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Abstract

Quantum computing is a field of growing interest, especially in Grenoble with an exceptional
concentration of both research and industrial groups active in this field. The global aim is
to develop a new kind of nano-processor, based on quantum properties. Its building brick
is a two-level quantum system, in our case the spin of an electron trapped in a quantum
dot.

In this quest for a large-scale architecture, networked quantum computers offer a natural
path towards scalability. Indeed, separating the computational task among quantum
core units interconnected via a coherent quantum mediator would greatly simplify the
addressability challenges. These quantum links should be able to coherently couple arbitrary
nodes on fast timescales, in order to share entanglement across the whole quantum circuit.
In semiconductor quantum circuits, nearest neighbor entanglement has already been
demonstrated, and several schemes exist to realize long-range coupling. Among them, a
possible implementation of this quantum mediator would be to prepare an entangled spin
state and shuttle individual electron spins across the structure, provided that this transport
preserves the entanglement.

In this work, we demonstrate the fast and coherent transport of electron spin qubits
across a 6 µm long channel, in a GaAs/AlGaAs laterally defined nanostructure. Using the
moving potential induced by a propagating surface acoustic wave, we send sequentially
two electron spins initially prepared in a spin singlet state. During its displacement, each
spin experiences a coherent rotation due to spin-orbit interaction, over timescales shorter
than any decoherence process. By varying the electron separation time and the external
magnetic field, we observe quantum interferences which prove the coherent nature of both
the initial spin state and the transfer procedure. We show that this experiment is analogous
to a Bell measurement, allowing us to quantify the entanglement between the two electron
spins when they are separated, and proving that this fast and long-range qubit displacement
is an efficient procedure to share entanglement across future large-scale structures.
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Introduction

Quantum computing became in the last decade a field of exponentially growing interest
for many researchers of various background. Its premise, as proposed by Feynman in
1982,[Fey82] relies on harnessing the quantum properties of matter on an atomic scale to
solve complex computational problems, such as the simulation of chemical bonds inside
a molecule. Since then, numerous algorithms have been developed, such as the famous
Shor[Sho94] (factorization of prime numbers) or Grover[Gro96] (search in a database)
algorithms, and promise an exponentially faster computation time compared to classical
supercomputers.

The working principle of a quantum computer relies on two fundamentally quantum
properties of matter, superposition and entanglement. Indeed a quantum bit (or qubit) can,
contrarly to its classical counterpart, be in a an arbitrary superposition of its two basis states
|0⟩ and |1⟩. We usually parametrized such a quantum superposition of states by two angles
𝜑 and 𝜃, so that the qubit state is |𝜑⟩ = cos

(︀
𝜃
2
)︀

|0⟩ + sin
(︀

𝜃
2
)︀
𝑒𝑖𝜑 |1⟩. This superposition

principle is the origin of the computational speed-up, allowing some parallelization with the
appropriate quantum algorithms. In addition to this phenomenon, quantum algorithms also
exploit the entanglement shared between qubits. This quantum property, famously called
spooky action at a distance by Einstein, characterizes systems of several qubits that share
a common quantum state. Even when separated over large distances, any operation (such
as a measurement) on one qubit can have an instantaneous impact on the other entangled
qubits. During the last century, this phenomenon was the origin of heated debates over
the nature of reality, entanglement being seemingly irreconcilable with our macroscopic
understanding of the world. Since then, experimental proofs of entanglement between
distant qubits have been provided,[Asp81; Hen15] ruling-out locality and establishing this
long-range interaction as a true quantum phenomenon.

Harnessing these quantum properties and developing a multi-qubit architecture has
been in the last decades the subject of intense and various research. In 2000, DiVincenzo
proposed five criteria for a successful implementation of a quantum computer: [DiV00]

• A scalable system with well characterized qubits.
• The ability to initialize the system in a known state.
• A universal set of single-qubit and two-qubit gates.
• Limited decoherence over the typical gate duration.
• The ability to measure only a specific qubit.
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2 Introduction

These requirements are extremely challenging to fulfill, as they often appear contradictory.
For example, some qubit implementations are notoriously weakly coupled to their environ-
ment. This is great from the point of view of decoherence, but limits the gate operation
time. For this reason, different qubit architectures are often benchmarked considering the
number of consecutive operations achievable within the decoherence timescale. In this
perspective, a wide variety of qubit implementations are investigated, each having their
assets and drawbacks.

Historically, the focus was mainly on atomic physics, with the development of ion traps
and the first qubit demonstrations, borrowing techniques from the Nuclear Magnetic
Resonance (NMR) community.[Rai01; Van01] Nowadays, a large variety of physical qubit
realizations have been reported, such as photonic circuits[Cre11; Pol09], superconducting
Josephson junctions,[Bar14; Nak99] defects in diamonds or other materials[Aws18; Jel04;
Ken02], and many others. In 1998, Loss and DiVincenzo[Los98] proposed to use quantum
dots in semiconductor materials to control individual electron spins as qubits. The main
advantage of this proposal are the pre-existing fabrication techniques and equipments
developed for decades by the silicon transistor industry, facilitating the scale-up towards a
many-qubits processor. Notably, recent qubit demonstrations have been made using a Metal-
Oxide-Semiconductor (MOS) architecture in silicon, widely used in the microelectronics
industry.[Pla12; Vel14] In addition, using isotopically purified substrate lead to great
improvement of the qubit coherence time, approaching 103 operations before the spin
information is lost.[Tyr12; Yon18] Finally, error correction protocols (similar to the ones
used in RAM technology) have been proposed to accommodate for imperfect qubits,[Fow12;
Ste96] at the cost of an increase in the number of required qubits, again favoring a scalable
architecture.

Following early demonstration of one-[Kop06] and two-qubit operations[Pet05] in semi-
conductors, the focus is now mainly on scaling up to a network of interconnected qubits.
In this framework, most architectures propose to build arrays of quantum dots, each
containing a few electrons and coupled to their nearest neighbor.[Mor18; Tha12; Zaj16] The
control of the charge configuration and dot-to-dot coupling is a challenging milestone, and
requires a large amount of electrical connections. For this reason, other options have been
studied, such the creation of smaller arrays acting as computational nodes interconnected
by quantum links.[Van17] The requirements on such a quantum link are rather strong, as
they must couple arbitrary nodes on fast (∼ ns) timescales, while preserving the quantum
coherence the system. Several long-range coupling mechanisms have been proposed, such
as placing the system in a