.
Measurement Spectral noise density at 1 Hz B
1 (0.39 + 0.04) peVVHz —0.43 + 0.06
2 (0.30 + 0.03) peVVHz —0.42 +0.06
3 (0.43 + 0.02) peVVHz —0.55 + 0.02
average (0.37 + 0.04) peVVHz —0.47 + 0.04

The highest frequency of the spectrum is given by the Nyquist frequency fxy = f;/2 [147].
The power spectral density (PSD) is estimated with Welch’s method [148, 149], using
ten equal segments and a Hann window to reduce end discontinuities of the time trace
segments. Welch’s routine returns a PSD in units of A?/Hz converting to an energy
amplitude spectral noise density (SD) referenced to the ST gate and yields

ea
SD(f) = mVPSD(f), (4.5)

with lever arm «a and elementary charge e. This provides SD in peV/VHz.

The low-frequency spectrum is empirically described by a power law,

SD(f) =Af”,

consistent with an ensemble of two-level fluctuators (TLFs) with a broad distribution of
time constants [150]. Fitting over 0.1 Hz to 10 Hz gives a charge-noise amplitude at 1 Hz
of (0.37 + 0.04) peV/VHz and an exponent f§ = —0.47 + 0.04 (Table 4.3), comparable to or
slightly lower than previous measurements on this device generation [151]. An exponent
f > —1 indicates a spectrum shallower than ideal 1/f (“pink”) noise, which can arise
from a non-uniform TLF ensemble and/or partial admixture of a white-noise floor. Similar
sub-unity exponents have been reported in silicon qubits [146, 152].

To verify that the measurement is not limited by the instrumentation, a “noise-floor”
spectrum was taken at a charge-insensitive point between Coulomb peaks (Fig. 4.6d). As
expected, narrow spurs at 50 Hz and its harmonics originate from the setup. The 50 Hz line
sits about three orders of magnitude above the white floor in this configuration. When the
sensor is parked on the Coulomb-peak flank (Fig. 4.6¢), the same 50 Hz line is only two
orders of magnitude above the local floor, indicating an overall elevation of the background
due to genuine charge noise. Consequently, the spectral density near 1 Hz is not dominated
by the electronic setup but by device charge noise. While the analysis above pertains to
device B, a comprehensive treatment for device A is provided in Appendix C.2.

4.3 Plunger Gates: Lever Arm Extraction

While the SET lever arm can be extracted directly from Coulomb diamonds, the same
procedure is not applicable to the plunger gates P1 and P2 because no current flows
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Figure 4.7: Lever-arm extraction of P1 and P2 of device B from current maps of the SET sensor (device B).
SET tunnelling current as a function of the qubit plunger voltage and the reservoir potential Vopy;cs. The
ohmic bias is generated by a room-temperature voltage divider (Sec. 3.7). Charge-addition lines appear as
sharp, linear features while their slope gives the lever arm via Eq. (4.6). Left P1: « = (12.5 + 0.2)%. Right
P2: a = (7.5 +0.2)%.

through the quantum dots themselves. Instead, the lever arms are determined from a two-
parameter map of the SET current versus the plunger voltage Vp and the electrochemical
potential of the ohmic 2DEG channel under the reservoir gate R (labelled Vopp;cs). The
electron reservoir is tunnel-coupled to the dot, so sweeping Vonmics shifts directly ponmicss
while sweeping Vp shifts the dot’s electrochemical potential ji4,¢. Single-electron additions
appear as sharp current steps that align along straight lines in the (Vp, Vonmics) plane.
Along a charge-transition line the condition pigot(Vp) = tres(Vohmics) holds, which gives
the plunger lever arm
_ dVOhmics
a=——-.
dvp

Hence, the slope of a transition line directly yields the plunger lever arms of the device
which is shown in Fig. 4.7.

(4.6)

This plunger-reservoir slope method offers several advantages over lever-arm extraction
from Coulomb diamonds. First, it is a true zero-current measurement for the sensed dot: no
transport flows through the dot, so the applied reservoir bias drops fully across the ohmic
2DEG (no ambiguity from series resistances or bias division in the DC lines). Second, it
avoids the subjective step of defining Coulomb blockade by a current threshold, which
can distort the apparent diamond shape and is strongly affected by electron temperature
and lifetime broadening. In this method, the lever arm follows directly from the geometric
slope of charge-addition lines, independent of thresholds. Third, the measurement can be
performed at small source-drain biases and over narrow gate ranges, reducing dissipation
and heating and mitigating bias-induced changes to tunnel barriers or dot size.
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4.4 Electron Temperature Determination

The newly commissioned cryostat Sionludi L (“Idefix”) and the sample holder (see Secs. 3.1
to 3.3) were characterised via the electron temperature at the qubit chip. The effective
electron temperature is governed primarily by the thermalisation of the wiring and filters
to the cryostat’s cold stages.

Charge sensing of the transition width of a neighbouring quantum dot provides an estimate
of the electron temperature of the coupled reservoir. The measurement principle is sketched
in Fig. 4.8a: thermal broadening of the reservoir Fermi edge opens an energy window
within which electrons tunnel into or out of the dot. Sweeping the dot level through this
window changes the average dot occupancy according to the Fermi-Dirac distribution. An
adjacent SET, biased on a conductance flank, reads out this average occupancy capacitively,
without driving current through the dot itself. The sensor signal is essentially independent
of the dot-reservoir tunnelling rate I, so the measurement remains operational even when
I' is made very small.

Experimentally, the SET is biased on a conductance flank and the tunnelling current is
recorded while sweeping the dot plunger voltage over a narrow window across the 0 1
charge transition. The step in SET current follows the Fermi-Dirac function and is fitted

as [139, 153]
Ia

exp(%) +1

where I and Ic depend on the SET working point, V; is the centre of the transition, « is the
plunger lever arm to energy (extracted in Sec. 4.3), and T, is the electron temperature.

Isgr(V) = +1Ic, (4.7)

To ensure that the extracted width reflects thermal broadening (not lifetime broadening),
the dot-reservoir coupling is tuned such that

hl' < kgT..

At the same time, it is convenient to choose I' faster than the data-acquisition bandwidth so
that time-averaged occupancies are measured rather than resolving individual tunnelling
events. For typical temperatures around T. ~ 100 mK, tunnelling rates I' ~ 1 MHz
comfortably satisfy hI" < kg1 and provide smooth, well-averaged steps.

Applying this procedure with ~ 2 s averaging per point yields an electron temperature
T. = (126 +3) mK (Fig. 4.8b). This value is comparable to that obtained on a separate setup
(“Obelix”), T, = (118 + 9) mK [154].

Although the sensed dot carries no transport current, the biased charge sensor can still
emit phonons or photons and induce back-action heating [153, 155, 156]. This is evident
in Fig. 4.8c, where increasing the SET current from 43 pA to 775 pA approximately doubles
the extracted T.. The most likely origin is local dissipation in the sensor and its reservoirs
(plus shot-noise back-action), rather than series-line heating. In practice, the SET bias is
therefore kept as low as possible consistent with adequate signal-to-noise. The achievable
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Figure 4.8: Electron temperature measurement (device B). a Schematic of a dot that is occupied by a single
electron (black dot). The dot is tunnel-coupled to an electron reservoir with a Fermi-Dirac-broadened
occupation. Sweeping the plunger changes the average dot occupancy, which is sensed by a nearby SET.
b SET current across the 0 < 1 transition versus Vp; (offset by 0.652 V). Each point is an average over ~2 s.
A room-temperature voltage divider is used for Vp; (Sec. 3.7). A fit to Eq. (4.7) gives T, = (126 + 3) mK with
an SET current of 43 pA. ¢ Dependence of extracted T, on SET current, fitted using Eq. (4.7). Higher sensor
current increases T, due to sensor-induced heating.

sensor current is ultimately limited by the IV-converter trade-off: higher transimpedance
gain lowers the measurement bandwidth and vice versa.

4.5 Spin-Selective Readout

After characterising the electron charge transition, the next step involves introducing the
electron spin. Consequently, a readout protocol for selective spin tunnelling is implemented
by spin-to-charge conversion through energy-selective tunnelling. In a static magnetic field
Bext, the lowest orbital splits into spin states separated by the Zeeman energy Ez = gupBext.
The plunger gate is tuned such that the reservoir electrochemical potential yip.s lies between
the spin-resolved dot addition potentials,

H < HRes < Hps

while the charging energy E¢ forbids double occupancy. Under these conditions a spin-up
electron can tunnel out to the reservoir, whereas a spin-down electron remains confined.
A nearby SET converts the resulting change in dot charge into a measurable current signal.
This readout scheme is illustrated in Fig. 4.9 and is commonly referred to as Elzerman
readout [157].

High-fidelity operation relies on a clear energetic hierarchy. Thermal and lifetime broad-
ening must be small compared with the Zeeman splitting,

ksT < E; and hI < Eg,

to suppress thermally activated and lifetime-broadened errors [98, 157]. In addition, the
spin-up electron should leave the dot before relaxing to the spin-down state on a timescale
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Figure 4.9: Spin-to-charge conversion (energy-selective tunnelling) for single-shot spin readout. A single-
electron quantum dot is tunnel-coupled to an electron reservoir. A static magnetic field Zeeman-splits
both spin states by Ez. The plunger gate sets the dot electrochemical potentials y) and p7 such that the
potential of the reservoir sits in between (y) < pres < 1), while the charging energy Ec forbids double
occupancy. In this configuration a spin-up electron can leave the dot whereas a spin-down electron remains
confined. A nearby SET charge sensor converts this transient charge motion into a measurable current
change. a Spin-down initial state: the ground state (filled black) lies below the reservoir Fermi level Ep. With
kgT, hI' < Ez, neither thermal activation nor lifetime broadening drives tunnelling on the measurement
timescale, so no charge rearrangement occurs and the SET current remains steady. b Spin-up initial state:

the electron tunnels out to the reservoir at rate I‘OTut (1). The dot then refills from the reservoir into the

spin-down ground state at rate l"lfl (2). This out-in sequence produces a transient change of the dot charge
that is detected by the SET. The readout is intrinsically destructive of the initial spin state. ¢ Representative
time traces of the SET current with no blip (spin-down, black) and a single blip (coloured) indicating the
out-in tunnelling sequence for spin-up.

Ti,i.e. T > 1/T;. Also, the subsequent refilling into the spin-down ground state should
occur on a timescale that is resolvable by the bandwidth of the readout electronics. For the
single-qubit experiments discussed in this work, the external magnetic field Beyt = 0.66 T.
The readout conditions therefore read

I' <« 185GHz and T, <« 890 mK

which is satisfied by the experimental parameters I' < 1 kHz and T. < 300 mK (for sensor
currents < 1 nA; see Sec. 4.4). In practice, the plunger P1 sets the alignment (y, y1)
relative to Ef, while a single barrier gate B1 tunes I'.

Blip evaluation

A projective measurement of the qubit state yields one of the basis states, but a qubit
can be prepared in a superposition a |T) + b ||). The spin-up probability |a|? is therefore
obtained statistically from repeated single-shot measurements.

Figure 4.10a,b show time traces of the SET current recorded at the spin-to-charge con-
version working point ( Fig. 4.9). To generate a substantial spin-up population, a 7-pulse
is applied prior to readout (Sec. 4.8). With the chosen tunnel coupling between dot and
reservoir, blips associated with genuine spin-up events occur at the beginning of the
readout window (typically ¢ < 10 ms), as the initially prepared spin-up electron promptly
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tunnels out and the dot refills with spin-down. Blips appearing later in the window are
consistent with thermally activated events in which a spin-down electron is thermally
promoted to escape to the reservoir. Such events (false positives) are distributed uniformly
in time, whereas genuine spin-up events cluster near the start of the readout.

Automated post-processing thresholds the SET current at a discrimination level Iy, to
classify outcomes (Fig. 4.10a). Each time series is binarised sample-by-sample into 0 (< Iy,)
and 1 (> Ly). A single-shot measurement is counted as “spin up” if any sample crosses
threshold within the readout window. The binarised raster in Fig. 4.10c visualises this
classification. Averaging the binary outcomes over all shots yields the measured spin-up
fraction. In the dataset shown, 191 out of 200 traces contain at least one threshold crossing,
corresponding to a spin-up fraction of 95.5%.

The characterisation in this chapter establishes the essential operating toolbox: a quanti-
tative voltage-to-energy conversion via lever arms, a resolved electron temperature and
charge-noise floor, and a high-fidelity spin-selective readout channel with tunable tunnel
rates. With the device tuned to stable single-electron occupancy and the readout working
point defined, the stage is set for time-domain control of the spin qubit.

4.6 Spin Relaxation Time

The longitudinal spin-relaxation time 77 quantifies the return of an excited spin to the
thermal ground state. In gate-defined silicon dots the dominant relaxation channels are
phonon-assisted processes enabled by spin-orbit and spin-valley mixing [41, 70, 98]. At
fixed temperature the rate typically increases with magnetic field [158]. Experimentally, T;
is extracted by preparing a non-equilibrium spin population, letting it evolve for a variable
wait time, and reading out the spin state in single shot.

The non-equilibrium spin population is achieved by the Elzerman pulse sequence [157], a
three-stage sequence shown in Fig. 4.11. First, during the empty stage both spin levels are
pulsed above the reservoir Fermi energy Er so the dot is emptied. Next, during the load
stage the plunger is pulsed well below Ef, allowing an electron to enter with either spin
resulting in a spin-up fraction of ~ 50%. The dot is then held for a controlled interval it
during which an initially loaded spin-up electron (|T)) may relax to ||). Finally, during
the readout stage the dot is placed in the energy-selective configuration | < pres < pp. If
the dot contains |T) at the start of the read window, the electron tunnels out and the dot
refills in ||), producing a characteristic SET current jump which is called "blip". If the dot
is already in |]), no tunnelling occurs.

An arbitrary waveform generator (AWG) applies the Elzerman pulse sequence to the
plunger gate. The corresponding waveform is shown in Fig. 4.12. Because the plunger is
delivered through a bias-T, the empty and load pulses are DC-compensated to maintain a
zero time-average (Sec. 3.6), and a short discharge pulse resets the bias-T between averages.
In the right panel the read voltage level is scanned while keeping the rest of the sequence
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Figure 4.10: Single-shot Elzerman spin readout and threshold-based classification (device A). Traces are
sampled at 10 kHz within a fixed readout window. a Representative SET-current traces with a discrimination
threshold Iy, (dotted). A spin-down outcome produces no rise above threshold over the window (orange),
whereas a spin-up outcome yields a transient tunnelling “blip” above Iy, (blue) as the electron tunnels out
and the dot refills in the ground state. b Raster plot of 200 single-shot acquisitions, recorded after z-pulse
initialisation (Sec. 4.8). Bright streaks correspond to blips associated with spin-up events, dark traces indicate
spin-down. c¢ Binarised outcome map obtained by applying the threshold from a to each time trace in
b: a value of 1 (yellow) marks any sample crossing Iy, within the readout window and is counted as a
spin-up detection, while a completely 0 (dark) trace corresponds to spin-down. This representation is used
to compute state probabilities which is in this case 95.5%.

fixed. The resulting horizontal “spin-tail” identifies the voltage range where the energy-
selective condition y1| < pges < py is satisfied. Biasing near the left edge of it maximises
the |T) blip rate, whereas biasing near the right edge suppresses thermally activated false
positives. In practice, the read level is swept and the setting that optimises visibility
(maximising the |T) blip count while minimising thermal background) is selected.
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Figure 4.11: Schematic of the three-stage Elzerman pulse sequence [157] used for spin-relaxation measure-
ments. a Alignment of the Zeeman-split dot potentials (y, y1) in the single electron regime relative to the
reservoir Fermi energy Er. b Corresponding plunger P1 waveform and a exemplary SET-current response (c).
Empty stage: Both dot levels are pulsed above Ep, fully depleting the dot. Load stage: A fast voltage pulse
brings the dot levels well below Ep, allowing an electron to enter the dot (green arrow). Either spin may
load at random: case A loads |T) (top row), case B loads ||) (bottom row). The levels are then held for a
wait time fy,; to probe relaxation of |T) — ||). Readout stage: The dot is positioned in the energy-selective
configuration p| < pipes < pip. If the dot contains [T) (case A), the electron tunnels out (magenta arrow) and
the dot quickly refills with |]) (orange arrow), producing a transient blip in the SET current within the
readout window f,,q4. If the dot contains ||) (case B), no tunnelling occurs and no blip is observed. The lower
traces illustrate the applied plunger P1 voltage sequence with ty,i; and #eog marked. The corresponding SET-
current response shows a loading step (green) followed, in case A only, by a readout blip (magenta/orange).
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Figure 4.12: Implementation and calibration of the Elzerman pulse sequence (device A). Left Applied
waveform to the plunger gate P1. The baseline (0 mV) corresponds to a loaded position with both spin
levels well below the reservoir Fermi level Er. Each cycle begins with an empty pulse (2 ms) followed by
a load pulse (2 ms). Both are bias-T-compensated to keep the long-term charge average at zero (Sec. 3.6).
After a wait period ty,it at the load level, the voltage is stepped to a read level where the SET current is
digitised (blue shaded window). A discharge pulse at the end resets the bias-T prior to the next averaged
cycle. Right Measured SET current for the full pulse sequence of a while sweeping the read level (horizontal
axis). Shown for ty,it = 2 ms and Beyy = 1 T. Each trace is averaged 50 times. A 2 ms empty phase (high
current) is followed by a 2 ms load/wait phase (low current). The subsequent horizontal “spin-tail” indicates
the range of read voltages ([—3.75 mV, —3.25 mV]) satisfying the energy-selective condition y < prres < pi1.
The "spin-tail" decays over ~ 5ms. The optimum read level is chosen near the right edge of the tail, where
spin-up events yield clear blips while thermal false positives are minimised.

For each value of ty,i a large number of single-shot traces is acquired and classified
using a fixed current threshold (Sec. 4.5). The measured spin-up fraction P; is defined
as the fraction of traces containing at least one above-threshold excursion within the
read window. In the regime relevant here (kgT < Ez) the equilibrium spin-up population
during readout is negligible. The decay of the non-equilibrium |T) population is then well
described by a single exponential [98, 157],

t .
Py (twait) = P? exp(— VEH) +c, (4.8)

where P? denotes the spin-up loading probability (set by the details of the load step).
Thermal events which offset Py are captured in c.

Figure 4.13 plots the measured spin-up fraction versus ty,it. A fit to Eq. (4.8) yields a
relaxation time
T, =(117+9)ms at Bex =0.66T.

The extracted T; confirms that relaxation is slow compared with the single-shot readout
time, validating the readout hierarchy I' > 1/T; assumed throughout this chapter.
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Figure 4.13: Spin relaxation time measured with the Elzerman sequence (device A). The spin-up fraction
is plotted versus the waiting time in the load stage. Each data point represents the fraction of single-shot
traces that contain a readout blip (500 shots averaged per point). The solid line is a fit to a exponential decay
(Eq. (4.8)). The extracted relaxation time is Ty = (117 + 9) ms at Bey; = 0.66 T.

4.7 Rapid Adiabatic Passage

Locating the qubit Larmor frequency wy is the first step toward coherent control, yet it is
non-trivial in the present setup. The static field is generated by a home-built 3D vector
magnet whose spatial inhomogeneity and small position shifts between cooldowns cause
run-to-run variations of w,. To search efficiently over a broad frequency window while
maintaining sensitivity to a narrow resonance (typical linewidth < 0.5 MHz), rapid adia-
batic passage (RAP) is employed to scan the spectrum in coarse segments of ~ 20 MHz.

RAP provides a robust spin inversion by sweeping the microwave frequency through
resonance slowly enough that the state adiabatically follows the instantaneous eigenstate,
yet fast enough to outrun relaxation (7; ~ 117 ms for the data in this chapter). In the
rotating-wave approximation (RWA) introduced in Sec. 2.1.4, the driven spin is described
by the time-dependent two-level Hamiltonian

h (Aw(t) o

Hpwa (1) =~ Qr  —Aw(t)

; ), Aw(t) = wy — omw(t), (4.9)

where Qg is the on-resonance Rabi frequency set by the transverse drive, and Aw(t) is
the (chirped) detuning. In the rotating frame, the state precesses about an effective field
whose polar angle 6 between the quantisation axis of the qubit and the microwave field
evolves as [159]

0(t) = arctan( ) . (4.10)

Qr
Aw(t)

A linear chirp from large negative to large positive detuning rotates 6 by x, and, provided
the evolution is adiabatic, the spin follows this axis yielding deterministic inversion. A
convenient adiabaticity criterion near resonance is [160]

|2 (Aw)| < Q% (4.11)
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Figure 4.14: Working principle of rapid adiabatic passage (RAP). Left Energy diagram of both spin-down
(blue) and spin-up (red) state versus drive frequency. As the microwave is linearly chirped through f;, the
system traverses an avoided crossing of size iQg. For |%(Aw)| < Qﬁ (Eq. (4.11)) the state adiabatically
follows the upper (or lower) branch, producing inversion. Right Simulated spin trajectory on the Bloch
sphere in the rotating frame during a RAP sweep, showing inversion from |g) to |e) and the small nutation
about the time-varying effective field [169]. Taken from [160].

which sets an upper bound on the chirp rate. Under these conditions the dynamics are
well captured by Landau-Zener theory [88]: starting in || ), the spin-up probability after a

single passage is
2 2
=1—exp —a—fR (4.12)
15 (A

2
nQR

2|5 (A0)]

PTzl—exp(—

with fr = Qr/27 and Af = Aw/2x. Hence, larger Qg or a slower sweep exponentially
suppress non-adiabatic transitions. RAP was developed in nuclear magnetic resonance
(NMR) experiments [113, 161, 162] and has since been adapted to spin qubit control [163—
168].

To start RAP with the on-chip ESR line, the first step is to find safe microwave power
levels. A continuous-wave (CW) tone at fixed frequency is applied while monitoring
the SET. The onset of thermal broadening of the Coulomb peaks serves as a marker for
excessive dissipation. At 18.5 GHz, noticeable broadening appears for source powers
>3 dBm (Fig. 4.15).

In the triggered RAP sequence, however, the RF duty cycle is typically ~ 1072 (e.g., a
~200 ps chirp within a 20 ms cycle), reducing the time-averaged power at the device by
~20 dB relative to CW. This permits the use of higher burst powers with source settings
around 20 dBm, without appreciable steady-state heating, while providing a sufficiently
large on-chip microwave field to satisfy the adiabatic condition in Eq. (4.11).
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Figure 4.15: Microwave-power induced heating of the on-chip ESR line at 18.5 GHz (device A). Shown is the
SET current over topgate (ST) voltage and microwave power. A continuous tone broadens the SET Coulomb
peaks once the applied power exceeds ~3 dBm. Microwave tone supplied by a Rohde&Schwarz SMW200A
signal generator.

The RAP waveform comprises (i) a frequency chirp generated by an AWG (baseband
span <100 MHz) and up-converted with single-sideband IQ mixing to ~18.5 GHz (Sec. 3.5),
and (ii) synchronised gate pulses on plunger P1 to set the loaded and readout level. To
limit spurious events, the microwave burst is terminated ~1 ms before the charge-readout
window to allow the device to re-thermalise. The microwave source supports hardware
gating (RF blanking), whereby an external trigger enables or disables the RF output on
demand. This suppresses the continuous background power that would otherwise leak
continuously through the IQ mixer (Sec. 3.5), thereby mitigating unwanted device heating
and thus background events during readout periods.

Figure 4.16a shows the timing of the microwave tone in respect to the plunger pulse
sequence. For coarse frequency spectroscopy (Fig. 4.16b), the static field is swept while the
microwave carrier is fixed. This avoids the frequency-dependent transmission variations
of the microwave line over a very wide span. A typical coarse scan uses a 210 ps chirp
across a 15 MHz window at 18.5 GHz with 20 dBm source power, averaging 100 shots per
point. During coarse frequency spectroscopy, the readout level on P1 is set to yield a
controlled ~20% thermal background, providing headroom for slow working-point drift.
For final optimisation the readout level is retuned to minimise false positives and the
sweep range and power are refined to maximise visibility (~80%, Fig. 4.16c). Once the
resonance is narrowed down to ~10 MHz, a discrete frequency ESR search (next section)
is used to determine w, precisely.

RAP thus serves two roles in this work: (i) a robust, power- and detuning-tolerant spin-
inversion technique for initialisation and control, and (ii) an efficient, high-dynamic-range
spectroscopic tool to localise the Larmor frequency across broad search windows despite
magnetic field changes by cooldown-to-cooldown variations.
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Figure 4.16: Experimental implementation of RAP (device A). a Pulse sequence used for spin manipulation.
The baseline (0 mV) corresponds to a loaded state with p, it < pipes. The microwave chirp (brown) is
exaggerated in length and frequency for visibility and is always ended ~1 ms before the charge-readout
window (blue). A hardware RF-gate trigger (green) suppresses mixer leakage during readout, greatly reducing
background events. b Coarse resonance search via magnetic-field sweep at fixed carrier frequency: chirp
length 210 ps, span 15 MHz centred at 18.5 GHz, source power 20 dBm, 100 averages per point. ¢ RAP with
the same chirp length but reduced span (10 MHz) and optimised read voltage of P1 at 18.5 GHz and 22 dBm.

4.8 Rabi Oscillations

Tuning the microwave drive to the qubit’s Larmor frequency (wmw = o) drives coherent
Rabi oscillations between the spin eigenstates (Sec. 2.1.4). In practice, the oscillations decay
due to fluctuations of the effective magnetic field experienced by the qubit. Two prominent
noise sources are: (i) current noise in the superconducting magnet and electromagnetic
pickup on the wiring, which translate into fluctuations of the static field By and (ii)
stochastic nuclear-spin flips of residual 2°Si nuclei, which generate a fluctuating Overhauser
field that adds to By [33]. Both mechanisms produce a time-dependent detuning Aw(t) =
wo(t) — wmw. The resulting detuning jitter dephases the qubit state, reducing its phase
coherence. Complete dephasing leads to an ensemble-averaged spin-up probability of
Py = 1/2.

The characteristic timescale for the decay of phase coherence is denoted T5. Since the pure
basis states |0) and |1) do not dephase, coherence loss occurs only when the qubit occupies
a superposition, e.g. /) = %(lo) + €'? 1)) on the equator of the Bloch sphere. Under
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resonant driving the state cycles between eigenstates and superpositions, so the decay
of Rabi oscillations is described by a drive-specific coherence time TX, which generally
differs from the free-induction time T, obtained from a Ramsey experiment.

Under a coherent drive with on-resonance Rabi frequency Qr and detuning Aw, the
excited-state probability in the rotating-wave approximation after spin-down initialisation

is
Q2 Q t
P(t) = _2R sinz(—eff t) exp(— ), Qefr = AJAw? + Q%{, (4.13)
Q 2 T) Rabi

eff

where Q¢ is the magnitude of the effective rotation vector in the rotating frame [170,
171]. The exponential envelope captures dephasing from noise frequencies near the drive
frequency [170, 172]. Introducing a detuning (Aw # 0) tilts the rotation axis and increases
the precession rate to Q.g, while reducing the maximum swing of the population. The
corresponding increase of the energy splitting 7 Q.4 between both spin states under
detuned driving is also visible in the left panel of Fig. 4.14.

Single-Tone Spectroscopy and Resonance Identification

At fixed magnetic field (By = 0.66 T), the drive frequency is swept while applying a long
microwave burst (longer than T, 1), so that the detected spin-up fraction approaches a
steady ~50% on resonance. To avoid heating during readout, the output of the microwave is
switched off 1 ms before readout according to the waveform shown in Fig. 4.16a. Figure 4.17
shows a representative sweep near ~18.485 GHz. If the RF source is not hardware-gated, a
second, spurious peak is observable. This peak is caused by continuous leakage of the local
oscillator (LO) through the IQ mixer and excites the qubit during the readout window. The
two peaks are offset by the intermediate frequency (IF, here 100 MHz). The difference in
origin of the two peaks is evident in the associated single-shot readout traces: LO leakage
produces recurring blips throughout readout, whereas a pulsed drive yields blips only at
the beginning of the readout window.

Continuous LO leakage was used to track the resonance over long times, as in Fig. 4.18.
Frequency wander within a ~0.5 MHz window over 12.5 h is observed, including occasional
abrupt jumps and slower drifts. In this setup, stable operation therefore requires periodic re-
tuning of the drive frequency (approximately hourly). The drift can be reduced by improved
magnetic shielding by p-metal wrapped around the cryostat to suppress environmental
field fluctuations [173, 174].

A rough estimate of T, can be obtained from the ESR linewidth in the low-power limit,
where power broadening is negligible. Reducing the drive power narrows the peak until the
width is set by inhomogeneous dephasing. In the data of Fig. 4.19, the 20 dBm trace shows
clear power broadening, while the 2 dBm trace does not narrow further but loses contrast.
The peak that does not exhibit power broadening can be used for precise frequency
determination and for estimating T;". The fit of the peak to a Gaussian line shape yields a
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Figure 4.17: Single-tone spectroscopy using a 100 MHz AWG tone mixed with an 18.483 GHz LO tone
(device A). The pulse duration is 419 ps. The source’s gated mode was disabled, so continuous LO leakage
reached the device. a Spin-up fraction versus mixed frequency. Two peaks appear: the left peak (“Leakage”)
arises from continuous LO leakage that excites the qubit during readout; the right peak (“Pulsed”) corresponds
to the intended, pulsed drive. b Raw data of the readout: Continuous excitation by LO leakage drives the
spin throughout the readout window, yielding a near-100% spin-up fraction. ¢ With pulsed excitation, blips
appear only at the start of spin-selective readout.
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Figure 4.18: Resonance tracking using the mixer’s CW leakage (device A). Shown is the spin-up fraction over
frequency (offset from 18.5 GHz) over the time of 12.5h. The resonance shifts within this time ~0.5 MHz.
Each pixel averages 200 shots.
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Figure 4.19: Gauss fit (black line) of the qubit resonance (device A). The microwave tone is applied for a pulse
duration of 15 ps at frequencies offset by 18.485 GHz. Each trace was recorded over 10 min with 100 averages
per point. Left FWHM = (263 + 7) kHz at 20 dBm (power broadened). Right FWHM = (172 + 5) kHz at
2 dBm (near low-power limit).

full width half maximum (FWHM) of (172 + 7) kHz. The free-induction time relates to the
linewidth as [98, 175]
2VIn2

7 FWHM

and yields T, = (3.1 + 0.1) ps, consistent with Ramsey measurements (Sec. 4.9) for this
device.

Rabi Oscillations

Stepping the pulse duration of a resonant microwave drive produces coherent Rabi os-
cillations [98, 176] which are shown in Fig. 4.20. The oscillation frequency is set by the
transverse microwave magnetic field amplitude generated by the on-chip antenna. Writing
the field as B; (t) = By cos(wmw t + ¢), and noting that a linearly polarised field contributes
only its co-rotating component to the Rabi oscillations, the Rabi frequency reads

_ 9k B

Q
R="on

(4.14)

Using the measured Rabi frequency of fg = Qr/27 ~ 421 kHz (with g ~ 2) implies that
the ESR antenna produces a field amplitude of B; ~ 30 pT.

Under resonant driving, the state vector precesses about an axis in the equatorial plane
of the Bloch sphere, enabling full population transfer |0) <> |1). Introducing a detuning
Aw # 0 tilts the rotation axis toward z, increases the precession rate to Qe = /Aw? + Qﬁ,

and reduces the oscillation amplitude to Qﬁ / ngf (Eq. (4.13)). The effect is sketched in
Fig. 4.21a and observed experimentally as the characteristic chevron pattern in Fig. 4.21b,c.
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Figure 4.20: Coherent qubit control showing Rabi oscillations (device A). Left Bloch-sphere illustration of
resonant Rabi driving. By stepping the microwave pulse duration, the state vector is rotated around the drive
axis (y-axis) to reach specific target states (black arrows). Right Measured Rabi oscillations at a microwave
frequency of 18.486 GHz and a source power of 25 dBm, with 100 single shots averaged per point and the
microwave source operated in gated mode. A fit (black) of the data to Eq. (4.13) yields a Rabi frequency
fr = (421.6 + 0.3) kHz and a Rabi dephasing time T,gap; = (84 + 13) ps.

Slow drifts and occasional jumps of the resonance frequency are visible because the maps
were recorded over many hours (16.0 h and 22.5 h, respectively).

Fitting the Rabi oscillations provides precise 7z- and 7 /2-pulse durations, enabling prepara-
tion of arbitrary spin superposition states via time-calibrated rotations on the Bloch sphere
which are the basic building blocks for subsequent quantum-control experiments.

4,9 Ramsey Experiment

The Ramsey pulse sequence [177] is the standard tool to quantify dephasing from low-
frequency noise. A /2 pulse, calibrated from Rabi measurements, prepares a superposition
) = %(|0) + ¢'%|1)) on the equator of the Bloch sphere. After a free-evolution interval

7, the qubit state is projected onto the measurement basis (the z axis) by the second /2
pulse (Fig. 4.22b). During the free-evolution interval on the equator, slow fluctuations of
the qubit’s Larmor frequency, caused by magnetic noise, lead to shot-to-shot variations of
the accumulated phase (Fig. 4.22a). Ensemble averaging then causes the transverse compo-
nent to decay, driving the measured spin-up probability toward 1/2. The corresponding
inhomogeneous dephasing time T of this decay sets an upper bound on how long phase
coherence can be maintained without error mitigation techniques.

During the free evolution interval 7 of the Ramsey pulse sequence, noise frequencies
much faster than 1/7 are averaged out and so don’t contribute to the decay time T, [172].
The pulse sequence is therefore dominated by quasi-static noise frequencies smaller than
1/t

73



4 The SiMOS Spin Qubit: Definition and Characterisation

T

Frequency (MHz)

0 2000 4000 6000 8000
Time (us)

C

0.8
ﬁ C
T S
3 0.6 5

@©

: oo LNV E
< - , 3 0.4 2
5 . ¥ T T e R 3
O =
£ 02 &

0.0

5 10 15 20 25
Time (us)

Figure 4.21: Rabi oscillations as a function of drive detuning (device A). a Bloch-sphere representation.
For a resonant drive (blue), the rotation axis is in y direction and the state undergoes full-amplitude Rabi
oscillations at Qgr. With finite detuning Aw # 0 (increasing from orange to green to red), the rotation axis
tilts toward z, the oscillation frequency increases to Qg given in Eq. (4.13), and the oscillation amplitude is
reduced by Q2 / ngf. b,c Chevron maps of spin-up probability (shared colorbar) versus pulse duration and
microwave frequency for two centre frequencies (offsets 18.485 GHz in b and 18.486 GHz in ¢) at ~25 dBm.
The characteristic chevron pattern shows increasing oscillation frequency and decreasing contrast with
increasing detuning. In c, the oscillations decay visibly toward a steady ~50% spin-up level as coherence is
lost during driving. Recorded over a time span of 16.0 h (b) and 22.5h (c).

For robust fitting, we intentionally apply a small detuning Aw to the drive frequency wmw
so that the Ramsey signal oscillates at Aw/2x while its envelope decays. The data are well
described by a Gaussian envelope [39, 178] which is indicative of quasi-static noise. The
spin-up probability for spin-down initialisation is given by [98]

2
3
Pi(t) = Acos(Awt + ¢) exp —(F) +c, (4.15)
2
where A is the amplitude, ¢ the phase offset set by pulse timing, and ¢ a constant back-
ground of thermally excited blip events.

Figure 4.22c shows Ramsey oscillations at Af = 739 kHz, yielding T,) = (3.1 £ 0.1) ps. A
frequency-time map (Fig. 4.22d) displays the characteristic Ramsey fringes. The dephasing
times and qubit parameters are discussed at the end of this chapter in Sec. 4.11.
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Figure 4.22: Ramsey pulse-sequence measurement (device A). a Bloch-sphere schematic: Shown is the qubit
state of the ensemble (black arrow) after an initial 7z/2-pulse that brings the qubit state to the equator. Each
single shot (indicated by coloured arrows) accumulates phase during the free-evolution time 7. Positive
phase accumulation is shown in deeper red while more negative phase accumulation is shown in deeper
blue. This fan out of individual states leads to a decay of the average transverse Bloch vector amplitude of
the ensemble. b Ramsey pulse sequence: two in-phase 7 /2-pulses separated by 7. The second pulse maps
the dephased superposition back onto the measurement axis. ¢ Measured spin-up probability versus 7 at a
fixed detuning. A fit to Eq. (4.15) yields T, = (3.1 £ 0.1) ps at Af = 739 kHz (qubit frequency ~18.48 GHz).
Each point averages 100 single shots, total acquisition time ~21 min. d Ramsey fringes: spin-up probability
versus detuning of the Ramsey sequence and 7 (frequency axis offset by 18.48 GHz). The oscillatory pattern
with a decaying envelope is characteristic of Ramsey interferometry. Measured with a microwave power of
25 dBm.

4.10 Hahn-Echo

Reliable quantum control requires mitigation of dephasing to extend the number of coher-
ent operations. A standard technique to suppress slow environmental field fluctuations
is the Hahn-echo pulse sequence [17, 98, 179]. Conceptually, a refocusing  pulse re-
verses the phase accumulated during the first free-evolution period: if the superposition
lY) = %(lo) + e'9|1)) acquires a phase shift +A¢ over 7/2, the 7 pulse maps subsequent
evolution to an additional phase shift —A¢, so that quasi-static (slow) detuning noise
cancels at time 7. A Hahn-echo therefore filters noise with frequencies < 1/, while very
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Figure 4.23: Hahn-echo coherence measurement (device A). a Bloch-sphere sketch after an initial 7z/2 pulse
around the y axis. The state is brought on the equator and, during the first free-evolution interval 7/2,
individual Bloch vectors (colored arrows) fan out due to quasi-static detuning noise, reducing the average
transverse Bloch vector amplitude (black arrow). b After a & pulse around the y axis at t = 7/2 the phase
accumulation of all trajectories is reversed. For quasi-static detuning, the accumulated phase in the second
7/2 cancels that of the first, so the ensemble refocuses and coherence is recovered at total time 7. ¢ Hahn-echo
pulse sequence consisting of a 7/2 pulse, an idle evolution time 7/2, a refocusing 7 pulse, followed by
another 7/2 idle period and a final in-phase 7/2 pulse that maps the recovered transverse qubit vector onto
the measurement axis. d Measured spin-up fraction versus total evolution time 7 at a drive frequency of
18.50 GHz and source power ~19 dBm. Each point averages 250 single shots. The solid line is a fit to the
stretched-exponential model in Eq. (4.16). Fitted parameters are indicated in the panel.

fast noise averages out within each interval. The remaining decoherence is dominated by
noise around 1/r.

The complete sequence starting with an initial /2 to bring the state to the equator,
refocusing 7 at 7/2, and a final /2 to project onto the measurement axis is shown in
Fig. 4.23c. In the experiment, the spin-up fraction is recorded as a function of the total
free-evolution time 7 (Fig. 4.23d), and the decay is fit with a phenomenological stretched
exponential [61, 178]:

p

Pp(t) = Aexp|— +c, (4.16)

HE
TZ
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where A is the contrast, f is the stretching exponent that reflects the underlying noise
spectrum, and c¢ accounts for a small offset from background events. The fit yields
T7® = (92 +10) ps and B = 2.0 + 0.6. The echo therefore extends coherence by a fac-
tor of ~ 30 relative to the Ramsey value T, = (3.1 £ 0.1) ps.

4,11 Discussion of Qubit Characterisation Results

This section summarises the single-qubit characterisation and compares the measured
parameters with state-of-the-art SIMOS devices controlled by ESR. Plausible noise sources
limiting the observed coherence are identified, and targeted experiments are outlined to
disentangle their respective contributions.

The spin-lattice relaxation time is T; = (117 = 9) ms. Although second-scale T; values were
observed on other samples during this work, the value for device A is much larger than the
timescales relevant here: with a readout duration of 5 ms, decay during readout is small
(< 4%). Moreover, T; does not limit the homogeneous dephasing time (T, < 2T; [172]) as
the reported T; is three orders of magnitude smaller than this upper bound.

A Rabi frequency fr = (421.6 + 0.3) kHz is determined which is limited by the available
microwave generator power. Together with a driven-decay time TZR = (84 £ 13) ps, this
yields a Rabi quality of fr TZR ~ 35 cycles before the envelope drops to 1/e. Compared with
literature for similar ESR-SiMOS architectures (see Tab. 4.4), both fr and T2R lie toward the
lower end of reported ranges. However, increases in available drive power or adjustments
to cryostat attenuation should make higher fr accessible.

Ramsey and Hahn-echo measurements give T; = (3.1 £0.1) ps and T, = (92 % 10) ps,
respectively. In the comparison of Tab. 4.4, two published T, values are similar to the
ones reported here, while several exceed it by roughly an order of magnitude. A similar
trend holds for echo coherence. This demonstrates a stronger noise influence in the shown
measurements than in many recent reports.

The large separation between the observed T and T; (by a factor of ~ 30) indicates that
low-frequency detuning noise is the dominant influence on the qubit. This is consistent
with the filter-function picture: the Ramsey sequence is highly sensitive to low-frequency
noise set by the free-evolution time 7 (roughly f < 1/7), whereas the Hahn-echo sequence
rejects the DC component and is primarily sensitive to noise at frequencies of order
1/t [172, 180]. Moreover, an echo exponent of f = 2.0 + 0.6 (Gaussian envelope) is
consistent with dephasing limited by a steep low-frequency spectrum, often modelled as
1/f [178, 180].

Noise Sources

(i) Residual #Si nuclei (spin 1/2) produce an Overhauser field that adds vectorially to
the applied field and fluctuates on a wide range of timescales due to nuclear dipolar
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Table 4.4: Comparison of qubit parameters for device A with other publications of SIMOS devices controlled by
ESR, ordered chronologically by publication year. Uncertainties of the parameters are mostly not reported and
thus are omitted for clarity. In addition to performance metrics, the table lists the residual 2°Si concentration and
the static magnetic field B used for qubit manipulation. Blank entries indicate values not reported.

Parameter This work Ref.[101] Ref.[146] Ref.[181] Ref.[62] Ref.[100] Ref.[53] Ref.[58]
T; (s) 0.117 1 1.6 9.5
fr (MHz) 0.421 0.33 0.900 1.5 0.658
TR (us) 84 380 18.6

T} (ps) 3.1 120 33 3.3 24 2.3 8.1 40.6
T (ms) 0.092 1.2 0.401 0.012 1.9
29Si (ppm) 400 800 800 800 800 50 400
B (T) 0.66 1.4 1.4 0.45 0.61 0.23 0.82  0.05-0.50
Year 2025 2014 2018 2019 2022 2022 2024 2025

flip-flops [182, 183]. This appears as quasi-static detuning noise changing in each
single-shot measurement.

(ii) External magnetic fields from the measurement environment (e.g. from mains trans-
formers) introduce narrowband components at 50 Hz and its harmonics.

(iii) Current noise in the vector magnet power supply introduces also magnetic field
noise at 50 Hz and its harmonics. This can come from ground-loop pickup or residual

supply ripple.

(iv) Gate voltage noise modulates the vertical electric field E, at the dot position. Through
spin-orbit coupling at the Si/SiOy interface this produces a Stark shift of the elec-
tron g-tensor, so that fluctuations of E, translate into Larmor-frequency noise and
dephasing [39, 101, 146].

(v) Charge noise (trap occupancy changes) at the Si/SiOy interface acts as an effective
gate-voltage noise [146]. This also leads to dephasing by the already mentioned

Stark shift.

Given that device A is fabricated using isotopically enriched silicon with residual 2°Si
concentration of approximately 400 ppm (far below natural silicon’s 4.7% 2°Si concentra-
tion [184]), hyperfine-induced inhomogeneous broadening should be strongly suppressed.
Together with the literature values in Tab. 4.4 (including higher T, at higher #°Si con-
centration), this suggests that other noise sources are the dominant limitations here. At
present the available data do not single out a unique mechanism. In the following, targeted
experiments are outlined to discriminate between the candidate noise sources.
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Experiments to Identify the Dominant Noise Source

The influence of current noise in the vector magnet can be tested using a different coil
setup with a changed current-to-field conversion factor. Because the required DC current
for a given field then differs, the same absolute supply noise maps to a different field noise,
providing a clear diagnostic. Ideally, experiments are performed with a persistent-mode
magnet that, once energised, is independent of the current source and therefore cannot
contribute additional field noise. This effectively removes the vector magnet as a noise
source. Magnetic noise from the laboratory environment can be reduced and tested by
installing y-metal shielding around the cryostat.

The Overhauser-field contribution from residual ?°Si can be tested by characterising newer
device generations with lower residual concentrations. If a systematic change in coherence
time is observed with concentration, the nuclear bath is implicated as a source of the
low-frequency noise.

Gate noise can be varied by adjusting the filtering. The present two-stage low-pass with
a 250 Hz cutoff appears reasonable but can be made more stringent to assess its impact.
Alternatively, battery powered voltage sources can be employed to eliminate ground
loop effects. By reducing voltage noise on the gates the Stark contribution dw/dVgate is
effectively modified. If charge noise intrinsic to the chip is responsible for electrostatic
shifts, a small plunger-voltage offset, which is compensated by nearby confinement gates,
can reduce the vertical field E, at fixed electron occupancy. This weakens spin-orbit
coupling and thereby reduces the Stark shift [146] which should lower the associated
dephasing contribution.

In conclusion, this chapter provided the introduction to single qubit measurements and a
characterisation of single-qubit parameters of device A, which have also been compared
to published literature values. The same qubit is then used in the next chapter (Ch. 5) for
sensing applications.

79






5 Quantum Magnetometry with
Single-Molecule Magnets Coupled to
Spin Qubits

Building on the framework of the hybrid system developed in Ch. 2, this chapter presents
the experimental magnetometry of single-molecule magnets (SMMs) using an industrial
silicon metal-oxide-semiconductor (SiMOS) spin qubit as a nanoscale sensor. The content
is adapted from and extends the results reported in “Hybrid Quantum Systems: Coupling
Single-Molecule Magnet Qudits with Industrial Silicon Spin Qubits” [185].

The SMM in this implementation is [TbPc,]|~, as described in Sec. 2.2. Canonical be-
haviours of the electronic spin state including magnetic hysteresis, angular anisotropy and
temperature-dependent relaxation of [TbPc,]| ™ are demonstrated via shifts in the qubit’s
resonance frequency.

The present SIMOS process at imec is not yet optimised for hybrid operation (see chip
optimisations in Ch. 7), resulting in a vertical spacing of >250 nm between qubit and
magnetic material. At such distances the dipolar field from a single molecule is insufficient
for reliable detection as has been discussed before in Sec. 2.3. Therefore a dilute crystal
comprising 5% [TbPc;| ™ and 95% diamagnetic YPc; is employed, which amplifies the stray
field at the silicon qubit while preserving the intrinsic SMM character by minimising
intermolecular interactions.

The measurements rely on a protocol that enables continuous and robust tracking of
the qubit resonance: Rapid adiabatic Passage during Spin-Selective tunnelling (RPSS). In
RPSS, a single frequency-chirped microwave pulse is applied concurrently during spin-
selective readout, providing high-throughput resonance detection over a 100 MHz window
without repeated pulse recalibration. First, the readout statistics and the visibility metric
used throughout the analysis are established, and the calibration of the three-axis vector
magnet that permits controlled field-orientation sweeps at fixed magnitude is summarised.
The magnetometry results obtained with RPSS are then presented, including hysteresis
along the easy axis, angular anisotropy and thermal relaxation dynamics of the [TbPc,]|~
ensemble, followed by a brief discussion of sensitivity and constraints of the current
implementation.
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Measurement Principle

The underlying detection principle for sensing the SMM stray field with the silicon qubit
relies on field changes caused by switching events of the [TbPc; ]|~ molecules. These events
modify the total magnetic field Byt seen by the qubit. The external field B¢yt and the SMM
stray field at the qubit site Bsyiy add vectorially,

Btot = Bext + BSMM s

and set the Larmor frequency of the silicon qubit,

with Landé factor g =~ 2 and Bohr magneton pg. In the implemented configuration, the
SMM produces a frequency shift of about 34 MHz on a baseline resonance near 18.4 GHz.

The external magnetic field supplied by a 3D vector magnet is set to Bext = 0.66 T provid-
ing a sufficiently large Zeeman splitting to enable the energy-selective (Elzerman [157])
readout of both qubit spin states (Sec. 4.5). Byt is aligned along a hard axis of the molecule
(perpendicular to the easy axis) to minimise perturbation of the intrinsic switching be-
haviour.

Figure 5.1 shows the [TbPc;]| ™ crystal positioned on the SiMOS device using a wire-bonder
as a micromanipulator under ambient conditions. The crystal has an edge length of
approximately 50 pm and adheres to the chip via a thin layer of Apiezon N grease, which
also provides thermal anchoring to the cryostat cold stage. The magnetic easy axis is
readily aligned because it coincides with a crystal face. As shown in Fig. 2.6, the molecular
symmetry axis is parallel to a unit-cell vector, offering a clear crystallographic reference
for alignment.

A slight lateral displacement of the crystal along the chip surface (x-axis) is supposed to
enhance the projection of the SMM stray field onto Beyt. Denoting by 6 the angle between
Bext and Bgyv at the qubit location, the field magnitude is

Biog = \/ngt + B2, + 2Besy By cos(0)
Placing the crystal edge above the qubit so that the bulk is laterally offset targets 6 ~ 0° (or

180°), thereby maximising the influence of Bsyiy on Biot. In this case Bsyiv adds linearly
to Bext, maximising the resonance shift. This is illustrated schematically in Fig. 5.2.

5.1 Rapid Adiabatic Passage during Spin-Selective
Tunnelling (RPSS)

Detecting small shifts of the silicon-qubit resonance f; necessitates a control-and-readout
sequence that is both sensitive and robust. Rapid Adiabatic Passage (RAP; see Sec. 4.7) is
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Figure 5.1: SMM crystal placement. Optical image of a dilute crystal (dark brown) comprising 5% [TbPcz]~
and 95% diamagnetic YPc; positioned on the SiMOS device. Apiezon N grease provides thermal contact and
adhesion. The molecular easy axis is oriented out of the plane (z-direction). The spin qubit is located at the
centre of the white circle, with its quantisation axis set by an external magnetic field By applied along the
x-axis. The on-chip microwave antenna (light brown) enters from the top, providing an oscillating magnetic
field along the y-axis. DC gate lines (light green) connect from the left, right and bottom edges.
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Figure 5.2: Magnetic-field alignment and lateral displacement of the SMM. a Schematic of the alighment. A
qubit (blue) beneath the chip surface (grey) is coupled to a [TbPc;]~ single-molecule magnet positioned
above. The molecular easy axis (red arrow) is normal to the chip, and the SMM dipolar field lines are shown
in red. Only one molecule is shown for simplicity, while in the experiment a diluted ensemble is used. An
external magnetic field Bey; of fixed magnitude is rotated by an angle 6 in the x-z plane. A lateral offset of
the SMM along x is supposed to enhance the x component of the stray field at the dot position. b With
lateral displacement as in a, at 8 = 90° the SMM field Bsy is collinear with Beyt, giving B = Bext + Bsmm
and a maximised frequency shift. ¢ Without lateral displacement, at 8 = 90° the SMM field is orthogonal to

Bext, 0 B = /ngt + BgMM and the effect on the qubit resonance is much smaller.
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Figure 5.3: Simultaneous spin excitation and readout in the Elzerman configuration. A quantum dot with
Zeeman-split spin states is tunnel-coupled to a reservoir through a barrier. The reservoir Fermi level is
biased between the spin-dependent energy levels of the quantum dot, so with fixed gate voltages the dot is
naturally initialised in ||). A radio-frequency (RF) pulse drives ||) —|T) (red arrow) by RAP. The |T) state
can then tunnel to the reservoir with characteristic time ~ 1/T (blue arrow), where T is the tunnel rate.
The resulting lateral charge motion is detected by a nearby electron transistor. Subsequently, a ||) electron
reloads from the reservoir, reinitialising the qubit.

used to invert the spin and thereby locate f;: the microwave frequency is swept across
the resonance at fixed amplitude. When the sweep rate of the detuning Af satisfies the
adiabatic condition

oA

‘_atf <2 f, (5.1)

with fi the Rabi frequency, the state follows the instantaneous eigenstate and full spin
inversion is obtained [113, 162]. The corresponding inversion probability is captured by
Landau-Zener theory [88] (see Eq. (4.12)).

The appeal of RAP is that full spin inversion does not rely on precise z-pulse timing,
instead satisfying the adiabatic criterion is sufficient. In contrast, conventional electron-
spin resonance (ESR; Sec. 4.8) demands accurate pulse control. Because f; must be identified
within a ~100 MHz window, and the microwave transfer function varies with frequency
due to the signal chain, an ESR-based approach would require re-calibrating the 7-pulse
at each frequency point. This creates substantial overhead and forces fine frequency
steps smaller than the typical linewidth (>172kHz; see Fig. 4.19) to track the resonance
reliably. RAP avoids both issues and permits also much coarser frequency stepping without
re-calibration.

In standard qubit operation (Secs. 4.7 and 4.8), the dot levels are pulsed well below the
reservoir Fermi level during microwave excitation to suppress thermally assisted tunnelling
to the reservoir that may be enhanced by ohmic heating. Manipulation is then followed
by a dedicated readout window, typically 5ms to 10 ms in our setup. Resolving f; across
100 MHz with 1 MHz spacing would therefore take >0.5 s per single average.

To reduce the acquisition time substantially, RAP is performed during spin-selective read-
out. Specifically, the dot is kept at the Elzerman readout point [157] while the microwave
frequency is chirped. In this RPSS mode, a 100 MHz scan lasts only about 0.15 s, cutting
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Figure 5.4: Pulseforms for RPSS and ESR tracking. Left RPSS: a microwave chirp (orange) is applied while
the plunger (black line) is held at the readout point (blue shaded region). A small linear ramp compensates
bias-tee discharge, and an initial inverted segment removes residual charge to enable seamless repetition.
Right ESR tracking during Elzerman readout: identical plunger timing while discrete fixed-frequency tones
from the AWG are used to drive ESR. Mapping the blip time to the discrete ESR frequency yields f;.

the resonance-tracking time by more than a factor of three. The pulse sequence is detailed
in Fig. 5.4.

The RPSS scheme is illustrated in Fig. 5.3. The reservoir Fermi level is positioned between
the Zeeman-split qubit states ||) and |T). The ||) state is stable, whereas |T) tunnels to the
reservoir and produces a characteristic SET response (“blip”). During RPSS, a frequency
chirp is applied in the readout configuration of the qubit. Whenever the momentary
chirp frequency crosses f;, RAP transfers population to |T), which promptly tunnels.
Correlating the blip time with the chirp frequency yields f;. In this way, f; is extracted
from a continuous frequency sweep rather than by iteratively stepping the microwave
frequency and performing separate readouts at each point.

During RPSS operation, the device is held effectively at a fixed energy alignment between
dot and reservoir. In practice, the plunger potential was applied via a high-frequency
line (total attenuation ~33 dB, i.e. ~1/44 in voltage) to provide fine resolution. Because
the RF drive is capacitively coupled through a resistive bias-tee, the programmed pulse
(Fig. 5.4) is combined with a small compensating ramp to counteract bias-tee discharge
(Sec. 3.6). An inverted pre-segment (during ¢t < 150 ms) is used to remove residual charge
on the bias-tee and allow continuous repetition. While the plunger was pulsed in this
implementation, RPSS can in principle be executed without any plunger pulsing. The main
requirement being sufficient DC voltage resolution which can be attained by additional
voltage dividers (Sec. 3.7).

The plunger voltage P1 that places the quantum dot at the energy-selective readout
point is determined using an Elzerman pulse sequence [157] (Fig. 4.11). In calibration
measurements of the RPSS technique, the AWG applies a frequency chirp of 30 MHz during
a 150 ms readout, centred on the expected resonance fy. The chirp is upconverted with a
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Figure 5.5: Spin-resonance detection using RPSS. Left Raw data from 200 single-shot measurements, each
acquired during a 150 ms chirp of 30 MHz (right axis) offset by 18.57 GHz, corresponding to a sweep rate of
0.2 GHz s™!. The sweep proceeds from high to low frequency (due to frequency mixing) at a source power of
8 dBm. The tunnelling rate is ~ 300 Hz. Right Histogram of blip start times from the left panel, converted to
frequency via the sweep rate, showing a pronounced peak at the Larmor resonance. A bin width of 1 MHz is
used. The bin at resonance contains 97% spin-up events, whereas the average background in off-resonant
bins is 16%. The visibility is defined as the difference between these on- and off-resonant spin-up fractions.

single-sideband mixer (Sec. 3.5) using a microwave source at 18.6 GHz and 8 dBm output
power (setup attenuation in Sec. 3.4). The resulting sweep rate is 0.2 GHzs™!.

The left panel of Fig. 5.5 shows 200 consecutive single-shot traces of the SET current. High
(low) current corresponds to an unoccupied (occupied) dot. Each trace is thresholded and
binarised (see Sec. 4.5) to identify individual tunnelling events (blips) that signify spin-up
electrons escaping to the reservoir. A line of blips appears at a consistent time of ~ 68 ms
across traces, indicating a well-defined resonance at 18.569 GHz. On average, each trace
contains 5.5 blips, of which 4.7 arise from thermally excited ground-state electrons and
constitute a background signal.

To extract the resonance frequency, the start times of all blips are histogrammed (right
panel of Fig. 5.5) and mapped to frequency using the known sweep rate. A fixed bin
width of 1 MHz is chosen so the resonance is captured within a single bin. The resonance
visibility is defined as the difference between the on-resonance spin-up fraction (fraction
of traces with a blip start in the maximum bin) and the average spin-up fraction in the
neighbouring off-resonant bins. This metric is used throughout this chapter to quantify
signal contrast. The bin with the highest count is taken as the qubit resonance, which
converts to magnetic field via the electron gyromagnetic ratio y. ~ 28 GHzT™! [186],
hence 1 MHz corresponds to ~36 pT.

Robust Blip Identification

The starting times of the blips were identified with an advanced blip-detection tool, the
Python library Denoise [187], developed by Noah Glaser [188]. It offers two key advantages
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for the binarisation of SET-current traces. First, it automatically and robustly determines
the HIGH/LOW levels and the discrimination threshold, remaining stable even under slow
working-point drift and avoiding manual tuning. Second, rather than simple pointwise
thresholding, it applies total-variation binarisation with a step penalty that suppresses
noise-induced toggling. This prevents a single physical blip from being fragmented into
multiple short events, preserves sharp leading edges, and yields accurate blip start times
thereby improving the precision of the extracted resonance frequency by RPSS.

Alternative Cumulative Blip Count

An alternative to binning is to accumulate the extracted blip start times into a cumulative
count as a function of time (and, via the known sweep rate, frequency). Fitting this
cumulative distribution (Fig. 5.6) with a cumulative distribution function (CDF) [189] of a
normal distribution, augmented by a linear background, locates the point of maximum
slope, which corresponds to the qubit resonance responsible for the blip events. The fit
model for the number of accumulated blips is

f-f

Nblips = aCDF(—) +bf+ec, (5.2)
o

where f is the momentary chirp frequency, f; the Larmor frequency, o the standard
deviation, a the on-resonance amplitude, and b, ¢ parameterise a linear background due to
thermally activated blips.

For the cumulative blip count shown in Fig. 5.6, the fit yields |a| = 162, i.e. the number
of on-resonance blips. With 200 averages this corresponds to a visibility of 81%. Overall,
1107 blips occurred (given by c), corresponding to about 4.7 thermal-background blips per
single-shot measurement. While the cumulative fit returned a nominally finer frequency
uncertainty of o = 0.2 MHz, it proved less robust in automated fitting, so binned histograms
were adopted for the main analysis.

RPSS Visibility Analysis

In calibration measurements the dependence of the RPSS resonance visibility on microwave
power and sweep rate was investigated. The left panel of Fig. 5.7 shows that, for a sweep
rate of 0.2 GHz/s, the visibility increases with drive power and saturates at approximately
89 % around 3 dBm. For powers > 5dBm the background rate rises and suppresses the
net signal, which can be attributed to thermally activated tunnelling that empties the dot
before the spin is driven into resonance. In that situation the microwave drive still crosses
fo, but the quantum dot is already unoccupied so neither excitation nor a subsequent blip
occurs, leading to a dead time of the sensor.

To extract the Rabi frequency, the power dependence was fitted with a Landau-Zener
model Eq. (4.12), using fg o« 107W/20 where Py denotes the applied microwave output
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Figure 5.6: Cumulative blip count analysis. The same dataset as in the left panel of Fig. 5.5 is analysed
without 1 MHz binning: all blip start times are cumulatively summed over time and mapped to frequency
using the sweep rate. The data are fitted with Eq. (5.2) (normal CDF plus linear background) to account
for resonance-driven and thermal blips. The fit returns a resonance at f = 16.7 MHz offset from 18.57 GHz,
with o = 0.2 MHz, providing finer nominal frequency resolution than the 1 MHz-binned approach.

power in dBm. This yields fr = (17.8+0.3) kHz at 8 dBm. The fit (black line) was restricted
to Pyw < 5dBm because the increased background at higher powers reduces the apparent
visibility in a way not captured by Eq. (4.12).

Adiabaticity for the data in the left panel of Fig. 5.7 is assessed via the condition Eq. (5.1).
At the applied power level of 8 dBm it holds that 27 fZ ~ 1.98 GHz/s, so the applied
sweep rate of 0.2 GHz/s satisfies the adiabatic criterion. Consistently, evaluating Eq. (4.12)
predicts spin inversion close to unity. The histogram in the right panel of Fig. 5.5, acquired
at identical parameters, returns a visibility of 81 %, indicating full inversion in combination
with a non-optimal readout fidelity.

The right panel of Fig. 5.7 plots the visibility as a function of sweep rate at fixed drive
power of 8 dBm. The Landau-Zener model Eq. (4.12) predicts about 96 % inversion even at
1GHz/s, yet the measured visibility decreases sharply. The reason is that the binning is
fixed in frequency, not in time. The time spent in one frequency bin is

_ Afbin
|ZAf

so larger sweep rate yields a shorter At for each 1 MHz bin. With a tunnel rate I' ~ 300 Hz
the mean blip onset time is 1/I' = 3.3ms. If At < 1/I', many tunnelling events occur
outside the sampling window of a bin, fewer blips are registered inside a single bin, and the
visibility appears reduced. Slower sweeps increase At and the blip visibility, but require
longer acquisition times and larger waveform memory.

The dot-reservoir coupling also introduces a trade-off. Stronger coupling reduces the
timing jitter of the blip onset and therefore lowers the standard deviation of the f; estimate
under RPSS. At the same time it shortens the blip duration. Very short blips are attenuated
by the low-pass filtered readout and can fall below the detection threshold, which reduces
the overall blip count. In practice, a suitable operating point balances minimal scatter in f;
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Figure 5.7: Analysis of the RPSS visibility. Left Resonance visibility (black triangles, “Vis”) and back-
ground (blue squares, “Bg.”) as a function of applied microwave power at a fixed sweep rate of 0.2 GHz/s.
The power dependence (with Pyiw in dBm) is fitted for Pyw < 5 dBm (black line) using a Landau-Zener

based model, P; = A (1 - eXp(—ﬂfz (f3dBm+/10(Puw=8)/10) /0.2 GHz/s)) , yielding £295™ = (17.8 + 0.3) kHz

and A = (89 + 1) %. Right At fixed power (8 dBm) the finite tunnel rate reduces the visibility with increasing
sweep rate: a 1 MHz frequency bin spans a progressively shorter time interval, decreasing the probability of
a blip falling into the bin. In both panels the microwave frequency is centred at 18.57 GHz.

with a sufficiently high detection probability. A coupling rate of about 300 Hz provides
such a compromise.

For the magnetometry measurements on TbPc; presented in Sec. 5.3, the chirp span was
extended to 100 MHz to capture the full hysteresis loop. With the pulse length fixed at
150 ms the corresponding sweep rate is 0.67 GHz/s, which reduces the RPSS visibility to
below 50 %. The contrast remained sufficient to localise the qubit resonance.

The field sensitivity of RPSS was evaluated from full resonance spectra acquired with
50 averages taking 15 s. With a histogram bin width of 6 f = 1 MHz, the corresponding field
increment is 6B = §f/ye = 1MHz/28 GHzT™! ~ 36 uT. This yields a field sensitivity of
SBVT ~ 36 uT V155 ~ 138 pT/VHz. The frequency window used for tracking is 100 MHz,
which maps to a sensitive magnetic-field span of 3.6 mT. This resolution is sufficient to
follow the dynamic magnetic response of the [TbPc;]|~ ensemble.

Alternative to RPSS: Rabi Excitation during Spin-Selective Tunnelling

Using the protocol of simultaneous spin readout and manipulation (Fig. 5.3), both continuous-
frequency sweeps (RAP) and discrete-frequency excitations (Rabi experiments) can be
implemented and are shown here as a second way to track the qubit resonance. In the
discrete case a sequence of fixed-frequency microwave pulses is applied, each targeting
a specified detuning. Spin excitation occurs only when the applied frequency matches
the qubit resonance, and for pulse durations ¢ > T, the time-averaged spin-up fraction is
limited to a maximum of 50%. The pulse form is shown in the right panel of Fig. 5.4.
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Figure 5.8: Discrete-frequency excitation during spin-selective tunnelling. a, Left: Raw data from 300
single-shot measurements acquired with a discrete-frequency protocol. Each 200 ms readout trace comprises
of 1,000 intervals with a length of 200 ps, each consisting of a pulsed microwave excitation followed by an
idle period, repeated across a set of frequency steps with 50 kHz spacing. Shown are representative traces
using 24 pus microwave on-time during the 200 ps interval, converted to frequency (offset by 18.485 GHz)
using the known time-to-frequency mapping. Right: Histogram of extracted blips from the left panel with a
bin width of 300 kHz. b Maximum visibility of the histogram in panel a as a function of RF pulse duration
(black points). Coherent Rabi oscillations are observed with a fitted frequency of (19.7 + 0.3) kHz (black
line). The background count (blue points) increases with pulse length due to the larger microwave duty
cycle within the fixed measurement window, resulting in reduced visibility.

As a demonstration, a measurement using 1,000 frequency steps over a 50 MHz range
with 50 kHz spacing was performed. Each step comprised a 200 ps interval containing a
microwave pulse followed by an idle period to allow tunnelling events to the reservoir,
producing a total single-shot measurement time of 200 ms. The resulting data (Fig. 5.8a)
show a pronounced resonance, consistent with resonant microwave driving of the qubit.

A potential advantage of this method is the compatibility with calibrated 7-pulses. With
appropriate optimisation across the full frequency range, such pulses could in principle
deliver ideal visibility while reducing measurement time relative to RAP. A broadband
calibration of this type was not pursued in the present study.

Coherent control within this framework was verified by varying the excitation pulse
duration to resolve Rabi oscillations. As shown in Fig. 5.8b, oscillations at approximately
19.7 kHz are observed. The approach is constrained by increased thermal background at
extended pulse durations. A higher microwave duty cycle raises the probability of thermal
blip events, which introduces uncertainty in the extracted spin-up fraction and limits the
achievable fidelity.

In summary, the calibration of 7-pulses across a wide frequency range could enable full
inversion at lower background levels than RPSS, the required calibration overhead is
substantial. The adiabatic RPSS approach remains more robust and provides full spin
inversion over a broad range of sweep rates without the calibration overhead. Accordingly,
RPSS is adopted for the magnetometry measurements that follow.
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Figure 5.9: Resonance frequency versus magnetic-field angle 6 for the initial, uncalibrated vector-magnet.
The colour scale encodes the spin-up fraction. A simple feedback updates the baseband microwave frequency
after each column, which enables rapid tracking of the resonance across a wide span. The residual frequency
drift with angle originates from coil misalignment. After applying the calibration angles, the resonance
trace is substantially flattened (see Fig. 5.10).

5.2 Calibration of the External Vector Magnet

A custom-built 3D vector magnet (Fig. 3.1), wound from NbTi superconducting wire,
controls the magnetic field at the chip location. The objective in the present experiment is
to vary the field direction while keeping the total field amplitude constant, which stabilises
the qubit resonance frequency during angular sweeps. With this approach, the direction
of the external field can be used to manipulate the magnetisation of an SMM, while the
resulting magnetisation changes are detected as shifts of the qubit resonance frequency.

The magnetic field can be tuned within the yz plane up to a magnitude of 0.28T. A
simultaneous compensation field is applied along x so that the total field modulus remains
approximately constant at Beopst = 0.66 T. For polar scans in the yz plane the field is
parameterised by the in-plane angle 6 (from +z towards +y) and the projected in-plane
amplitude Bj).

Small coil misalignments relative to the Cartesian axes are accounted for by fixed correction
angles: Ay, = 0.75° for the x-y coil plane and A,, = —2.6° for the x-z coil plane. The
correction angles were determined from broad parameter sweeps. The y-z configuration is
taken as orthogonal for simplicity, which is adequate because the x component dominates
in the data shown and exceeds the yz components by more than a factor of two.

Current-to-field conversion factors and alignment corrections are obtained with a feed-
back procedure that adjusts the baseband microwave frequency after each acquisition,
thereby keeping the qubit resonance centred inside a 100 MHz detection window (Fig. 5.9).
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Assuming a constant total field Beonst = 0.66 T and an in-plane component By, at angle ¢
in the yz plane, the required coil-set fields are

By(Bpo, 0) = /B2 st — BIZ)Ol + Bpoi[cos 0 tan(Ay;) + sin 6 tan(Ayy) |

By(Bpol, 0) = Bpoi sin cos(Axy)_1
B, (Bpol, 0) = Byl cos 0 cos(Ay;) 7!

where (By, By, B;) denote the applied field components in the chip-fixed Cartesian frame
and the factors Ay, and A, implement the measured coil tilts. After calibration, an-
gular sweeps proceed with minimal resonance drift, which enables the magnetometry
measurements presented in the next section.

5.3 Quantum Magnetometry Experiments on ThPc,

This part uses a SIMOS spin qubit as a cryogenic sensor to investigate the magnetisation
dynamics of a [TbPc,|~ ensemble. The qubit, introduced in Ch. 4, senses local magnetic-
field variations through shifts of its Zeeman splitting, which are tracked using the RPSS
protocol introduced earlier in this chapter.

The measurements capture key magnetic signatures of the ensemble, including magnetic
hysteresis [48], angular anisotropy [190], and thermally assisted spin relaxation [44].
A static field of 660 mT is used to set a stable Zeeman splitting for qubit control and
readout. The easy axis of the [TbPc;]~ crystal is aligned with the device z axis, which is
straightforward since the molecular symmetry axis follows the unit-cell direction (Fig. 2.6).
During the measurements, the field magnitude is kept constant while its direction is varied
by up to £25° about the x axis, thereby tuning the field projection along the easy axis and
enabling controlled switching of the TbPc; electronic spin states.

Detection of Magnetic Hysteresis

The molecular response along the easy axis is probed by rotating the external field in the
xz plane and tracking the qubit resonance frequency. Instead of plotting the resonance
versus angle, Fig. 5.10a displays the resonance frequency as a function of the corresponding
z-component of the field, B,, which is aligned with the easy axis of the [TbPc;]| ™ ensemble.
A pronounced hysteresis loop is observed at the base temperature of 48 mK. The centre
of the loop is shifted by —28.3 mT (labelled z;), which matches a small residual z field
from the x coil. From the loop a remanent magnetisation of 0.4 mT and a coercive field of
12.8 mT are obtained.

At an elevated temperature of 210 mK the hysteresis loop is broader and the edges are
smoother, consistent with thermal activation in the Ising ground doublet (Sec. 2.2.1).
This temperature dependence indicates that the observed hysteresis is dominated by the
molecular ensemble rather than by instrumental effects.
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Figure 5.10: Silicon spin-qubit magnetometry of a [TbPc;]~ ensemble. The qubit resonance frequency is
shown with an offset of 18.435 GHz versus the field component along the [TbPc;]~ easy axis (z). Data are
taken during angular sweeps in the xz plane (6 = 0) at 48 mK (a) and 210 mK (b). Each point averages 50
single shots with a bin width of 1 MHz. A g-factor of 2 [186] converts frequency to field up to a constant
offset. Forward and backward sweeps show clear magnetic hysteresis linked to reversal of the ensemble
spin state (J = +6). Artefacts at the sweep reversal points (+£0.280 T) come from the vector magnet. A small
residual slope for B, < —0.1T is due to imperfect coil calibration.

At both temperatures, reproducible features appear immediately after the sweep reversals
at +0.280 T. Following each reversal, the inferred field exhibits a positive step of order
0.5 mT, and the qubit resonance shifts accordingly. These steps can be attributed to field-
history effects of the NbTi type-II superconducting coils, most plausibly involving the
redistribution of pinned flux vortices when the sweep direction is changed [191]. As
the field is swept away from the reversal point, the vortex configuration relaxes and
the additional field contribution decays back towards its baseline value. Because the
vector magnet is mounted on the 4K stage, these artefacts are expected to be largely
independent of the sample temperature which is consistent with the similar turnaround
features observed at 48 mK and 210 mK in Fig. 5.10. A control measurement performed
without the [TbPc;]~ crystal (Fig. 5.11) retains the reversal artefacts while eliminating the
central hysteresis loop, further supporting this interpretation.
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Figure 5.11: Background measurement without the [ TbPc, ]~ crystal using RPSS at 48 mK. The qubit resonance
(offset by 18.435 GHz) is plotted versus B, during angular sweeps in the xz plane. Arrows mark the sweep
direction. A residual tilt comes from imperfect coil compensation. Coil-induced artefacts remain at the
turnaround points, while the central hysteresis is absent.

Hyperfine Transition Broadening

Electronic spin reversal of [TbPc;,]~ is expected to occur at four distinct values of B,, cor-
responding to the four hyperfine branches (m; = -3/2, —1/2, 1/2, 3/2) shown in Fig. 2.7.
Micrometre-scale SQUID (uSQUID) magnetometry [192] resolves this four-step pattern
clearly in the absence of a transverse field (left panel of Fig. 5.12). The crystal is not
perfectly aligned at the level of individual molecules, and small molecule-to-molecule
tilts of the easy axis are expected. When a transverse field is applied, these tilts translate
into a distribution of effective switching fields, which broadens the hyperfine steps. This
broadening is apparent for H, =400 mT in the right panel of Fig. 5.12. In the hysteresis
loop measured with the SiMOS qubit (Fig. 5.10), the transverse field component is larger,
B, = 0.66T. The associated broadening is therefore stronger, and the four hyperfine steps
are not resolved.

Angular-Dependent Magnetisation Measurements

The [TbPc;|™ crystal is positioned on the chip such that its easy axis is aligned with the
device z axis. This alignment can be verified experimentally by sweeping the magnetic-
field direction in the yz plane and observing the characteristic magnetic anisotropy of
the ensemble. The spherical-trajectory settings are calibrated and corrected as described
in Sec. 5.2, ensuring that the total field magnitude remains constant while only the direction
is varied. The sweeps are performed along radial trajectories, so that the absolute value of
By or B; increases as the angle moves away from the origin. The resulting data are shown
in Fig. 5.13.

A sharp resonance frequency shift is observed along the z-axis, indicating that the easy
axis of the [TbPc;|~ ensemble is aligned closely within the xz-plane of the 3D vector
magnet. This angular dependence confirms both the pronounced magnetic anisotropy of
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Figure 5.12: uSQUID measurements of the same [TbPc;]~ crystal performed in a Sionludi L at 25 mK [193].
Normalised magnetic moment M as a function of the field H) along the easy axis. Sweep direction from left
to right. Two cases of perpendicular field are shown: left H, = 0mT and right H, = 400 mT. Left Four
hyperfine steps, indicated by arrows, are visible without a transverse field. Right Increasing H, broadens
these features because small misalignments of individual molecules lead to a wider distribution of switching
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Figure 5.13: Polar plot of the resonance frequency at 48 mK during angular sweeps in the yz plane. The
radial axis spans 0.00 T to 0.15T. The sweep direction runs from the centre outward. A sharp transition
along the z direction confirms alignment with the [TbPc;]~ easy axis. The qubit resonance frequency is
shown with an offset of 18.420 GHz.

the molecule and demonstrates that their magnetisation produces a measurable dipolar
contribution to the local field sensed by the qubit.

Thermal Relaxation Dynamics

A key feature of SMMs is the strong temperature dependence of their magnetisation
relaxation [44]. To access this behaviour, the time evolution of the [TbPc,]~ ensemble is
monitored via the qubit resonance frequency. The ensemble is first saturated at —0.280 T
along z. The field is then returned to the setpoint z,, which corresponds to B, = —28.3 mT
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Figure 5.14: Time-resolved relaxation of the [TbPc,]|~ ensemble after saturating at —0.280 T. The field is
swept quickly to the setpoint zy from Fig. 5.10, and the qubit resonance is then monitored over time. A small
drift of the vector-magnet setting during the run slightly shifted the effective zy, which lowers the visibility
and changes the absolute frequency slightly. Each point averages 100 acquisitions (30 s per point) taken
with a sweep rate of 0.267 GHz/s and a frequency bin width of 0.1 MHz. Stretched-exponential fits (Eq. (5.3))
give T48 mK = (107 + 2) min, ﬂ4ng =0.81 +0.02, and Ti40mx = (08 + 03) min, ﬂl40mK = 0.46 = 0.06. The
resonance frequency is plotted with an offset of 18.46 GHz.

because a small residual z-component is produced by the nominal x coil (Fig. 5.10). At this
setpoint, the resonance is tracked continuously using repeated RPSS acquisitions. Each
data point averages 100 single-shot measurements, giving a time step of 30 s per point. For
the relaxation traces, the RPSS histogram bin width is reduced to § f = 0.1 MHz. This finer
binning is used because the resonance shifts span only a narrow range and the spectra are
acquired over a reduced 40 MHz window. The corresponding field increment is

3 g _ 0.1MHz

OB = —
Ye 28GHzT™!

~3.6uT,

which yields an effective field sensitivity of

SBNT ~ 3.6 uTV30s ~ 20 uT/VHz.

Data are taken at 48 mK and 140 mK and are shown in Fig. 5.14. In both cases the resonance
drifts by about 3 MHz, which reflects a change of the ensemble magnetisation over time.
The relaxation is much faster at the higher temperature, as expected for thermally activated
dynamics. The data are fitted with a stretched exponential,

f(t) = Aexp[-(t/D)f] +C, (5.3)

where A is the amplitude, 7 the characteristic time, f the stretch exponent, and C a constant
offset. This form captures the distributed relaxation expected in SMM ensembles [194],
where variations in local environments result in a broad spectrum of relaxation rates. At
48 mK the fit yields 7 = (107 + 2) min with f = 0.81 + 0.02, which indicates moderately
distributed relaxation dynamics only, as f is close to 1. At 140 mK the relaxation speeds
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up to 7 = (0.8 = 0.3) min and the exponent drops to f = 0.46 + 0.06. The smaller S
points to a broader spread of relaxation rates at higher temperature, which is consistent
with thermally assisted access to more relaxation pathways (Sec. 2.2.1) [194, 195]. These
measurements demonstrate that the SIMOS qubit can track the magnetisation dynamics
of a [TbPc;]|~ ensemble over timescales spanning minutes to hours, establishing a robust
foundation for more advanced hybrid quantum sensing schemes.

Conclusion

This chapter demonstrates a practical hybrid sensing architecture that combines an in-
dustrial SIMOS spin qubit with a [TbPc;]™ molecular spin ensemble. The qubit acts as
a sensitive, CMOS-compatible interface that resolves resonance shifts on the order of
0.1 MHz induced by changes in the ensemble magnetisation. Stable resonance tracking at
a fixed working point is enabled by the RPSS protocol, which combines rapid adiabatic
passage with spin-selective tunnelling and operates without continuous 7-pulse recalibra-
tion. The protocol is not tuned for ultimate sensitivity. Instead, it is designed for robust
operation in the present regime where an ensemble signal produces MHz-scale frequency
shifts, consistent with the measured remanent field of 0.4 mT.

The measurements resolve characteristic signatures of the electronic spin states of the
ensemble magnetisation, including pronounced hysteresis loops, a clear angular anisotropy
consistent with the molecular easy axis, and thermally activated relaxation dynamics. The
relaxation times extracted for the [TbPc,]~ ensemble are 7 = (107 + 2) min at 48 mK and
7 = (0.8 £ 0.3) min at 140 mK. Hyperfine-resolved steps associated with the nuclear spin
are not observed, which is attributed to small molecule-to-molecule tilts of the easy axis
in the crystal combined with the transverse field required for qubit operation, leading to a
broadened distribution of nuclear switching fields.

The dominant limitation of the present device is the comparatively large vertical sep-
aration between the qubit and the molecules, on the order of 250 nm or more. This
distance weakens the dipolar coupling and reduces the induced qubit frequency shifts.
Reducing the separation to below 10 nm through an improved gate stack and process
flow (see Ch. 7) would substantially enhance the coupling and could enable detection of
individual [TbPc;]™ molecules.

5.4 Outlook: Single-Molecule Sensing

The next step is to move from ensemble measurements to single-molecule sensing. With
an improved gate stack of the chip (Ch. 7), the qubit-molecule spacing can be reduced,
which increases the magnetic coupling. For a spacing of about 18 nm the expected shift of
the qubit resonance from a single switching event of [TbPc;]~ is on the order of 160 kHz
(Sec. 2.3).
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Resolving a constant frequency shift of that size can be accomplished with either a Rabi
pulse sequence or a Ramsey pulse sequence as introduced in Sec. 4.8 and Sec. 4.9. To com-
pare both approaches, the measured spin-up fraction after each sequence is evaluated for
parameters close to the experiment. For a simple estimate, a frequency shift Af = 100 kHz
from an SMM switching event and an evolution time 7 = 1 ps are assumed for both se-
quences. Dephasing is neglected and the visibility is set to one for this proof-of-principle
comparison.

For a Rabi experiment starting from the initial state ||), the probability to measure the
spin-up state after a drive pulse of duration 7 is

Py(7) = T AL? sinz(g VQ2 + sz) , Q=2nf, Aw =2nAf . (5.4)
For fr = 500 kHz, the probability difference between on-resonance driving and a detuned
drive at fy + Af evaluates to APy = Pi(fy) — Pr(fo + Af) = 3.9% at T = 1ps (a m-pulse
duration). Increasing the pulse time to 377/2 (7 = 1.5 ps) raises the contrast to APy = 6.4%.
Depending on the amount of averages, such changes in the spin-up fraction can still be
comparable to the measurement noise. A larger AP; is therefore desirable, as it reduces
the number of averages required and improves the robustness of the measurement.

A Ramsey sequence, on the other hand, depends on the accumulated phase A¢ =27 Af r
while the qubit is on the equator of the Bloch sphere. With 7 = 1 ps and Af = 100 kHz the
readout

Py(7) = %[1 + cos(go + A) | (5.5)

yields APy = 9.8 % at the fringe top (¢ = 0), which is much larger than for the Rabi case.
The Ramsey response can be increased further by operating at a slightly detuned working
point (¢o = 7/2), which gives AP} ~ 29.4 % for the same parameters. This higher detuning
sensitivity shows that a phase-accumulating pulse like Ramsey is better suited to reveal
small shifts of the qubit resonance.

The maximal phase-accumulation time is limited by T, so 7 < T;'. For the present single
qubit T ~ 3.1 ps (Sec. 4.9). Extending T, allows longer phase accumulation and therefore
a larger APy at fixed Af. Figure 5.15 shows simulations for both Rabi and Ramsey with
line cuts at 7 = 1 pus and 7 = 19 ps in panels b and d, clearly illustrating that increasing 7
steepens the slope of spin-up fraction versus detuning and thus improves sensitivity. This
highlights the trade-off between spectral precision and measurement time in qubit-based
magnetometry.

In practice, improving T, requires suppressing low-frequency magnetic noise to which
Ramsey measurements are particularly susceptible. Dynamical-decoupling sequences
such as Hahn echo or Carr-Purcell-Meiboom-Gill (CPMG) suppress quasi-static detuning
noise and thereby extend the coherence time [180]. However, precisely because these
protocols refocus static or slowly varying frequency shifts, they are not directly sensitive
to a step-like change in f; caused by an SMM switching event and are therefore not suitable
for the sensing task considered here. A genuine improvement of T, can be achieved by
further 23Si enrichment, which reduces the Overhauser field from residual 2°Si nuclei and
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Figure 5.15: Sensitivity of pulse protocols for Larmor frequency determination. a, ¢ Time-resolved spin
dynamics under a Rabi pulse (a) and a Ramsey sequence (c), simulated with a Rabi frequency of 500 kHz in
an ideal, decoherence-free system. The spin-up fraction is shown in grayscale (white = 0 %, black = 100 %).
Vertical lines mark representative readout times at 1 ps (blue) and 19 ps (orange). b, d Spin-up probability as
a function of detuning taken at those readout times. The Ramsey sequence (d) exhibits sharper and more
closely spaced fringes than the Rabi protocol (b), reflecting higher sensitivity to resonance shifts.

narrows the inhomogeneous linewidth. Additional gains are expected from reducing slow
field drift and current ripple of the vector magnet by using low-noise, well-filtered current
supplies. Such improvements are pivotal for resolving the subtle field shifts produced by
individual molecular spin transitions, enabling a transition from ensemble averages to
single-molecule readout in future experiments.
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6 Quantum Sensing Using Double
Quantum Dot States

After the single-dot sensing experiments presented in Ch. 5, this chapter investigates
how a double quantum dot can be employed for magnetic-field sensing. The focus is
not on realising universal two-qubit logic, but on exploiting double-dot spin physics
to obtain readout schemes and signal dependencies that are advantageous for sensing
applications.

In a double dot, an additional spin-readout mechanism becomes available based on Pauli
spin blockade (PSB) [196]. For sensing applications, a key advantage of PSB is that the
readout mechanism operates over a wide range of external magnetic fields, from very
small fields up to the tesla regime [197, 198]. This contrasts with the single-dot readout
used in Ch. 5, which used a transverse magnetic field of 0.66 T to enable spin-selective
tunnelling. With PSB-based readout this constraint is removed, enabling readout at very
low magnetic fields (even on the order of the geomagnetic field) [197], which is beneficial
for sensing applications.

Moreover, single-dot sensing schemes are primarily sensitive to the absolute Zeeman
energy of a single spin. In a double-dot configuration the relevant quantity can instead
be a magnetic-field gradient between the two dots. This gradient is encoded in coherent
singlet-triplet, (STy) oscillations [17], whose frequency depends on the Zeeman energy
difference between the two qubit sites. A SMM placed asymmetrically with respect to the
double dot would generate a local dipolar field that differs between the two dots, thereby
inducing a gradient that can potentially be characterised through changes in the ST
oscillation frequency. This opens a route to sensing schemes that are largely insensitive
to global changes of the absolute magnetic field and associated environmental noise, yet
remain highly sensitive to local field gradients induced by nearby SMMs.

6.1 Introduction to Double Dot Systems

The same device layout used for the single-dot measurements presented earlier can be
tuned to form a double quantum dot that is tunnel coupled to a common electron reservoir.
For all measurements in this chapter, device B (Tab. 4.1) is used. The gate layout, including
the regions in which electrons are accumulated (shaded in black), is shown in the left
panel of Fig. 6.1. Each dot is controlled by its own plunger gate (P1 and P2), which tunes
the electrochemical potential of the dot and thereby enables loading of electrons from
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Figure 6.1: Double-dot device and charge stability map. Left False-colour SEM image (top view) of the
multi-layer gate stack. The gate layer closest to the Si/SiO; interface is shown in pink, the intermediate
layer in green, and the upper layer in blue. In operation, the regions shaded in black host accumulated
electrons forming the two quantum dots and the nearby sensor. The in-plane directions x and y are indicated.
Right Charge stability diagram showing the sensor current as a function of the two plunger gate voltages
P1 and P2. Electron occupations (ny, nz) of the left and right dot are indicated in parentheses. During
the measurement, the sensor top gate (ST) is linearly compensated to keep the sensor close to its optimal
working point while the plunger voltages are varied.

the reservoir. While dot 2 (on the right) is directly tunnel coupled to the reservoir, the
left dot can only exchange electrons via the right dot. Sweeping both plunger voltages
produces the charge stability diagram shown in the right panel of Fig. 6.1. Charge states
are labelled (ny, ny), with n; (n;) being the number of electrons in the left (right) dot. The
experiments described in this chapter use two electrons confined in the double dot for
qubit manipulation. Once the desired electron number is loaded, the tunnel coupling to
the reservoir is no longer required for the coherent manipulation itself. In initial tests,
the tunnel coupling to the reservoir was therefore turned off (by ramping down gates
B2 and subsequently R), resulting in a fixed charge configuration. However, under these
conditions (confinement gate C at -0.2V) the charge occupation proved insufficiently
stable: single-electron jumps in and out of the dot via residual charge puddles typically
occurred on the timescale of about one event per day. To mitigate this, the reservoir is
kept weakly connected in the final measurements, ensuring that the double-dot electron
occupation is stabilised by exchange with the reservoir on long timescales.

The region around the (2,0) < (1,1) charge transition is shown in a zoomed-in view in
Fig. 6.2. A high-symmetry line, referred to as the detuning axis, is indicated in white and
crosses both the (2,0) and (1, 1) charge regions. Moving along this axis keeps the total
electron number of the double dot constant while changing the relative electrochemical
potentials of the two sites. This is highly convenient, and all double-dot experiments
presented in this chapter rely on voltage changes of P1 and P2 along this detuning line.
The detuning ¢ denotes the energy difference between the ground state energies of the left
and right dot while keeping the sum of their electrochemical potentials constant. Qubit
initialisation is performed at point A in the (2, 0) configuration, and this point is chosen
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Figure 6.2: Charge stability diagram around the (2,0) < (1, 1) charge configuration. The dot occupations
(n1,nz) are indicated in parentheses. The white line marks the symmetry line of the detuning axis ¢
connecting points A and B. Measurements typically start at point A for initialisation, and negative detuning
is applied along this axis to move into the (1, 1) charge state towards point B. The map was acquired in
“video mode”: the AWG applies voltage pulses to the capacitive branch of the bias-tee (see Sec. 3.6). For
each pixel, the gate voltage is pulsed from the reference point A to the corresponding coordinate in (P1, P2)
space, and the sensor current is integrated for 20 ps. Static offsets are supplied to the resistive side of the
bias-tees, with DC voltages P1 = 1.6 Vand P2 =1.0V.

to correspond to ¢ = 0 eV. A negative detuning pulse towards point B moves the system
into the (1, 1) charge region.

Experimentally, the conversion from gate voltage to detuning energy is obtained using a
combined lever arm of P1 and P2. Sweeps along the detuning line are characterised by a
ratio P2/P1 = —1.25. Using the single-plunger lever arms a@; = 12.5% and a = 7.5% of the
used device, measured in Sec. 4.3, the overall lever arm along the detuning axis is

ae =01+ 1.25a9p =12.5% + 1.25 X 7.5% = 21.9%.

6.2 The Singlet-Triplet Qubit

The main appeal of the ST, qubit for the quantum-computing community is that two-axis
qubit control can be achieved purely by electrical gate pulses [199, 200], without the need
for high-frequency magnetic or electric fields. This renders the ST, encoding particularly
attractive for scalable architectures [201].

By changing the detuning parameter ¢, the charge configuration (1, 1) can be transferred
to (2,0), effectively moving both electrons into the same dot. In this situation the spatial
wavefunctions overlap strongly and the electrons experience an exchange interaction J,
often referred to as Heisenberg coupling [202]. This interaction is directly controlled by
the detuning and can therefore be tuned electrically. Including the Zeeman energy of
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each spin, the resulting two-spin Hamiltonian (written in terms of dimensionless spin
operators) reads [202]

H:glﬂBBl'Sl"'nglBBZ'SZ +Jsl'Sz. (61)

The first two terms describe the Zeeman energies Ez; and Ez, of the individual spins,
while the last term captures the exchange coupling. It is useful to distinguish two limiting
regimes set by the competition between the Zeeman-energy difference AEz = Ez; — Ez;
and the exchange energy J. The eigenstates of Eq. (6.1) can then be discussed in the
following limits [17]:

« Weakly coupled (J < AEz): In this regime the natural basis is the product-state
basis { [TT), ITL), [LT), |1l) }. The Zeeman gradient dominates the level structure,
and the exchange term provides only a small perturbative shift to the energies of the
antiparallel states |T|) and || T).

« Strongly coupled (J > AE7): In this limit the eigenstates are well described by the
singlet-triplet basis { |T), |Ty), |T-), |S) }, with

Ty =1,
Ty = L (1) +1UD).
Ty =10,

Sy = (1T - 1LD).

where |S) denotes the singlet and |T.), |Ty) the triplet states. In this regime the
exchange coupling J sets the singlet-triplet, energy splitting.

With the polarised triplet states |T,.) = |TT) and |T-) = |||) energetically split off by
the Zeeman energy, the remaining two states |S) and |Tj) form a convenient two-level
subspace. These states are used to encode the logical qubit states, for example |0) = |S) and
|1) = |Ty). This choice is also natural from the perspective of readout: in the large-J regime
relevant for Pauli spin blockade, the eigenstates close to the (1,1) < (0, 2) transition are
predominantly singlet- or triplet-like.

A Bloch-sphere representation of the ST, qubit is shown in the left panel of Fig. 6.3. In the
{|S), |Ty)} basis the effective two-level Hamiltonian can be written as [17, 199]

1 1
HSTO = 5 ](8) O, + 5 AEZ Ox, (62)

where J(¢) generates rotations about the Bloch z-axis and AE7 generates rotations about
the x-axis. The product states |T|) and || T) correspond to points on the equator of this Bloch
sphere, representing equal-weight superpositions of |S) and |Ty) with different relative
phases. In contrast to J(¢), which can be tuned over orders of magnitude by adjusting
the detuning ¢, AEy is typically set by the device and magnetic-field configuration and is
therefore always present during operation. Consequently, the qubit undergoes continuous
precession about the Bloch x-axis, which must be accounted for when designing and
calibrating gate sequences in traditional ST, qubit experiments [17, 200].
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Figure 6.3: ST, qubit Bloch sphere and energy diagram. Left Bloch-sphere representation of the ST, qubit in
the {|S),|Ty)} basis. The exchange interaction J generates rotations about the z-axis (green arrow), while
the Zeeman energy difference AEz generates rotations about the x-axis (blue arrow). The product states |T|)
and ||T) lie on the equator. Right Energy diagram of the Hamiltonian Eq. (6.3) as a function of detuning e,
obtained from a QuTiP [203] simulation. The coloured lines denote the eigenenergies. The four product
spin states reside in the (1, 1) charge configuration, while the |S(2, 0)) branch (purple) disperses strongly
with detuning. Avoided crossings are set by the tunnel coupling t. and the spin-orbit-induced coupling Aso.
Couplings and level spacings are adjusted for visibility and are not to scale. Measurement points A and B
from Fig. 6.2 are indicated along the detuning axis as a guide to the operating points.

The first landmark experiments on the ST, qubit were carried out by Petta et al. in
2005 [17], who demonstrated coherent control between |S) and |Ty) in a GaAs double-dot
device, including Ramsey and Hahn-echo pulse sequences. More recently, capacitive
coupling between two ST, qubits has been realised, enabling two-qubit operations in this
encoding [201, 204].

Including the doubly occupied singlet state |S(2,0)), the two-electron Hamiltonian in the
basis { [TT), [TL), [{T). L1}, 1S(2,0)) } can be written as [205, 206]

E, 0 0 0 Aso
0 AE,/2 0 0 te
H= 0 0 -AE,/2 0 —tc (6.3)
0 0 0 —-E, Aso
Aso tc —t. Aso U —¢

where E, is the average Zeeman energy, AE, the Zeeman-energy difference between the
two dots, ¢ the interdot detuning, and U the on-site Coulomb energy of the (2,0) configu-
ration. The parameter . denotes the spin-conserving interdot tunnel coupling between
|S(1,1)) and |S(2,0)), while Ago describes spin-flip tunnelling between |1T) or |]]) and
|S(2,0)) [207]. These couplings are treated as effective tunnel matrix elements capturing
the underlying microscopic processes. In a SiMOS device, Ago originates from spin-orbit
interaction induced by the strong vertical electric field and the atomistic Si/SiOy inter-
face, which together generate Rashba- and Dresselhaus-like spin-orbit contributions [208,
209]. The same interface-induced spin-orbit interaction leads to a pronounced g-factor
anisotropy [209], as characterised in Sec. 6.4. It has been shown that AE; can be changed
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by orders of magnitude by varying the angle of the applied external magnetic field [209,
210].

The energy diagram of the full Hamiltonian in Eq. (6.3) as a function of detuning is
shown in the right panel of Fig. 6.3. The four (1, 1) spin states appear as approximately
horizontal lines in this representation, while the |S(2, 0)) state (purple) disperses strongly
with detuning energy ¢ and crosses the (1, 1) manifold. Three avoided crossings become
visible, set by the tunnel coupling ¢, and the spin-orbit-induced coupling Agp. The voltage
points A and B of the charge stability diagram (introduced in Fig. 6.2) are indicated on the
energy diagram as a guide to the operating points used in the experiments.

Phenomenologically, the detuning dependence of the exchange interaction can be modelled
as
€
J(e) ~ Jo exP(g—O) , (6.4)

where Jj sets the overall energy scale and ¢ is the characteristic detuning scale [211].

Landau-Zener Processes

For qubit initialisation and readout, transitions across the avoided crossings in the energy
diagram are exploited. The transition probabilities are described by Landau-Zener the-
ory [88, 89], as discussed previously in the context of rapid adiabatic passage (Sec. 4.7).
Near a given avoided crossing, the dynamics can be reduced to an effective two-level
system with instantaneous eigenenergies E;(¢) and E;(¢), which are swept in time by
changing the detuning &(t). The relevant sweep rate is

v = %(El(e) — Ex(e)) ~ &, (6.5)

The approximation v ~ ¢ is valid when the diabatic level separation E; — E, depends
approximately linearly on detuning in the vicinity of the anticrossing (so that d(E; —
E;)/de = 1). In situations where the level spacing exhibits strong curvature as a function
of ¢, the full derivative d(E; — E;)/de should be retained when evaluating v [212]. The
probability to undergo a non-adiabatic transition at the avoided crossing is then given by
the Landau-Zener formula [212]:

Z”Az) . (6.6)

Pz = exp(— -

where A is the coupling matrix element that sets the minimum energy gap at the anti-
crossing. By controlling v during the passage through the anticrossing, the adiabaticity of
the sweep can be tuned to realise a desired transition probability into the excited state.
For v < 27 A%/ the passage is adiabatic with respect to the perturbation A and Pz — 0,
whereas for v > 27 A?/h the passage is diabatic and Piz — 1.
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Initialisation of the Singlet-Triplet Qubit

Initialisation of the ST, qubit relies on controlled Landau-Zener passages starting from the
ground state |S(2,0)) at position A, indicated in Figs. 6.2 and 6.3. A detuning pulse from
point A towards point B along the detuning line moves the system into the (1, 1) charge
region. Two different initialisations of the (1, 1) configuration are used: (i) initialisation
into the product state ||T) and (ii) initialisation into the singlet |S(1,1)).

For both protocols it is essential to cross |S(2,0)) <> |]]) diabatically, such that the system
remains on the singlet branch. In the Landau-Zener description this corresponds to a
sweep rate v that satisfies v > 27 AZ /7, so that the non-adiabatic transition probability
at this anticrossing approaches unity.

Initialisation into || T): The detuning pulse is chosen adiabatic with respect to the charge an-
ticrossing between |S(2,0)) and |S(1, 1)), whose gap is set by 2t.. This requiresv < 27 2/,
ensuring that |[S(2,0)) — |S(1,1)). As the detuning is further increased into the regime
J(¢) < AEz, the instantaneous ground state in the S, = 0 subspace continuously evolves
from |S(1, 1)) towards the product state ||T). If the sweep remains slow compared to the
spin mixing driven by AEz, i.e. v < 27 AE%/ h, the system follows this lowest eigenstate
adiabatically and ends in || T) [186, 213]. At this detuning point the exchange energy J(¢)
is negligible and ||T) is an eigenstate of the Hamiltonian, so the state is stationary.

Initialisation into |S(1,1)): Here, a semi-adiabatic sweep is employed. The detuning is
again changed adiabatically with respect to the charge anticrossing (gap 2t.), so that
|S(2,0)) maps to |S(1, 1)) as before, implying v < 27 t2/h. However, the sweep is made
diabatic with respect to the slower S < Tj basis rotation driven by the Zeeman-energy
difference AEz [17]. This requires v > 27 AE% /h, so that once in the (1, 1) sector the state
does not have time to follow the instantaneous eigenbasis towards the product state ||T)
but instead is effectively “frozen” in |S(1,1)).

In the regime J < AEyz the state |S(1,1)) is not an eigenstate of the Hamiltonian Eq. (6.1),
but can be expressed as a superposition of the eigenstates || T) and |T]), which are split by
AE7. The resulting energy difference between the two eigenstates leads to a relative phase
accumulation in time and thus to coherent oscillations between |S(1,1)) and |Ty(1,1)). In
general, the ST, oscillation frequency is given by [214]

O(e) = %,/AE% (o), 67)

which interpolates between gradient-dominated oscillations (/] < AEz) and exchange-
dominated oscillations (J > AEjy).

6.3 Pauli Spin Blockade Readout

Readout of the ST, qubit state is performed via Pauli spin blockade (PSB) in the strongly
coupled regime J > AE7 in the (2,0) charge region close to point A, indicated in Figs. 6.2

107



6 Quantum Sensing Using Double Quantum Dot States

and 6.3. In this regime the spin state is converted into a charge configuration of the double
dot. Owing to the Pauli exclusion principle, the total two-electron wavefunction must
be antisymmetric under particle exchange. As a consequence, the lowest-energy two-
electron state in (2, 0) is a singlet, whereas a (2, 0) triplet requires an antisymmetric spatial
component and therefore forces one electron into a higher-lying valley or orbital state [98].
The resulting singlet-triplet energy splitting enables the blockade mechanism: while the
|S(1, 1)) state can tunnel into the |S(2,0)) configuration, the triplet state |T; (1, 1)) remains
in (1, 1), because accessing the corresponding (2, 0) triplet would require an additional
energy. By detecting whether the system resides in (2,0) or (1, 1) using a nearby SET
charge sensor, the spin state of the qubit can be inferred. During readout, the detuning
sweep rate v is chosen adiabatic with respect to the interdot tunnel coupling ¢. and diabatic
with respect to AEz. This choice maps any |S(1,1)) population reliably onto [S(2,0))
while keeping |Ty(1, 1)) in the (1, 1) configuration, thereby preserving the singlet-triplet
populations prepared during the manipulation stage [17].

Due to the orbital and valley structure of the quantum dots (Fig. 2.3), two additional
electrons are loaded into the left dot to fill the lowest valley state. The relevant charge
transition for PSB readout is therefore not (2,0) < (1,1) but (4,0) < (3,1). In this
configuration the singlet-triplet splitting between |S(4,0)) and |Ty(4,0)) is set by the
comparatively robust orbital level spacing, rather than by the strongly varying valley
splitting [42, 215, 216]. As a result, the energy window over which PSB-based readout
can be performed is more stable and possibly enlarged [42, 217]. For notational simplicity,
these two additional “core” electrons are omitted in the following discussion.

Experimentally, PSB is first characterised by preparing a mixture of singlet and triplet
states in the (1, 1) configuration and probing how this mixture converts to (2, 0) under a
detuning sweep. The pulse sequence, shown in the left panel of Fig. 6.4, starts by preparing
|S(1,1)) via a detuning sweep from point A to point B (Figs. 6.2 and 6.3) in 10 ns, chosen
to satisfy the mentioned inequalities for v. The system is then held in (1, 1) for a dwell
time fgwey = 1 ms > TZS To t5 allow |S(1,1)) to dephase fully into an incoherent mixture
of S and T (the relevant coherence time T2STO will be extracted in Sec. 6.4). Finally, the
detuning is swept back towards point A while the SET current is recorded.

The resulting data, shown in the right panel of Fig. 6.4, reveal two current plateaus
corresponding to the (1, 1) (low current) and (2,0) (high current) charge configurations.
As the detuning is varied along the time axis, singlet states can adiabatically tunnel to (2,0),
whereas triplet states remain blockaded in (1, 1) until the detuning is large enough to reach
the avoided crossing |Ty(1,1)) < |Tp(2,0)), where charge transfer eventually occurs. The
optimal PSB readout point lies between the |S(1,1)) < |S(2,0)) and |Ty(1,1)) < |T5(2,0))
anticrossings, labelled S and T in Fig. 6.4, defining the readout window used in the following
experiments.

After this initial test, a similar pulse scheme is used (Fig. 6.5a), where the detuning is pulsed
directly to the readout point R instead of sweeping through it as before. For each cycle the
sensor current is recorded for generally 100 ps, and a 10 ps segment within this window
is integrated to obtain a single current value. This value is then used to discriminate
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Figure 6.4: Detuning sweep over the (1,1) & (2,0) transition. Left Schematic detuning pulse starting at the
initialisation point A in the (2, 0) region. The detuning is ramped to point B in the (1, 1) region with sweep
rate v;, preparing a singlet state, held there for a dwell time tgy.y, and then swept back towards A with
sweep rate voy. During the final part of the return ramp (blue shaded region) the SET current is recorded.
The readout point R lies between A and B along this segment. For clarity the pulse shape is shown without
the additional compensation of bias-tee effects discussed in Sec. 3.6. Right Colour plot of the SET current
as a function of time and iteration index for 100 repetitions of the pulse. Low current corresponds to the
(1,1) configuration, while high current indicates (2,0). Two distinct transition bands (labelled S and T)
appear when the decohered mixture of |S(1,1)) or |Ty(1, 1)) tunnels to (2, 0), providing a clear signature of
PSB. The data were taken with vj, = 220keV/s, tqwenn = 1ms > T,)° and vy = 2.2 €V/s at nominally zero
applied magnetic field (ambient geomagnetic field).

between an unblocked singlet, which tunnels to (2, 0), and a blockaded triplet |Ty(1, 1)).
By varying the readout detuning and compiling a histogram of the resulting current values,
the map in Fig. 6.5b is obtained. It reveals a range —0.45meV < ¢ < —0.12meV where
both charge states occur, identifying the PSB window. The width of this window directly
reflects the energy splitting of 0.33 meV between |Tp) and |S) in the configuration with
both electrons on the left dot (experimentally (4, 0)). A specific readout point is chosen
within this window at ¢ = —0.29 meV, and the corresponding current histogram is shown
in Fig. 6.5c. The two peaks associated with singlet (S) and triplet (Ty) outcomes are clearly
separated and are distinguished using a threshold current i, = 0.34 nA. A current below
Iy, is assigned to a singlet outcome, whereas a current above I, is interpreted as a triplet.

One of the main advantages of PSB readout is that it does not require a local electron
reservoir. Whereas Elzerman readout (Sec. 4.5) relies on tunnelling between the qubit
dot and a reservoir, PSB readout only uses interdot charge transfer. This is particularly
beneficial for scaling, as the fabrication overhead associated with reservoirs, additional
gate electrodes and ground connections can be reduced significantly [186, 218].
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Figure 6.5: Determination of the PSB readout point. a Detuning pulse starting at the initialisation point A in
the (2,0) charge configuration. The detuning is ramped with sweep rate v;, to point B in (1, 1), followed by
a dwell time t4we). The detuning is then ramped back with sweep rate vy to the readout point R, where
the SET current is integrated over a fixed time window (blue shaded region). After readout the detuning is
returned to point A. For clarity the pulse shape is shown without the additional compensation of bias-tee
effects discussed in Sec. 3.6. b Histogram of the recorded SET current as a function of readout detuning. The
greyscale indicates the relative occurrence (in %) of a given current value during a 10 ps integration window.
The SET is calibrated such that high current corresponds to the (1, 1) charge configuration and low current
to (2,0). For detunings ¢ < —0.45 meV the system remains in (1, 1), while for ¢ > —0.12meV it relaxes to
(2,0). Between these limits a blockade region is observed where the readout detuning lies within the PSB
window and both |S(2, 0) and |Ty(1, 1) contribute. ¢ Line cut of panel b at ¢ = —0.29 meV. Two well-separated
peaks are visible, corresponding to Ty ( upper peak) and S (lower peak) outcomes. The dashed line marks the
threshold current I, = 0.34 nA used to discriminate between S and Ty. Parameters: vy, = vyt = 220 keV/s;
tawell = 200 ps; external magnetic field B = 15mT along x; 1000 averages per detuning point.

6.4 Singlet-Triplet Oscillations for Sensing

The driving mechanism for singlet-triplet (ST) oscillations is the Zeeman energy difference
between the two electrons in the left and right quantum dot. A SMM placed asymmetrically
with respect to the double dot generates a local field gradient AB. This modifies the Zeeman
energies of the two spins and produces a difference AE; = hfst (in the limit J] — 0), which
in turn drives ST oscillations at frequency fst [17, 199]. Under the assumption B || By,
the Zeeman energy difference can be written as

AEz = Ey| — Ejy = pg(91B1 — g2B2) = s (9 AB + BAg), (6.8)

where B and g are the average magnetic field and average g-factor over the two dots, while
AB = B; — B; and Ag = g; — g, denote the corresponding differences. This expression
makes clear that both a magnetic-field gradient and a g-factor difference can contribute
to AEz. In the literature, AB generated by on-chip micromagnets [200, 219] or by an
Overhauser-field gradient in GaAs [17, 220] has been identified as the dominant drive term
for STy dynamics. In contrast, experiments in SIMOS quantum dots have established Ag as
the main contribution, originating from the Stark shift induced by vertical electric fields
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Figure 6.6: ST, oscillations. Left Measured triplet fraction as a function of the evolution time in the (1,1)
configuration. The data points (blue) are fitted with a cosine function (black line), yielding a frequency
fst = (2.749 £ 0.005) MHz. Right Histogram of the single-shot SET readout traces underlying the left panel,
obtained by integrating the SET current for 10 ps. A current threshold of Iy, = 0.36 nA is used to discriminate
singlet and triplet outcomes. The data were taken at an external magnetic field of B = 0.3 T applied along
the x direction.

on the plunger gates together with interface-induced spin-orbit coupling and valley-orbit
mixing [67, 209, 221].

For sensing applications that target local magnetic-field gradients, a g-factor gradient is
undesirable, since it produces a linear dependence AE; o< Ag B and therefore makes the
ST, oscillation frequency sensitive to changes in the global magnetic field rather than
purely to AB. As discussed below, Ag exhibits a pronounced dependence on the angle
of the applied field, which offers a means to minimise it. In this optimised configuration
the ST oscillation frequency becomes, to good approximation, a direct measure of the
magnetic-field gradient across the double dot. The corresponding dependence of fsT on
AB is then

deT _ M

d(AB)  h

which sets the frequency sensitivity of the sensing technique.

~ 28 GHz/T, (6.9)

The measurement of ST oscillations employs the pulse sequence already introduced in
Fig. 6.5, with a fixed readout detuning. By varying the dwell time in the (1, 1) configuration,
coherent oscillations of the triplet fraction are observed, as shown in Fig. 6.6. A cosine
fit to the data yields an oscillation frequency of fst = (2.749 + 0.005) MHz at an external
magnetic field of B = 0.3 T applied along the x direction.

In the industrial device studied no micromagnetic structure is present that could deliber-
ately generate a field gradient, and the residual 2°Si concentration is reduced to < 400 ppm
by isotopic enrichment. The Overhauser-field gradient is therefore expected to be strongly
suppressed, so that AB ~ 0 and the ST oscillations are attributed to a g-factor difference
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Figure 6.7: ST oscillations as a function of magnetic field. Left Colour map of the triplet fraction as a
function of evolution time in the (1, 1) configuration and external magnetic field applied along the x direction.
The field dependence of the visibility is attributed to a detuning shift of the optimal readout point caused
by the magnetic-field dependence of the Asp anticrossing. Right Fourier transform of the time-domain
data in the left panel, plotted as a function of frequency and magnetic field. The dominant oscillation peak
disperses linearly with field and is fitted with Eq. (6.10), yielding dfst/dB = (10.90 + 0.07) MHz/T and
fo = (0.05 + 0.03) MHz.

Ag between the two dots. This interpretation is supported by the dependence of the ST,
frequency on the external magnetic field shown in Fig. 6.7. A linear fit of the form

fst(B) = (dfst/dB) B + f (6.10)

yields dfst/dB = (10.90 + 0.07) MHz/T and f; = (0.05 + 0.03) MHz. Interpreting the
intercept as a residual Zeeman splitting due to a static field difference gives

_AE;  fih
YY)

AB =(2+1)pT, (6.11)

which is negligible within the experimental uncertainty and consistent with the absence
of a designed magnetic-field gradient in the device.

The slope dfst/dB can be used to extract the g-factor difference,

Ag = dfst b - A9 (3.89 £ 0.03) x 107*. (6.12)
dB ug g
This result indicates that the observed ST, oscillations are driven predominantly by a
small gradient in the effective g-factor across the double dot, corresponding to a relative
mismatch of 0.039%. The extracted mismatch is consistent with literature reports on
SiMOS double dots, where the effective g-factor difference is typically of order 107 to
1073 [209, 210].

One of the main drawbacks of using ST, oscillations for sensing is the strong angular
dependence of Ag. This is illustrated in Fig. 6.8, which shows the ST oscillations as a
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Figure 6.8: ST, oscillations as a function of the direction of the external magnetic field (B = 150 mT),
parameterised in spherical coordinates. The colour scale (triplet fraction) is shared between both panels.
Left Dependence on the azimuthal angle ¢ for fixed polar angle 8 = 90°. Symmetric modulations of the
ST, oscillation frequency fst are observed with a periodicity of 90°. The directions ¢ = 0° (along x) and
¢ = 90° (along y) correspond to the in-plane (110) crystal axes of the Si wafer. Right Dependence on the
polar angle 0 for fixed azimuth ¢ = 0°. Here fst exhibits a symmetric modulation with a periodicity of 180°.
The direction 6 = 0° (along z) corresponds to the wafer normal (Si{001)), while 8 = 90° (along x) again lies
along a (110) in-plane axis.

function of the direction of the external magnetic field. The direction-dependent g-tensor
of each dot causes the oscillation frequency fst to vary with angle in a manner that is
symmetric with respect to the Si crystal axes ({(001) and (110)). A detailed discussion of
the microscopic origin and modelling of this behaviour can be found in Refs. [208, 209,
216, 221]. At the same time, this angular dependence offers an opportunity: by choosing
an operating angle (¢, 0) at or near a minimum of fst,, one can realise a configuration
where Ag(¢, 0) ~ 0 and the ST oscillation frequency becomes, to a good approximation,
purely sensitive to the magnetic-field gradient AB, which is the ideal regime for sensing
experiments.

Overhauser-Field Background

Recording ST, oscillations over extended evolution times reveals a distinctly different
behaviour from that observed in ESR Rabi experiments (Sec. 4.8). As shown in the left
panel of Fig. 6.9, the ST oscillations are initially coherent, but the phase rapidly becomes
scrambled while the overall visibility remains high. In contrast, for single-spin Rabi
oscillations (Sec. 4.8) fast noise during the evolution time usually leads to an exponential
decay of the oscillation amplitude, while the phase of the averaged oscillations remains
well defined.

In the ST case, the observed dephasing is consistent with predominantly low-frequency
noise. A natural contribution is slow magnetic-field noise from the residual #’Si nuclei
(400 ppm), which gives rise to a quasi-static Overhauser field during each experimental
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Figure 6.9: ST, oscillations measured over extended times. Left Triplet fraction as a function of dwell
time in the (1, 1) configuration. The oscillations start out coherent at short times, but the phase becomes
randomised at longer times while the visibility remains high, indicative of slow frequency fluctuations
from a quasi-static Overhauser field. Right Same data plotted over a longer time window. The envelope is
obtained by extracting local maxima and minima from windows of 30 neighbouring data points and fitting
the upper and lower envelopes with C + Aexp|[—(t/T3")#], yielding T3 = (95 + 5) ps and 8 = 0.74 % 0.04.
Each data point corresponds to an average of 500 single-shot measurements acquired over ~ 10 s, with the
full data set recorded over ~ 14 h.

cycle and drifts on time-scales much longer than the ST, evolution and readout win-
dow [186, 222, 223]. In addition, low-frequency electrical noise can contribute via Stark
shifts of the effective g-factor: fluctuations of the local electric field at the dot (due to gate
voltage noise or charge rearrangements at the Si/SiO, interface) translate into fluctuations
of the ST, precession frequency [146, 209, 221]. Each data point in the time trace is
obtained by averaging about 500 single-shot realisations over ~ 10s, so that each point
effectively samples a slightly different ST, frequency fst. This slow frequency wandering
causes an apparent loss of phase coherence in the dataset, even though the underlying
single-shot dynamics remain coherent. When the same data are viewed over a longer time
window (right panel of Fig. 6.9), the decay of the oscillation envelope is well described by
a stretched exponential of the form C + A exp [—(t / TZST)ﬂ ], yielding TZST =(95+5) ps and
B =0.74 £ 0.04. A stretching exponent < 1 indicates that the dephasing is governed by
a broad distribution of slow noise processes rather than a single characteristic rate, which
is consistent with slowly fluctuating Overhauser fields as well as slow Stark shift induced
frequency drifts present during the measurement [224].

For sensing applications, the key figure of merit is not ;! in isolation, but rather the
choice of an evolution time that yields a stable and well-defined triplet fraction over the
total measurement duration required by the sensing protocol. In practice, this means
operating at dwell times where the ST, oscillations still appear coherent and the impact of
Overhauser drift on the inferred signal is minimal.
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Triplet fraction

Figure 6.10: Sensing test with ST, oscillations. A diluted TbPc, crystal is placed on top of the device,
intended to induce a magnetic-field gradient AB. Its easy axis is aligned along z. The colour map shows the
triplet fraction as a function of dwell time and longitudinal magnetic field B,, in the presence of a constant
transverse field By = 0.1 T. Small changes in the ST, oscillation frequency with B, are visible, but no clear
signature that can be attributed to the TbPc; crystal is observed.

Proof-of-Principle Sensing with a TbPc, Ensemble

Sensing based on the ST oscillation protocol was tested using the industrial SIMOS device.
As discussed in Sec. 2.3, the present gate layout is not yet optimised for single-molecule
sensing: the centre-to-centre separation between the double dot and the nominal SMM
position exceeds 250 nm, such that the dipolar coupling to an individual TbPc, molecule is
expected to be far below the detectable threshold. To enhance the magnetic signal, a 5%
TbPc; crystalline ensemble (Sec. 2.2) was therefore deposited on top of the chip (Fig. 5.1).

A macroscopic TbPc; crystal is, however, not expected to generate a strong gradient AB
across the ~ 80 nm double-dot separation, even though it produces a sizeable average
stray field (Sec. 5.3). This is consistent with the measurements shown in Fig. 6.10. In
this experiment a TbPc; crystal, with its easy axis aligned approximately along z, was
positioned above the device. The triplet fraction was recorded as a function of dwell
time in the (1,1) configuration and longitudinal magnetic field B,. Since fs ~ 0 for a
purely z-oriented field at the chosen working point (where Ag ~ 0; see Fig. 6.8), additional
transverse fields B, were applied to render the ST, oscillations visible. The data shown
in Fig. 6.10 correspond to B, = 0.1 T. If the ensemble introduced a substantial gradient
AB(B,), additional features or shifts in the ST, oscillation frequency beyond the smooth
background of g-factor anisotropy would be expected. Instead, only small, gradual changes
of fst with B, are observed, and no distinct signature can be unambiguously attributed to
the TbPc; crystal.

These measurements therefore indicate that, in the current geometry, the field gradient
produced by the TbPc; ensemble at the double dot is below the sensitivity of the ST
protocol. Realising STy-based sensing of individual SMMs will require a reduced dot-
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molecule separation that generates a larger and more controllable AB across the two dots.
Gate-stack optimisations aimed at achieving this are discussed in Ch. 7.

Up to this point, all experiments have relied on gradients AEz and the exchange interaction
J(¢) to generate coherent dynamics in the ST, subspace. While the Zeeman-energy
gradient has been characterised via ST, oscillations, the next step is to characterise the
exchange interaction itself through exchange oscillations.

6.5 Exchange Oscillations

Beyond characterising J(¢), exchange oscillations provide a direct verification of initialisa-
tion into the product state ||T). This constitutes an important step towards the proposed
ESR experiments discussed in the next section. Demonstrating exchange-driven dynamics
confirms that coherent control around both axes of the ST, Bloch sphere is available.

In the effective ST( Hamiltonian Hst, of Eq. (6.2), the exchange interaction J(¢) generates
rotations about the z-axis of the ST, Bloch sphere. In the regime J(¢) > AEy, the
eigenstates in the S, = 0 subspace are |S) and |T;). Conversely, in the opposite limit
J(e) < AE7 the eigenstates are well approximated by the product states |T]) and [|T).
The relation between both bases is

1) = 51Ty +15)). (6.13)
1T = %(IR) -15)). (6.14)

If the qubit is initialised in a product state in the regime J(¢) << AEz and the detuning
is then changed diabatically such that J(¢) > AEz, the initial product state becomes
a coherent superposition of the eigenstates |S) and |Ty). The exchange splitting J(¢)
between these eigenstates leads to a relative phase accumulation in time and thus to
coherent oscillations between ||T) and |T]) at frequency Q(¢) = J(¢)/A.

The pulse sequence used to observe these exchange oscillations is illustrated in Fig. 6.11a.
Initialisation into ||T) is achieved by an adiabatic ramp with sweep rate v;, from point A
in the (2,0) configuration to point B in (1, 1), where J(¢) ~ 0 and ||T) is, to good ap-
proximation, an eigenstate of Hst,. A fast pulse in detuning then moves the system close
to the (1,1) < (2,0) charge transition, where J(¢) is large, and the state is allowed to
evolve for a variable dwell time t4y.y. This sudden turn-on of J (with respect to the spin
dynamics) projects the product state into a coherent superposition of |S) and |Ty) and
generates exchange oscillations. After the evolution period, the detuning is pulsed back to
point B, effectively switching off J(¢) again.

Readout is performed along the product-state axis by ramping adiabatically back to the
readout detuning point R with vgyt = 0jy. During this ramp, the component of the state
corresponding to ||T) maps onto the |S(2,0)) branch, while the orthogonal component
maps onto |Ty(1, 1)), which remains blockaded by PSB. The resulting singlet versus triplet
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Figure 6.11: Exchange oscillations. a Schematic detuning pulse sequence. Starting from the initialisation
point A in the (2, 0) charge configuration, the detuning is ramped with sweep rate v;, = 876 €V/s to point B
in (1, 1). From there it is pulsed to a detuning value close to the (1,1) < (2,0) charge transition, where the
exchange J(¢) is large, and held for a variable dwell time #4y.1. The detuning is then pulsed back to B and
subsequently ramped with sweep rate v,y = iy to the readout point R, where the SET current is integrated
over a fixed time window (blue shaded region). Finally, the detuning is returned to point A. For clarity,
the pulse shape is shown without the additional bias-tee compensation discussed in Sec. 3.6. b Measured
triplet fraction (probability of the blockaded |T]) state) as a function of dwell time and detuning during
tawell- The oscillation frequency increases approximately exponentially with detuning, and a pronounced
beating pattern is visible, giving rise to dips in the oscillation maxima. The data were taken at an external
magnetic field of B, = 30mT. ¢ Fourier transform of the data in b. Both branches are fitted with an
exponential exchange model J(¢) = Jy exp(¢e/¢o), yielding for the upper branch J; = (2.3 + 0.2) GHz and
& = (0.256 = 0.009) meV, and for the lower branch J, = (2.4 + 0.3) GHz and & = (0.220 = 0.008) meV.
d Numerical simulation of b using the exponential exchange model, performed with QuTiP and without
including decoherence. In this simple model each detuning value gives rise to a single dominant oscillation
frequency, and no additional frequency component is observed.

outcome probabilities therefore directly reflect the exchange-driven oscillations between
the product states during tgyel-

The experimentally acquired data are shown in Fig. 6.11b, which displays the triplet fraction
as a function of dwell time for different detuning values during t4y.y. As the detuning is
made more positive, the exchange interaction J(¢) increases approximately exponentially
and the oscillation frequency becomes faster. The dephasing of the oscillations is partic-
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ularly rapid at the largest J(¢), where 9] (¢)/0e is largest and gate-voltage fluctuations
(arising from charge noise or electrical noise) therefore have an enhanced impact on J(¢)
and directly modulate the oscillation frequency [178].

A further striking feature of the data is revealed by the Fourier transform shown in
Fig. 6.11c. Two distinct frequency branches contribute to the exchange oscillations, with
the upper branch appearing at approximately twice the frequency of the lower one. Both
branches increase exponentially with detuning, with the upper branch following J(¢)/h
and reaching J(—-1.50meV)/h ~ 6.5MHz and J(-0.75meV)/h ~ 121.4 MHz. A similar
two-frequency structure has been reported in Ref. [211], where it was suggested that the
double dot can occupy an incoherent mixture of two distinct singlet-triplet manifolds
that are read out simultaneously, each with its own exchange energy. In that picture, the
additional branch may arise from an excited valley or orbital configuration of the double
dot. At present, the microscopic mechanism by which such an excited manifold becomes
populated in this device remains unclear.

A QuTiP [203] simulation of the STy Hamiltonian Eq. (6.2) is shown in Fig. 6.11d. Using a
phenomenological exchange law J(¢) = Jy exp(e/eo) [178] and neglecting decoherence, the
simulation reproduces the overall trend of increasing oscillation frequency with detuning.
However, for each detuning value only a single dominant frequency component is obtained,
and no additional frequency component is observed, underscoring that the simple single-
manifold model does not capture the additional branch observed experimentally.

From the dominant (upper) frequency branch an exponential dependence

€
J(e) =2.3GHz exp(o.256 meV) (6.15)
is extracted. This parametrisation of J(¢) is useful for choosing operating regimes such as
J < AEy (gradient-dominated ST, sensing) or J > AE7 (exchange-dominated dynamics).
The observation of robust exchange oscillations and their exponential dispersion demon-
strates that the protocol for preparing the product state ||T) is largely successful, even
though the presence of a second frequency branch indicates that the initialisation is not
perfectly confined to a single singlet-triplet manifold.

6.6 Towards ESR-Based Sensing with Pauli Spin Blockade

Spectroscopic sensing protocols based on tracking shifts of the qubit resonance frequency
were discussed in Sec. 2.3 and Ch. 5. In the single-dot ESR experiments presented there,
energy-selective tunnelling (Elzerman readout) requires a sufficiently large Zeeman split-
ting, such that the energy separation between |T) and ||) exceeds the relevant thermal
broadening. This places a constraint on the external magnetic field and can be undesirable
for sensing applications in which additional bias fields perturb the target system.

A double quantum dot offers an alternative route: PSB provides spin-to-charge conversion
based on the large singlet-triplet energy separation in the (2,0) charge configuration [17,
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98]. Importantly, this splitting is primarily set by orbital and valley physics and therefore
persists even at very small magnetic fields. As a consequence, state preparation and readout
remain feasible down to the low-field regime, in principle even at geomagnetic field levels.
This makes PSB particularly attractive for ESR-based sensing in situations where external
sensor fields should be minimised. The combination of coherent ESR control with PSB-
readout has been demonstrated previously and provides clear experimental reference
points [100, 218, 225].

The measurement procedure starts by preparing the antiparallel product state ||T) in
the (1, 1) configuration, following the exchange-based preparation described in Sec. 6.5.
During coherent control the system is pulsed deep into (1,1) such that the exchange
interaction is negligible, J(¢) ~ 0, and the product states are (to good approximation)
eigenstates of the full two-spin Hamiltonian in Eq. (6.3). From ||T) two single-spin ESR
transitions can be driven coherently,

D=,  UD el (6.16)

Their frequencies are set by the local Zeeman energies of the two dots. Writing the static
field components along the quantisation axis as By = B+ AB/2 and B, = B— AB/2 the two
ESR frequencies read

AB

fesr1 = %(B + 7) , (6.17)
AB

fesr2 = %( - 7) . (6.18)

Both transitions therefore respond to changes in the average field B, while their separation
is governed by the Zeeman-energy difference AEz between the dots.

In the sensing concept pursued here, an asymmetrically placed SMM provides an additional
local field contribution on one dot, thereby generating a measurable AB. Applying resonant
radiofrequency tones to the on-chip antenna produces an oscillating drive field at the
qubit, enabling coherent single-spin rotations and the implementation of Rabi and Ramsey
pulse sequences (Sec. 5.4). By tracking the resulting oscillations as a function of drive
frequency, fgsri or fesrz can be measured and monitored as the SMM magnetisation state
changes and as the externally applied field direction is varied relative to the molecular
easy axis.

After coherent control, the system is adiabatically pulsed to the PSB readout point near the
(1,1) & (2,0) transition, where the charge outcome depends on the spin configuration.
For the chosen readout trajectory, ||T) is mapped onto the unblocked |S(2,0)) branch,
whereas the remaining product states stay in (1, 1) and remain blockaded by PSB, yielding
a charge signal that is detected with the SET. In the present context it is sufficient to read
out the spin parity: antiparallel states (odd parity) versus parallel states (even parity).
Parity readout is often advantageous compared with distinguishing S and T, because the
blockade decay rate of the even-parity outcomes I'. can be significantly slower than the
decay rate of the Tj state I', [218]. Microscopically, for S-T; readout the unblocking of T
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is dominated by efficient S < Tj mixing driven by a Zeeman-energy difference between
the dots [98, 218, 226]
FTO ~ mix(S A TO) + I‘spin-ﬂip > (6'19)

whereas the fully polarised triplets T, (corresponding to |TT) and |||)) are protected by
spin projection and typically require a genuine spin-flip process to unblock,

[ ~ I_‘spin—ﬂip . (6~20)

Since in most devices Tiyix (S <> Ty) > Lipin-gip, the parity-blockade decay can be orders
of magnitude slower, directly improving discrimination in the charge sensor and the
achievable readout fidelity [218].

Looking ahead, frequency tracking of fgsr; and fgsrz enables two TbPc, sensing experi-
ments. First, ensemble magnetometry at reduced bias field: as observed in Sec. 5.3 and
Sec. 6.4, TbPc; crystals predominantly provide an absolute stray field on the order of mT,
while the field gradient AB at the scale of the double dot is negligible. In this regime,
tracking fgsr; or fesre primarily measures changes in B. Relative to the single-dot readout
used in Ch. 5, PSB-based readout removes the requirement of a large transverse bias field,
which should reduce hyperfine-transition broadening and may enable the observation
of sharp hyperfine-related features in the ensemble response. Second, single-molecule
readout via a local gradient: for a single TbPc;, placed asymmetrically on the double dot,
the dominant signature is expected to be a local field contribution, i.e. a measurable AB
with only a modest change in B. In this case, the frequency difference Af = fzsr1 — fesrz or
tracking of a single ESR transition frequency provides a sensitive probe of magnetisation
changes of the SMM.

In conclusion, ESR combined with PSB parity readout offers a promising route towards
low-field sensing with double quantum dots, because spin-to-charge conversion no longer
relies on a large Zeeman splitting to enable energy-selective tunnelling. Realising this
experimentally requires (i) reliable preparation of ||T), (ii) sufficient spectral separation
AEz/h to selectively address ESR1 and ESR2, and (iii) efficient delivery of the required
drive fields in the low-frequency regime relevant for small bias fields. Once these technical
challenges are overcome, ESR with PSB readout provides a powerful spectroscopic tool for
detecting and tracking the magnetic state of single-molecule magnets.
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7 Simulation-Driven Optimisation of
Gate Stack Architectures for Spin Qubit
Sensors

A central limitation for hybrid SMM-semiconductor sensors is the rapid 1/r> decay of the
SMM’s dipolar field with sensor-sample separation r (see Sec. 2.3). To approach single-
molecule sensitivity, the most effective lever is therefore geometric: reducing the physical
distance between the SMM on the surface and the electron confined in the silicon quantum
dot, while keeping the device in the few-electron regime with reliable tuneability.

In the industrial SIMOS device A (see Sec. 4.1, Tab. C.1), the vertical separation from
a surface-deposited TbPc, molecule to the qubit is set by three stacked contributions
above the channel: the gate stack (< 108 nm), the on-chip ESR antenna (= 100 nm),
and a passivation layer (= 250 nm). The gate stack and antenna sits embedded within
the passivation. This architecture is excellent for robustness, protection and yield in
conventional qubit operation, but it is unfavourable for hybrid sensing since it places the
molecule hundreds of nanometres away from the active quantum region.

The passivation layer is applied across an entire 300 mm wafer by the foundry and serves as
a protection of the quantum region. For sensing, however, we intentionally seek controlled
coupling to a spin on the surface. Requesting the omission of passivation at the foundry
level is impractical. Instead, a post-processing route in our academic cleanroom is adopted
and the passivation locally removed by a selective etch, thereby opening a window above
the target dot (see Sec. 7.4). Once this window is opened, the passivation no longer
contributes to the molecule-qubit separation within that region.

The ESR antenna placement is not an intrinsic constraint of the architecture. It need
not be centred above the qubit: laterally offset designs have already been fabricated and
characterised, showing only a modest reduction in drive speed. This follows from the
near-field scaling of a straight conductor, whose microwave magnetic field decays as
B o< 1/r [96]. Increasing the antenna-qubit distance r therefore lowers B and hence the
Rabi rate. A shifted ESR line is thus entirely feasible, with the trade-off of slightly slower
qubit manipulation. After passivation removal at the sensing site, the antenna no longer
sets the minimum achievable SMM-qubit separation.

With passivation removed locally and the antenna positioned off-axis, the remaining
spacer is the gate stack itself. This motivates a gate layout tailored to hybrid operation
that creates a recess directly above the quantum dot. A practical route is to reduce the
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Figure 7.1: Gate-stack optimisation principle, the layer heights depicted in the figures are identical to device A
in Sec. 4.1). Left In a standard stack, the minimum SMM-qubit distance (red cross to black spin) is set by the
SiOy thickness (grey) plus the plunger (green). The confinement gate C is pink; gates are n** poly-Si; the
qubit resides in isotopically enriched 28Si (light blue). Right A shortened plunger gate opens a recess so an
SMM can sit closer to the dot.

lateral extent of the plunger gate so that a pocket is opened above the dot (see Fig. 7.1,
right). Since the trade-off is a reduced plunger lever arm, it is therefore useful to ask
the following questions: (i) can shortened-plunger layouts still form few-electron dots at
realistic biases; and (ii) can the confinement gates steer the dot toward the plunger edge
so that the SMM can be positioned directly above it? Achieving this controlled lateral
displacement towards the plunger is essential for minimising the SMM-dot separation.
The nextnano [227] simulations below demonstrate that this is feasible.

In the purpose-designed layout of device A, once the local passivation has been removed
and the antenna displaced, the remaining vertical separation is determined by the internal
oxides of the gate stack and is approximately 18 nm. Using Eq. (2.14), a TbPc; at r = 18 nm
produces a dipolar field change of about 5.6 uT, corresponding via y, ~ 28 GHz/T to a
qubit resonance shift of ~ 160 kHz. Such shifts are resolvable by Ramsey spectroscopy
and, more robustly, by dynamical-decoupling sequences such as Hahn-echo and CPMG
(see Sec. 2.3). Further thinning is feasible: if the oxide is locally etched to achieve r ~ 5nm,
the expected frequency shift rises to = 7.5 MHz, which is straightforward to detect.

The remainder of this chapter details the gate stack optimisation. It first outlines the
simulation framework and validates the model against measurements on baseline devices.
Two different shortened plunger architectures are compared, and their operating windows
and dot-placement capabilities are quantified. The surface post-processing required to
realise the recess is then described. Finally, initial device tests are presented for a sample
fabricated in an imec 300 mm cleanroom for hybrid operation.

7.1 Computational Methodology and Simulation Framework

In this chapter, simulations are carried out with the Schrédinger-Poisson solver nextnano [227],
which models semiconductor heterostructures from the nanometre to the micron scale.
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7.1 Computational Methodology and Simulation Framework

It supports one-, two- and three-dimensional device geometries under equilibrium and
non-equilibrium conditions, including external electric and magnetic fields, and accounts
for strain prior to the electrostatic and quantum-mechanical solves. Material libraries
cover group-IV and I1I-V (zincblende and wurtzite) semiconductors with arbitrary crystal
orientation, doping profiles and multilayer stacks.

Our targets are SIMOS devices in which a two-dimensional electron gas (2DEG) is accu-
mulated at the Si/SiOy, interface beneath patterned polysilicon gates. Within nextnano,
the gate materials are treated as electrostatic Dirichlet boundaries (ideal conductors).
Dielectrics enter via their relative permittivity, and silicon forms the quantum region
in which bound states and subbands are computed. Unless stated otherwise, material
parameters are taken from the native nextnano database to ensure consistency across
designs.

Governing Equations and Working Principle of nextnano

The software treats quantum-confined semiconductor devices by solving the Schrédinger-
Poisson system self-consistently [228]. For the devices considered here, lateral and vertical
feature sizes are typically one to two orders of magnitude larger than the lattice constant
(~ 0.5nm [229]). At that scale, fully atomistic approaches (e.g. empirical tight binding)
would require millions of atoms and basis orbitals and are therefore computationally
prohibitive, whereas a continuum description retains the relevant physics at tractable
calculation cost.

The continuum band-structure model employed is the k-p envelope-function frame-
work [230]. Within this approach the crystal periodicity is absorbed into slowly varying
envelope functions that obey effective Schrodinger equations. In this work, electrons in
the conduction band are described by the single-band k- p (effective-mass) approxima-
tion, which captures the low-energy dispersion near the band minimum with a position-
dependent effective mass of the electron and a conduction-band edge profile. Multiband
k-p Hamiltonians (e.g. 6 X 6 for valence bands [231]) are available when band mixing or
anisotropy must be resolved (notably for holes), but are not required for the electron states
of interest in this study. The envelope ¥, £(r) with the eigenenergy E and the conduction
or valence band number « obeys

Heft Wop(r) = E¥yp(r) . (7.1)
The effective mass Hamiltonian is given as

Heg = _h?zv'[m*_l(r) V] + Ec(r) + ch(r),

where m*(r) is the effective mass, E.(r) the conduction-band edge, and V,.(r) an optional
local-density exchange-correlation term. From the resulting wave functions, the local
density of states is formed as

p(r.E) = ) [Yar(m)|".
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Carrier densities of electrons follow from Fermi-Dirac occupation, with

1
fin(E,Er, T) =

E—Ep ) ’

1+ exp( Tl

so that

n(r) = / p(r,E) frp(E, Er, T) dE

and the electrostatic potential satisfies Poisson’s equation
v. (go £ (1) v¢(r)) —en(r). (7.2)

In its self-consistency cycle, nextnano begins with a pure band-edge quantum calculation,
i.e. the first Schrodinger solve uses E,(r) to obtain an initial carrier distribution. Thereafter,
the program alternates between updating the electrostatic potential ¢ (r) by solving Eq. (7.2)
with the current carrier densities and boundary conditions, and recomputing the quantum
states Eq. (7.1) using a total electron potential constructed from E. (r) and the self-consistent
electrostatics

U () = E() ~ e ¢ ().
The loop continues until the Poisson residual falls below the prescribed tolerance.

In the remaining (semi)classical regions - i.e. parts of the device where quantum con-
finement and wave-function penetration are negligible, nextnano does not solve the
Schrodinger equation. Instead, carrier densities are obtained from a generalised Thomas-
Fermi model [232] with Fermi-Dirac statistics that uses the local band edges and quasi-
Fermi levels. These densities enter Poisson’s equation Eq. (7.2) to update ¢(r). This treat-
ment captures drift of bands and electrostatics in bulk-like regions at low computational
cost, while the explicitly quantum regions (thin channels/wells) provide the quantised
subbands and wave-function shapes needed where confinement is essential.

Numerically, the nonlinear Poisson problem is handled by Newton-Raphson iteration [233]
with an inexact line search for robustness and rapid convergence, while Schrédinger
eigenproblems are solved with standard BLAS [234] and LAPACK [235] back-ends. Three-
dimensional simulations are memory-bound; nextnano therefore supports anisotropic
meshing, with typical in-plane spacings of 0.5 nm and adaptive refinement in z down to
0.01 nm near the interface, noting that the computational cost grows with the total number
of grid points.

In the present, deliberately simplified simulations non-idealities at the Si/SiO, interface
were not included. Specifically, no fixed interface charge or trap density was incorporated
into the Schrodinger-Poisson model. Dielectrics were treated as homogeneous and the
interface as ideal. Consequently, absolute threshold voltages and lever arms may be
globally offset relative to the experiment, an effect we absorb during tuning by adjusting
gate voltages. This approximation is adequate for the aims of this chapter which were to
compare gate layouts and demonstrate the feasibility of edge-localised dot formation.
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7.2 Baseline Device: Simulation of the Original Device

Figure 7.2: Gate layout of the imec SiMOS double-quantum-dot device with dimensions. The x-y plane is
shown; different gate layers are colour-coded: bottom layer 1 (pink), layer 2 (green), top layer 3 (blue).

7.2 Baseline Device: Simulation of the Original Device

The simulations presented were carried out in collaboration with Niklas Ries as part of a
Bachelor’s thesis [236]; additional implementation details are documented there.

To keep runtimes tractable while retaining the relevant physics, the self-consistent Schrodinger-
Poisson solver was restricted to the region that actually forms the quantum dot and its
reservoir (under and around the gates P1, B1, and P2). Everywhere else on the chip, carrier
densities were computed in a (semi)classical treatment using the generalised Thomas-
Fermi model with Fermi-Dirac statistics, as outlined in Sec. 7.1. This hybrid partitioning
concentrates quantum effort where quantisation is essential and avoids unnecessary cost

in the SET regions.

The SET area (top gate and both barriers) was meshed with a coarser lateral grid to reduce
memory and computation time. This produces visibly sharper edges in the simulated
SET maps, but control runs with a uniformly fine grid yielded indistinguishable dot
characteristics (position, electron density) in the qubit region, thereby justifying the mesh
simplification for the SET.

Because the original imec design (Fig. 7.2) is available for laboratory testing, the simulated
gate biases were derived from experimentally tuned devices and lightly adjusted for the
numerical model. The voltages used in the simulation are listed in Appendix Tab. E.1. The
resulting 2DEG density is shown in Fig. 7.3. By integrating the electron density in the
quantum region beneath P1, we find an occupation of three electrons for the operating
point considered.
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Figure 7.3: Electron density n simulated for a working point derived from experimentally tuned devices.
Left Line cut along z (normal to the surface into the chip) through the dot centre; z = 0 nm is defined at
the SiOx-Si interface. Right 2DEG density in the x-y plane over a 370 nm X 300 nm window and integrated
along z and on a logarithmic colour scale.

7.3 Gate-Layout Optimisation: Single- vs. Split-Plunger
Designs

This section compares two gate layouts that are tailored for SMM sensing. While the
eventual size and shape of the new layouts are of interest, the primary objective is to
demonstrate feasibility: a quantum dot can be accumulated slightly off the plunger-edge
so that its vertical separation from an SMM positioned above the recess is minimised.

As a baseline we use the original device employed experimentally in this thesis, with
the simulated electron density discussed in Sec. 7.2. The optimised designs preserve the
full gate stack and biases of the baseline, only the geometry of the left-dot plunger P1 is
modified. To keep the parameter sweep both minimal and meaningful, a single geometric
length of the plunger layout is chosen as the optimisation variable, while all other gate
dimensions and voltages are held fixed.

A practical requirement is imposed on the plunger coupling: the modified P1 must retain
a lever arm large enough to accumulate a dot with < 10 electrons using plunger voltages
< 3.5V. The 3.5V ceiling reflects laboratory practice to avoid oxide breakdown between
overlapping gates. Any geometry that cannot form a few-electron dot within this bias
window is therefore ruled out.

Finally, the coupling to the reservoir is not explicitly simulated. With a functional barrier-
gate layout in place, the tunnel rate can be tuned in experiment by adjusting the barrier
gate, and is not expected to limit the conclusions of the present comparison.
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Figure 7.4: Reduced single-plunger P1 layout and simulated electron densities. a Top view of the gate layout
showing the open recess where the SMM is intended to land (red cross). b Side view: the spin qubit (black)
resides in isotopically enriched 28Si (light blue); the plunger is green, the confinement gate C is pink, and
oxides are grey. The recess allows the SMM (red cross) to sit closer to the dot. ¢,d 2DEG density in the
x-y plane over a 370 nm X 300 nm window and integrated along z and on a logarithmic colour scale. Gate
footprint overlaid in white. Both cases accumulate ~ 3 electrons in the dot. In ¢, a 40 nm recess is obtained
with Vp; = 1.10 V; the dot remains largely under P1. In d, a 50 nm recess with Vp; = 1.80V shifts the dot
predominantly next to the plunger, i.e. at the recess edge.

Reduced Single-Plunger Layout

The single-plunger variant shortens P1 along the y-direction to open a recess above the
dot (Fig. 7.4). In this geometry the simulated electron-density maps (panels c, d) show that
a well-defined dot can be accumulated at the plunger edge once the recess is sufficiently
wide. A recess of 50 nm which corresponds to a lateral overlap of the P1 edge with the
C-gate aperture of 10 nm, reliably yields the desired off-edge localisation and is adopted as
our baseline parameter choice.

The lateral positioning is enabled by the nearby confinement gate C, which is biased at
—0.2'V and thereby electrostatically displaces the dot towards the centre of the C-gate gap.
Both operating points illustrated yield a few-electron dot (~ 3 electrons) while keeping all
other device dimensions and biases unchanged.
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Split Double-plunger layout

The second layout employs two plunger fingers, P1 and P1M, which define a narrow slit
(recess) between them (Fig. 7.5). Biasing the two plungers symmetrically accumulates
a quantum dot in the centre of this recess. Although this requires one additional gate
compared with the single-plunger variant, it provides deterministic lateral placement of
the dot directly beneath the opening intended for the SMM.

The recess width controls the onset of unintended double-well behaviour: once it exceeds
a critical value, the lateral confinement splits into two minima. In our simulations, recesses
2 40 nm produce two lateral density maxima (one near each plunger edge) separated by
a shallow saddle; the bimodality is most evident on a linear colour scale (Fig. 7.6, left).
Because such two-lobe profiles can evolve into a fully developed double dot if the saddle
deepens or widens, we regard recesses < 30 nm as the safer operating regime, with smaller
values preferable within fabrication limits.

A key advantage of the split layout is in-situ lateral tuning: applying slightly different
voltages to P1 and P1M translates the dot along y. As illustrated in Fig. 7.6 (right), for a
50 nm recess the bias pair Vp; = 1.10V, Vp1 = 1.60V displaces the dot centre by ~ 15nm
along y. This tunability is attractive for optimising the SMM-dot coupling without altering
the device geometry.

In conclusion, both proposed layouts can form a few-electron dot displaced towards
the plunger edge at realistic biases. The split double-plunger offers clear advantages:
deterministic accumulation of a dot in the recess, lateral tunability via asymmetric biases,
and the possibility to maintain a larger lever arm with a relatively small recess (e.g. 20 nm),
which also provides better electrostatic shielding of the 2DEG. These benefits come at the
fabrication cost of one additional plunger gate.

7.4 Post-Processing: Buffered Oxide Etch Passivation
Removal

With a gate layout tailored for strong SMM-qubit coupling in place, the remaining spacer
between the SMM and the spin qubit is SiOy. In addition, the foundry process at imec
deposits a further 150 nm of SiOy as a passivation layer to protect the device. For our
experiments this additional passivation is detrimental because it increases the SMM-qubit
separation. In this section we therefore summarise how the SiO, passivation can be
locally removed as an academic cleanroom post-process. The post-processing strategy was
characterised in detail in the Master’s thesis of Noah Glaser [188]; for exact procedures
and recipes, please refer to that work.

Because aluminium bond pads and leads reside on the chip surface, a global passivation
removal is infeasible as it would disrupt electrical connections. The objective is instead
to open a 10 um X 10 pm window above each device so that an SMM can approach the
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Figure 7.5: Split double-plunger layout and simulated electron densities. a Top view showing the open recess
where the SMM is intended to land (red cross). b Side view: the spin qubit (black) resides in isotopically
enriched ?8Si (light blue); plungers are green, the confinement gate C is pink, and oxides are grey. The recess
allows the SMM (red cross) to sit closer to the dot. ¢-f 2DEG density in the x-y plane over a 370 nm X 300 nm
window, integrated along z and shown on a logarithmic colour scale (gate footprint overlaid in white).
In all cases, the dot contains ~ 3 electrons. Symmetric plunger biases yield recess widths of ¢ 10 nm at
V1 = Vpim =0.70V,d 20nm at 0.80V, e 40 nm at 1.20V, and f 50 nm at 1.60 V. The colour scale matches

Fig. 7.4: blue indicates zero electron density and yellow corresponds to 14.8 x 108 cm™3.
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Figure 7.6: Asymmetric tuning with a split double-plunger. Left Electron density in the dot region plotted
on a linear colour scale for the 50 nm recess case of Fig. 7.5 f; the density exhibits a two-lobe profile along y.
Right 2DEG density in the x-y plane (370 nm X 300 nm), integrated along z and shown on a logarithmic
colour scale. For Vp; = 1.10V, V1 = 1.60V (overlaid with the inverted pair), the dot centre shifts by
~ 15nm along y.

quantum region, while preserving the buried gate stack and, critically, the thermally grown
gate oxide that provides inter-gate isolation.

Semiconductor spin qubits are highly susceptible to inhomogeneities from nearby impuri-
ties [237, 238], so the ablation method must minimise damage and contamination. Wet
chemical etching meets this criterion: particle energies are in the sub-eV regime with
per-degree-of-freedom thermal energies ~ kT =~ 0.03 eV at room temperature, and the
solid-liquid interface remains well thermalised to the bath. By contrast, prevalent dry-etch
methods (plasma or reactive ion etching) employ ions with typical energies > 200 eV [239],
and focused ion beams reach the keV regime [240]; this energy is deposited directly into
the substrate, raising concerns of damage and contamination for sensitive qubit struc-
tures [241, 242]. Accordingly, wet chemical etching is adopted exclusively to preserve
device integrity and materials purity.

Buffered oxide etchant (BOE) is a standard, SiOx-selective wet etchant [243]. Although
BOE is effective, it is a contact poison and requires strict handling protocols [244]. Other
common etchants such as potassium hydroxide or piranha solution (sulphuric acid and
hydrogen peroxide) do not, or only barely, attack SiOy and are therefore unsuitable for
this task [245].

To realise the local opening, the SiOx passivation is removed only in a 10 pm X 10 pm
square centred above each device; all remaining areas are protected by photoresist. The
resist-coated chip is submerged in BOE for a prescribed time and immediately rinsed in
water to stop the reaction. Where SiOy contacted the etchant, recesses remain whose
depth depends primarily on the etch duration.
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Etch chemistry and buffering.

The dissolution of SiOy in hydroflouric acid (HF) can be written as [246]
SiOx(s) + 6 HF(aq) — H,SiFs(aq) + 2H0.

Fluoride ions (F~) are continuously depleted at the interface and soluble fluorosilicate
products form, which can transiently hinder access of fresh reactants. As the etch proceeds,
the availability of active species diminishes and the rate slows unless buffered.

A buffered mixture (BOE) combines 49 % aqueous HF with 40 % aqueous ammonium
fluoride (NH4F) [245]. This has three main advantages: (i) NH4F buffers and stabilises the
HF, concentration via the dissociation NH4F(aq) = NH; + F~ and subsequent complex
formation HF + F~ = HF, -counteracting surface depletion and supporting a steady etch
rate [246]; (ii) convenient etch rates at reduced free-HF concentration [247]; and (iii) HF,,
the active species in BOE, diffuses more slowly through resist than the smaller F~ ions
that dominate in pure HF, mitigating under-mask attack [248]. In our case, “BOE” denotes
a 7:1 mixing ratio of NH4F solution to aqueous HF.

Process outcome and device integrity

In the final BOE test run a target etch depth of 130 nm was chosen. Using an etch duration
of 77 s an average depth of 139 nm was obtained with a standard deviation of 2 nm across
27 etched devices [188]. An example of the etched window is shown in Fig. 7.7, where the
opening is clearly visible in optical microscopy and atomic-force microscopy (AFM). One
etched sample was subsequently tested at millikelvin temperatures: the qubit resonance
was located by rapid adiabatic passage, demonstrating that the gate stack and ESR line
remained fully functional after passivation removal.

In conclusion, buffered HF etching enables local removal of the SiOy passivation in our
academic cleanroom while preserving device operability. By reducing the oxide thickness
above the qubit, the spacing between an SMM on the chip surface and the semiconductor
spin qubit is minimised, directly supporting the hybrid-sensor architecture explored in
this work.

7.5 Fabricated Device: Inital Tests

Devices implementing the split double-plunger layout were fabricated in the 300 mm wafer
line at imec [34]. The left-dot plungers define a slit of 25 nm between P1 and P1IM. The
corresponding stability for a representative device in Fig. 7.8 shows that both plungers
can independently-and jointly-accumulate electrons in the quantum dot, evidencing intact
electrical isolation and effective control from each finger. Using the procedure described in
Sec. 4.3, lever arms of 5.7% for P1 and 6.3% for P1M are extracted of the same device, with
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Figure 7.7: Enriched SiMOS device with a locally etched passivation window, imaged by optical microscopy
and AFM. Left Optical micrograph of a qubit chip showing gate interconnects and ohmic contacts to the
Si/SiOy interface (left, right, bottom), where the 2DEG forms. The brown feature in the upper third is the
ESR line; the qubit region lies beneath its taper. The etched opening appears as a rounded square centred
below the taper. Right Atomic force micrograph of the etched window. The rounded-square edge is visible
along the image perimeter. The orange ridge is the ESR line; near x = 3pm, y = 5pm the metal gates
converge to form the qubit layout, which is too small to resolve at this field of view.

statistical uncertainties below 0.1%. Employing both plungers for dot 1 yields a combined
lever arm of 10.7% (P1&P1M).

In contrast, the right-dot plunger P2 employs a traditional (unslit) layout and exhibits a
substantially larger lever arm of 17.5%. This increase reflects the absence of a slit above
the channel, which maximises the gate capacitance.

The split double-plunger devices belong to a new generation of imec devices with a thinner
SiOy stack and several additional process optimisations, which together yield larger lever
arms than reported earlier in this work. The top passivation remains present and must be
removed to minimise the SMM-qubit spacing, as discussed in Sec. 7.4. Implementing this
passivation-removal process is the next planned step for these devices.

This chapter established a pathway to reduce the SMM-qubit spacing while preserving
few-electron operability. Using a self-consistent Schrédinger-Poisson framework (with
semiclassical regions for efficiency), we validated a baseline SIMOS device and then
evaluated gate layouts that create a recess above the dot. Both the shortened single-
plunger and the split double-plunger architectures can position a stable few-electron dot
at the plunger edge. The split double-plunger additionally provides in-situ lateral tuning
via asymmetric biases and maintains a strong lever arm at modest recess widths, making
it the preferred option for hybrid coupling. Complementarily, a buffered-oxide-etch post-
process was demonstrated to open local windows in the passivation without degrading
device functionality (Sec. 7.4). First imec-fabricated devices with the split layout exhibit
independent plunger control. Taken together, these results show that the remaining spacer
can be engineered down to the gate-oxide thickness, enabling SMM-induced frequency
shifts in the MHz range for oxide thicknesses < 10 nm, and motivate the next step of
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Figure 7.8: Custom-made split double-plunger device. Left Scanning electron micrograph of the gate layout
with the two split plunger gates highlighted in green. Gate labels are indicated. Right Stability diagram
of a split double-plunger device with dot occupation indicated by white numerals. Both plungers induce
charge-addition lines (abrupt steps in the SET current), demonstrating that each gate can load electrons into
the dot separately and in combination. The background modulation arises from Coulomb oscillations of the
SET sensor.

applying local passivation removal to the new split-plunger devices and integrating surface
SMMs.
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8 Conclusion & Outlook

Single-molecule magnets (SMMs) provide chemically engineered, long-lived spin states that
are attractive as qudits and quantum memories, but fast, local readout at the single-molecule
level remains experimentally challenging. The central question addressed in this thesis
is whether industrial silicon metal-oxide-semiconductor (SiMOS) spin qubits can act as
viable quantum sensors for reading out SMMs. The hybrid architecture is motivated by the
complementarity of the two subsystems: the SIMOS spin qubit provides an on-chip readout
platform, whereas the SMM serves as a long-lived quantum memory and multilevel qudit.
Overall, this work shows that SiMOS spin qubits already enable quantitative magnetometry
of SMM ensembles, demonstrated here using terbium bis(phthalocyanine) in its anionic
form [TbPc;] ™. Progress towards single-molecule readout is currently limited primarily
by device geometry, in particular the qubit-molecule separation imposed by the industrial
gate stack.

Within this framework, the thesis first establishes the performance of the industrial
SiMOS spin qubit as a reliable quantum sensor and uses quantitative estimates of the
dipolar coupling to identify the geometric requirements for single-molecule sensitivity.
On this basis, a first hybrid realisation is demonstrated in which an ensemble of [TbPc,]~
molecules is detected via qubit-based magnetometry. The thesis further develops double-
dot sensing concepts that target both magnetic-field gradients and low-field absolute
Zeeman splittings. Finally, self-consistent gate-stack simulations are used to design SiMOS
devices with substantially reduced qubit-surface separation, providing a concrete route
towards the single-SMM regime.

A dedicated experimental infrastructure based on a Sionludi L dilution refrigerator, equipped
with a three-dimensional vector magnet and high-frequency wiring, was developed and
optimised to support coherent control of industrial SiMOS spin qubits and magnetometry
of SMMs. A central element of the conceptual framework is the choice of the SiMOS spin
qubit as the sensing platform. Industrially fabricated SiMOS devices provide ultra-shallow
quantum dots with excellent electrostatic control and reproducible device characteristics.
In this context, the electron spin is not used primarily as a logical qubit for quantum
computing. Instead, it serves as a quantum sensor whose resonance frequency shifts with
the Zeeman energy set by the local magnetic field of nearby SMMs.

The suitability of the SIMOS device as a quantum sensor rests on reliable spin readout
and coherent control of a single electron confined in the quantum dot. Spin-selective
readout is achieved via a nearby single-electron transistor (SET), which converts the spin
state into a detectable charge signal through energy-selective tunnelling. In this operating
regime, the spin-lattice relaxation time is Ty = (117 + 9) ms, ensuring that relaxation
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is negligible on the timescales of the readout and control sequences used throughout
this work. Coherent control is established using Rabi, Ramsey, and Hahn-echo pulse
sequences. Electrically driven electron spin resonance (ESR) yields a Rabi frequency of
fr = (421.6 +0.3) kHz, enabling rapid spectroscopy and resonance tracking. The measured
inhomogeneous dephasing time, T, = (3.1 + 0.1) ps, and Hahn-echo coherence time,
THE = (92 £ 10) ps, define the available evolution time for phase-sensitive sensing. The
30-fold increase in coherence under Hahn echo indicates that dephasing is dominated
by slow, low-frequency detuning fluctuations, consistent with the filter-function picture
in which Ramsey is highly sensitive to quasi-static noise whereas Hahn echo suppresses
its DC component. Plausible contributions include Overhauser-field fluctuations from
residual ?°Si nuclei, narrowband magnetic-field noise at 50 Hz and its harmonics from
the environment and the vector-magnet current supply, and electric-field fluctuations
that induce Stark shifts of the electron g-tensor at the Si/SiO, interface. For the sensing
protocols employed in this thesis, the relevant requirements are repeatable single-electron
operation with spin-selective readout, coherent control with a Rabi rate that supports
rapid resonance tracking, and coherence times that are sufficient for the chosen sensing
sequences. The measured T;, fr, T,’, and TZHE therefore provide a quantitative benchmark
for the present sensor performance: they are adequate for robust ensemble magnetometry
and resonance-tracking protocols, while also highlighting that longer T is required for
high-resolution Ramsey-based sensing in the single-molecule limit.

The magnetic coupling between the SiMOS qubit and a TbPc; molecule is dominated by the
dipolar interaction and thus decays as 1/r® with the separation r between the molecular
magnetic moment and the electron wavefunction. In the present industrial architecture, the
gate stack and on-chip ESR antenna are encapsulated in a SiO, passivation layer that fixes
a minimum qubit-molecule spacing of 250 nm. At this distance, a magnetisation reversal
of a single TbPc, molecule shifts the qubit resonance by only 60 Hz, far below the qubit’s
Fourier-limited linewidth of 3 kHz set by the measured echo coherence time. Quantitative
coupling estimates show that approaching separations of a few tens of nanometres or
less is necessary to reach frequency shifts in the hundreds of kHz, where they can be
detected reliably by Ramsey-type pulse sequences. Importantly, both simulations and
device considerations indicate that oxide thicknesses well below 10 nm should still yield
functioning SiMOS qubits in the relevant few-electron regime, so such reduced separations
are, in principle, technologically achievable. In the current generation of devices, this
geometric constraint is overcome by using an ensemble of molecules: a dilute TbPc;
crystal in a diamagnetic YPc, matrix is deposited on the chip surface, so that the net stray
field from many molecules adds to produce a substantially larger, measurable resonance
shift of 34 MHz with the existing industrial gate-stack geometry.

Magnetometry of a first hybrid architecture that couples an industrial SiMOS spin qubit
to an ensemble of the single-molecule magnet [TbPc;]~ is demonstrated using the Rapid
adiabatic Passage during Spin-Selective tunnelling (RPSS) protocol developed in this work.
A single frequency-chirped microwave pulse, applied concurrently with spin-selective
readout, enables robust tracking of the qubit resonance. Depending on the required
dynamic range, the protocol is operated either over a 100 MHz window with 1 MHz steps,
or over a 30 MHz window with 0.1 MHz steps. This compact sensing scheme resolves
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key magnetic signatures of the [TbPc;]~ ensemble: pronounced hysteresis loops when
sweeping along the molecular easy axis, a clear angular anisotropy consistent with the
easy-axis direction, and thermally activated magnetisation relaxation. The relaxation
follows stretched-exponential dynamics with characteristic timescales of 7 = 107 min at
48 mK and 7 ~ 0.8 min at 140 mK. In the present configuration, a large transverse field
of 0.66 T is required to maintain spin-selective readout of the SIMOS qubit. This field
broadens the hyperfine-resolved switching steps of [TbPc,]~, due to a small distribution
of molecular easy-axis orientations in the crystal, and prevents direct resolution of the Tb
nuclear manifold. Nevertheless, the combination of RPSS-based resonance tracking and
signal amplification by the molecular ensemble establishes a first quantitative benchmark
for SIMOS-based quantum magnetometry of SMMs.

Double-dot sensing concepts based on a two-electron singlet-triplet (STy) qubit provide a
complementary route to hybrid SMM-semiconductor magnetometry, motivated by the
desire to operate at low absolute magnetic fields. This is attractive for molecular-spin
readout because large transverse fields, needed for single-dot Elzerman readout, broaden
field-sensitive features of the [TbPc;]~ ensemble and hinder direct access to its hyperfine
structure. In one approach, the qubit is encoded in the |S) and |T;) states, whose energy
splitting depends predominantly on the difference in Zeeman fields across the two dots
and, if the two dots have slightly different effective Landé g-factors, also on the absolute
magnetic field. This makes the ST, qubit intrinsically sensitive to local field gradients while
being comparatively insensitive to homogeneous field fluctuations. A TbPc; molecule
placed asymmetrically with respect to the double dot therefore generates a differential
Zeeman shift between the two dots, imprinting the molecular magnetisation onto the ST
precession frequency. In a second approach, ESR can be driven on one of the dots while
readout proceeds via Pauli spin blockade between the (1, 1) and (0, 2) charge configurations,
providing a means to measure the absolute Zeeman splitting at external magnetic fields
close to zero. A key advantage of these double-dot schemes is that they do not rely
on the large transverse field required for single-dot ESR with Elzerman readout. This
relaxes an important constraint of the single-qubit architecture and provides a natural
route to gradient-based and absolute-field sensing of SMMs in the low-field regime, where
molecular hyperfine features are expected to be accessible. In the present device, coherent
ST, oscillations are observed at (2.749 + 0.005) MHz, set by the effective Zeeman-energy
difference AEz between the dots. Pulsing into the strongly coupled regime yields exchange-
driven oscillations reaching (123 + 17) MHz. Together, these results confirm experimental
access to both control axes of the STy Hamiltonian via AE; and the tunable exchange
interaction J(¢). A AEz gradient originating from an SMM has not yet been resolved in the
present devices, because the qubit-molecule separation in the current industrial gate stack
is too large for the resulting differential Zeeman shift to enter the detectable range.

Reaching single-molecule sensitivity requires increasing the dipolar coupling between
the SiMOS qubit and the target SMM, which in practice is achieved most effectively
by reducing the qubit-SMM separation set by the industrial gate stack. To address this
geometric limitation, gate-stack optimisation for sensing applications is pursued using
a self-consistent Schrodinger-Poisson solver implemented in nextnano. Different gate
geometries are explored with the explicit goal of reducing the vertical separation between
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the SIMOS qubit and an SMM while maintaining robust few-electron operation. A split
double-plunger design is introduced, in which the plunger is implemented as two opposing
finger gates that define a narrow gap above the dot. Simulations show that, for appropriate
voltage biasing at the gates, the electron wavefunction can be steered into this gap and
localised directly beneath the opening. For the present gate stack, the gap must remain
below approximately 30 nm to avoid an inhomogeneous confinement potential in the
quantum dot. These layouts can be combined with local removal of the SiO, passivation
layer in the opening. This passivation removal was implemented and tested via selective
hydrofluoric wet etching. In the simulated structures, the combined approach reduces
the effective qubit-surface separation from hundreds of nanometres to well below 10 nm,
bringing the expected dipolar coupling into the MHz range for a single TbPc; molecule. A
first generation of such sensing-optimised devices has been fabricated in the industrial
cleanrooms of imec, implementing a split-plunger gap of 25 nm. This demonstrates that
the proposed gate-stack modifications are compatible with the underlying SIMOS process
flow and provides a concrete route towards experimentally accessing the single-SMM
regime.

Taken together, the results of this thesis show that industrial SIMOS spin qubits can already
function as practical quantum sensors for SMM ensembles, while also defining a realistic
and technologically grounded pathway towards single-molecule sensitivity. In the current
devices, ensemble magnetometry of TbPc, demonstrates that the hybrid architecture is
viable at the many-molecule level, and the main obstacle to reading out a single SMM
is identified as geometric: the qubit-molecule separation set by the gate-stack and oxide
thickness. Simulation-driven gate-stack optimisation, combined with the prospect of
oxide thicknesses well below 10 nm, indicates that this limitation can be mitigated by
realistic process modifications, bringing the expected dipolar coupling into a regime that
is resolvable with established sensing protocols.

In the near term, hybrid measurements using double-dot Pauli spin blockade aim to demon-
strate qubit operation in the new sensing-optimised SiMOS devices and extend ensemble
experiments into a low-field regime where the Tb hyperfine structure can be resolved
clearly. Progress towards the single-molecule level will rely on refined molecular place-
ment strategies and on advanced sensing protocols that combine Ramsey-type sequences
with PSB readout or STy-based gradient detection, exploiting both absolute-field and
differential-field sensitivity. In the longer term, arrays of such sensors or mobile sensor
qubits that can be shuttled on-chip could act as buses mediating interactions between
multiple molecular spins. In this hybrid picture, TbPc; provides a chemically engineered,
multilevel quantum memory. Combining such molecular states with an industrial silicon
platform offers a route towards hybrid devices with on-chip readout of long-lived molecu-
lar degrees of freedom. The same approach also enables new opportunities in quantum
sensing and in fundamental studies of nanoscale magnetism.
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A Custom DC Line Fabrication

A.1 Fabrication of DC Lines

The following procedure describes the fabrication of a 24-line DC wiring assembly housed
in a FeCuNi capillary terminated with a Fischer 00 series connector and a Micro-D con-
nector (Comtronic CMKB-N1-B-25S-S). This wiring is used to route DC signals from
room temperature to the mixing chamber stage in the Sionludi cryostat. The fabrication
procedure described here, as well as the cabling of the newly commissioned Sionludi L
cryostat, was carried out in collaboration with Viktor Adam [119]. Photographs of the
completed DC lines, showing the connection from the mixing chamber stage to the sample
PCB, are presented in Fig. A.1.

Materials

Constantan wire, insulated, 80 um diameter, ~130 Q/m, heat-resistant purple insula-
tion.

« FeCuNi capillary, 70 cm length (Sionludi L) or 100-110 cm length (Sionludi XL),
1.0 mm inner diameter, 1.5 mm outer diameter.

+ 0.25 mm diameter steel or copper pull-through wire, 2.2 m length.

Apiezon N grease.

Heat-shrink tubing, 7 mm length, two pieces per capillary end.

Hermetic Fischer 00 series connector.

« Micro-D connector (Comtronic CMKB-N1-B-25S-S).

1.5 mm copper wire (bare, preferably silver-coated) for strain relief.

« Concentrated sulphuric acid (for insulation removal).

Silver powder epoxy.
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Procedure

10.

11.

12.

140

. Wire preparation: Cut insulated Constantan wire to the desired length: 70 cm for

Sionludi L or 100-110 cm for Sionludi XL. Target a total line resistance of 70-100 Q.

. Capillary preparation: Cut FeCuNi capillary to the required length and carefully

smooth the ends to prevent damage to the wire insulation during insertion.

. Wire bundling: Fix two screwdrivers 90 cm apart. Anchor one end of the wire to

one screwdriver, then wrap it 12 full turns around both screwdrivers, adding 3 extra
turns. This yields 30 wires in total, 6 of which serve as spares.

. Tinning capillary ends: Apply a small amount of tin using soldering grease to the

ends of the capillary to aid later soldering. Leave 5 mm from each end untinned; tin
the following ~1.5 cm to allow attachment of the strain relief.

. Heat-shrink placement: Place two 7 mm heat-shrink tubes onto each capillary

end for later protection of the wires.

. Pull-through wire setup: Pass the 0.25 mm pull-through wire through the loop of

bundled DC wires, bringing both ends together. Insert both ends into the capillary
and wrap around a third screwdriver. Tension the pull-through wire and secure it.

. Grease application: Apply Apiezon N grease evenly to the DC wires to enhance

thermal contact within the capillary.

. Inserting wires into the capillary: Remove the middle screwdriver and carefully

slide the capillary over the DC wires, ensuring a small blob of grease emerges at the
far end. If not, add more grease.

. Trimming ends: Once the capillary is centred, cut off the wire ends that were in

contact with the screwdrivers to remove any mechanically damaged sections.

Insulation removal - first side: Prepare a plastic guide plate (e.g. KF40 plastic
blank flange) with >30 small holes. Thread each wire through a hole, then immerse
~4 mm of the ends into concentrated sulphuric acid until the insulation disintegrates
(~1h in cold acid, less if warm).

Strain relief fabrication: Form 1.5 mm copper wire into an L-shape (5 mm short
leg, 20 mm long leg). Solder to the ground of both connectors in a position that
avoids interference with tension reliefs or shielding boxes. Pre-heat connectors to
~100 °C for easier soldering.

Micro-D connector termination: Mechanically fix the capillary in the desired
position relative to the connector. For each wire, pull until the stripped section can
be inserted into the correct solder pin. Bend the uninsulated length into a V-shape
to hide it inside the pin. This V-shape of exposed wire will clamp itself in the solder
pin. Solder with a fine tip, ensuring minimal exposed conductor.



A.1 Fabrication of DC Lines

13.

14.

15.

16.

17.

18.

19.

20.

21.

Tips

Looping and strain relief: Create a small loop between connector and capillary to
better organise the wires inside the connector housing later. Pull back slightly so the
heat-shrink at the capillary end can fit inside the shielding box.

Heat-shrink and strain relief soldering: Shrink the tubing at both ends to protect
the wires. Quickly solder the strain relief to the capillary using soldering grease and
~400 °C to minimise insulation damage.

Excess wire handling: Gather spare wires together and bind with fine string or
copper wire (Wolfgang would say: “angel’s hair”).

Preparation of opposite end: Cut the extending DC lines to 3 cm and remove
insulation as before (~4 mm via acid bath).

Testing - initial: Using a breakout box, verify there are no shorts between lines or
to ground. Repair or replace faulty lines.

Fischer connector termination: Identify DC line 1 and solder it to pin 1 of the
Fischer connector. Connect remaining lines accordingly. Solder the strain relief to
the capillary and connect spare wires to ground.

Testing - final: Test all lines with breakout boxes for shorts or cross-connections.
Correct as necessary.

Final fitting: File shielding boxes as required for connector fit. Adjust tension reliefs
to ensure boxes close flush.

Sealing: Apply silver powder epoxy to seal the Fischer connector against radiation
leaks at the cable entry point. Do not yet apply to the Micro-D connector, which will
be frequently handled during installation.

Test both breakout boxes for internal faults before use.
Verify space inside shielding boxes before soldering strain reliefs.
Use tweezers connected to a multimeter for easier continuity checks.

As an alternative to acid stripping, melt insulation by rotating the wire end in a blob
of hot solder, but avoid excessive heat that may dissolve conductor material.

Remove residual insulation debris after the acid bath using plastic tweezers.

For correct connector alignment, pre-shape a stiff copper wire inside the cryostat to
determine the required angle between connectors.
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Figure A.1: DC wiring assembly above the mK stage. Left: FeCuNi capillary (1) with exposed Constantan
wires prepared for insulation removal in concentrated sulphuric acid (2). A perforated plastic cap holds each
wire in place at the acid surface. During this process, the heat-shrink tubing was inadvertently displaced
from its intended position. Middle: Micro-D connector (3) with strain relief (4) and spare wires (5) for
replacement in case of unwanted electrical contact. Right: Assembled mK-stage DC lines, showing silver
epoxy sealing at the Micro-D connector (3), first-stage low-pass filter enclosed in a copper housing (6), and
PCle connector (7) for electrical connection to the sample PCB.
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B Design and Fabrication: The Beast
Sample PCB and Connector Board

This appendix supplements the main text with fabrication details of the new sample PCB
(The Beast) and the connector board mounted on the mK stage of the cryostat.

B.1 Layer Stack of The Beast

Figure B.1 shows the twelve-layer buildup. A key complexity is the via technology and
associated lamination sequence. Of the 3703 vias, only 125 are through-vias; the remaining
3578 are blind or buried, which necessitated a multi-stage drill-plate—laminate process:
nine drilling/plating steps and five sequential laminations, while maintaining layer-to-
layer registration. The central sub-stack (layers In4-In7) is specified at ~ 1.4 mm overall
thickness to mate reliably with the PCle edge connectors used in the setup.

We use a combination of through-, blind-, and buried-vias to meet RF isolation and
routing density goals while respecting manufacturing constraints [249]. Fabrication
houses typically specify an aspect ratio (AR) limit for mechanically drilled vias, defined

as o
AR = via diameter
~ viadepth

Front
370HR 0.5mm
::; RO4450F ﬁ {0.3mm
|RO43SOB | IO.4mm
g RO4450F
|370HR I |
In5

In6 RO4450F 1.4mm

|370HR I |
In7

RO4450F
In8
|RO43SOB IO.4mm
RO4450F ¢0.3mm
|370HR

In3

In10

Back

Figure B.1: Layer stack of The Beast. The twelve copper layers and dielectric materials are annotated at
left; the chip location is marked by a star. Via types (through, blind, buried) are indicated as solid black
interconnects. The CPW routing layers are highlighted in red. In total, 3703 vias are used in the design.
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Signal layer Resistor

GND layer

Signal layer

Figure B.2: Low-pass crosstalk reduction by buried routing. A top-layer DC trace (black) with an in-line
resistor hands off to an inner signal layer through a via. A continuous ground plane between the top and
inner layers screens the electric RF field (red), thereby reducing high-frequency leakage around the resistor.

(noting that some manufacturers define the inverse quantity). Small AR values are harder
to drill and plate uniformly. While through-vias can meet AR limits of 0.1, shallow
blind-vias (depth < 0.3 mm) are constrained by minimum drill and plating requirements,
which effectively forces a larger finished diameter (AR = 2) and correspondingly larger
pad/antipad geometries [249]. Laser-drilled p-vias (typical depth ~ 150 pm) were not
employed here due to the layer thickness.

Vias are also used deliberately to suppress unintended RF coupling across the lumped
low-pass stages. The short copper spans to and from an in-line resistor act as a small shunt
capacitance, potentially bypassing high-frequency components that the filter is meant to
attenuate. To mitigate this, the signal is dropped using a plated via to an inner routing layer
immediately beneath a solid ground plane, forming an effective shield against fringing
fields and reducing high-frequency crosstalk (see Fig. B.2). In The Beast this practice is
used wherever space allows; the transition via is placed slightly away from the SMD pad
to avoid interference during soldering.

B.2 Accessories for The Beast

Two auxiliary tools are supplied with The Beast: (i) shorting connectors for ESD safety
during handling and storage, and (ii) a breakout PCB for rapid continuity checks of the
DC wiring and the first low-pass filter stage.

The PCle shorting connectors (Fig. B.3, left) tie all pins to a single node so that the entire
interface remains at one potential. A dedicated pin routes this node through a series
resistor (order megaohms) to a chassis or lab ground, providing a controlled discharge
path. For sample transfer, best practice is to install the shorting connector on the top of
The Beast while it is mated to the connector board, and to keep it fitted whenever it is
transported or stored. For storage, a custom 3D -printed case (Fig. B.3, right) protects the
bonded sample; the shorting connector should remain connected.

The breakout card (Fig. B.4) plugs into the connector board at the mK stage and exposes
test points that map the PCle pins to accessible pads. This tool is used to confirm the
integrity of the DC lines from room temperature to the sample interface.
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Figure B.3: Accessories for storage and ESD protection. Left: External PCle shorting connectors: all pins
are shorted together to a common potential; one additional pin provides a bleed path through a series
megaohm-range resistor to safely discharge the assembly. Right: 3D -printed storage case for a wire-bonded
sample; The Beast is fixed to the base with two screws.

B.3 Assembly & Soldering Reference

This section provides the practical information needed to assemble and solder The Beast
PCB and its mK-stage connector board. The complete electrical network and filter topology
are shown in Fig. B.5. Please observe the manufacturer’s recommended port labelling
for the Mini-Circuits LFCN-80+ filters during placement (input/output orientation as per
datasheet).

We implement two DC line classes:

« “Fast” lines (for ohmic/readout): two-stage RC low-pass with a —3 dB point near
59 kHz, plus an LFCN-80+ section to suppress RF in the 200—4500 MHz range.

« “Slow” lines (for gate biasing): two-stage RC low-pass with a —3 dB point near
222 Hz, followed by a resistive bias-tee for RF pulsing if needed. The bias-tee uses a
10 MQ MELF resistor (DC feed) and a 15 nF 0603 capacitor (RF coupling), yielding a
DC-path cutoff of ~ 1 Hz.
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Figure B.4: Breakout PCB for the connector board. The copper-coloured breakout card (top) plugs into the
green connector board (bottom) to verify end-to-end DC connectivity from the room-temperature harness
to the PCle connectors at the mK stage.

Pin maps and routing views

For soldering and inspection, the SMD pin numbering on The Beast is listed in Fig. B.6;
the connector-board SMD pin map is given in Fig. B.7. Layer-by-layer routing overviews
are provided in Fig. B.8-Fig. B.12.

Three-Dimensional Vector Magnet

To enable magnetic-field control in arbitrary directions at the sample, The Beast integrates
a compact three-axis (3D) vector magnet. The field at the chip is the vector sum of three
orthogonal coil contributions, with By aligned to the symmetry axis of the cold finger.

The axial (x) coil is an elliptically wound solenoid made from superconducting NbTi wire,
chosen for high critical current and low loss at cryogenic temperatures. The transverse (y, z)
axes are implemented as compact split pairs in a Helmholtz-like configuration to provide a
uniform field in the central sample volume while keeping inductance and footprint small.
The full assembly was modelled and optimised in COMSOL Multiphysics for field strength
and homogeneity.

At the sample position, the design is intended to deliver up to 1.0 T along x and 0.3 T
along each transverse axis (y, z). The coil set is thermally anchored to the elevated 4 K
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Connector Board The Beast
i
a ;
N 040 H
Vpc o— X : oVgate
I\ H ™
LFCNSox €100 pF } £ 100 pF
o H =}
1
Tl
1
i
b ' 0603
VRF © : I } oVgate
i 15 nF
~_ 1 0603 MELF
v 1
DC o— % —|180k9} i 680 kQ 10MQ |
1
N 1 (52}
LEGNBO= g 22nF! S—— 560 pF
o : o
i
1
i

Figure B.5: Electrical circuit diagram of The Beast and the connector board. a Two-stage low-pass arrange-
ment for ohmic/readout lines (-3 dB = 59 kHz) with an additional Mini-Circuits LFCN-80+ section providing
strong suppression across 200-4500 MHz. The first RC stage is on the connector board; the second RC stage
is on The Beast. b Two-stage low-pass for a slow gate line (—3 dB =~ 222 Hz) feeding a resistive bias-tee (DC
feed 10 MQ MELF, RF coupling 15 nF 0603), giving a DC-path cutoff of ~ 1 Hz.
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Figure B.6: SMD pin assignment on The Beast (front and back).

stage. At the time of writing, fabrication of the vector magnet was still in progress, and
the quoted performance figures refer to the design specifications.
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48 47 45 43 F3 F4 55 53 51 5

CECERN o
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Figure B.7: SMD pin assignment on the connector board. The LFCN-80+ is placed above the numeric labels;
the signal path runs toward the board centre where the PCle connectors are located. F1-F11 and T1, T2 are
attributed to the bias-tees of the RF lines and tank circuits. ThG, Th1, Th2 are attributed to the thermometry.
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(d) Inner layer 3

(c) Inner layer 2

Copper layers of The Beast.

Figure B.8
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(I) Back layer

(k) Inner layer 10

Copper layers of The Beast.

Figure B.10
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Figure B.11: Copper layers of The Beast.
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Figure B.12: Copper layers of the connector board.
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C The SiMOS Spin Qubit

C.1 Fabrication Details of Device A and B.

Table C.1 lists the vertical gate stack (along the z-axis, top to substrate) for devices A
and B.

Table C.1: Gate stack along the z-axis from the top surface down to the substrate. Layer heights indicated for
device A and B. The microwave antenna is encapsulated in the passivation layer.

C.2

Description Material Device A Device B
Passivation SiOy 250 nm 250 nm
Layer 3 poly Si 30 nm 30 nm
Insulator SiOy 5nm 5nm
Layer 2 poly Si 30 nm 30 nm
Insulator SiO4 5nm 5nm
Layer 1 poly Si 30 nm 30 nm
Insulator SiO4 8 nm 20 nm
Epitaxial 28Gi 100nm 100 nm
Wafer nat. Si 775pm 775 pum

Device A Charge Noise Spectroscopy

The analysis follows Sec. 4.2.3. First, the gate lever arm of the SET top gate was extracted
from Coulomb-diamond spectroscopy by measuring the SET current as a function of Vsp
and VsT and fitting the diamond edges. Using the diamond height and width (Eq. (4.4)),
the average lever arm for device A was found to be

a=(5.6+0.1)%

as shown in Fig. C.1.

With « determined, charge-noise spectroscopy was performed by parking the sensor on
the flank of a Coulomb peak to obtain the local transconductance dIsgt/dVst, recording
100 s current time traces at f; = 100 kHz, and estimating the power spectral density using
Welch’s method with a Hann window. The amplitude spectral density referred to the ST
gate was then computed via Eq. (4.5). The procedure was repeated three times, yielding
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Figure C.1: Coulomb diamonds of the SET. Left SET current through the island formed under ST as a function
of Vsp and V7. Right Same data with linear guides (green) along the diamond edges. The diamond height
Vsp and width Vst are indicated by white arrows. The lever arm alpha averaged over both diamonds leads to
a=(56%01)%

Table C.2: Charge noise spectroscopy of device A.

Measurement Spectral noise density at 1 Hz B
1 (0.29 £ 0.02) p.eV\/I-E —0.43 £0.04
2 (0.35 + 0.02) peVVHz —0.45 + 0.04
3 (0.27 + 0.02) peVVHz —0.43 + 0.04
average (0.30 + 0.02) peVVHz —0.44 +0.01

the 1 Hz noise amplitudes and power-law exponents listed in Tab. C.2. Averaging the three
runs gives a 1 Hz spectral density of

(0.30 + 0.02) peV/VHz

and a frequency exponent = —0.44 + 0.01 over the 0.1 Hz to 10 Hz fit band. A charge-
insensitive working point was used to verify the instrument noise floor, as illustrated in
Fig. C.2d. An elevation of the setup noise is visible near f = 1 Hz.

156



C.2 Device A Charge Noise Spectroscopy

1.2qa = slope: 291 nA/V
1.0 -
2 o8- =
€ €
0 0.6 I
5 5
O 0.4 - O
0.2 1
00 T T T T T T T T T T
3.495 3,500 3.505 3.510 0 20 40 60 80 100
ST (V) Time (s)
10—11
T 1076 4 E
3 2
2 2
‘O 2 10—12_
g 1077+ 9
© ©
Q __ SD(1Hz):0.29 peV/VHz &
9 1078 - B= —0.43
b | ML EALLL | LR L | LA ELL | LR R LLLL | TR 10_13 b | LR AL | LB R | LR AL | LS AL | TN
107! 10° 10' 10?2 10° 107! 109 10! 10?2 10°
Frequency (Hz) Frequency (Hz)

Figure C.2: Spectral noise density (SD) of the SET of device A. a Coulomb oscillations of the SET with
two measurement positions indicated. The linear fit on the left peak flank (orange) sets dIsgr/dVst used
in c. The black dot marks a charge-noise-insensitive point used to estimate the setup noise floor in d.
b Time trace of the SET current sampled at 100 kHz. ¢ Spectral noise density of the trace in b, averaged
with Welch’s method (Hann window). The fit is performed over 0.1 Hz to 10 Hz. d Noise floor recorded
at the charge-noise-insensitive point (black dot in a). The mains spur at 50 Hz is indicated (arrow). The
IV-converter bandwidth of ~24 kHz appears as a roll-off of the white-noise floor above that frequency.
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C.3 Device Working Voltages

Table C.3 lists representative DC gate biases used in this thesis. Device A was operated in
single-dot mode, whereas device B was configured as a double dot. Absolute values vary
slightly between cooldowns and tuning sessions.

Owing to the reduced SiO, thickness in device B, gate-dot capacitances are larger and
vertical confinement is stronger, which manifests as a smaller voltage offset required
between the SET top gate (ST) and its barriers (BL/BR).

Table C.3: Gate voltages at the working points used for devices A and B.
Gate Device A (V) Device B (V)

ST 3.50 2.36
BL 0.22 -0.01
BR 0.16 0.11

C —0.20 0.00
P1 0.78 1.17
B1 0.34 0.90
p2 3.00 0.69
B2 3.00 0.80

R 3.00 3.00
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D Calculation Tools

D.1 Impedance Determination of a CPW Sandwich

This appendix provides a compact description on how to calculate the characteristic
impedance Z; and the effective relative permittivity e.¢ of a coplanar waveguide (CPW)
sandwiched between two ground planes (one above, one below). The metal thickness of
the CPW is taken as t — 0; in practice, a finite thickness slightly reduces Z,.

The calculation follows Ref. [250, pp. 16 ff.] and uses complete elliptic integrals as in
Ref. [251]. The geometry and symbols are:

« Upper ground | dielectric (¢;, hy) | CPW (s, w) | dielectric (&1, hy) | lower ground.
« s: centre conductor width; w: gap to ground (each side).
« hy, €: thickness and relative permittivity of the lower dielectric.
* hy, &: thickness and relative permittivity of the upper dielectric.
The (quasistatic) elliptic moduli for the two halfspaces are

tanh (2% tanh (2
klzﬂ kzzﬂ klf:1/1—ki2(i:1,2).

tanh(”(%fw)), tanh(”(z;hfw))’

With K(-) the complete elliptic integral of the first kind (modulus notation), the perunit-
length capacitances are

K (k1) K(kz) ;. K(ky) K(k2)
2£0€2K(k;), air_zgoK(ki) +2£OK(ké).

C' = 2¢epe;

Hence
C’ VEeff
C cC’

air

Eeff

Note on software conventions: scipy.special.ellipk(m) expects the parameter m = k2,
not the modulus k. This has to be wrapped correctly.
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E Semiconductor Device Modelling with
nextnano

The gate voltages used in the nextnano simulations of Ch. 7 are summarised in Tab. E.1.

Table E.1: Gate voltages used in the simulations. Values were derived from experimentally tuned devices and
lightly adjusted for the numerical model.

Gate Voltage (V)

ST 3.50
BL 0.18
BR 0.18
C —0.20
P1 0.70
B1 0.47
P2 3.00
B2 3.00
R 3.00
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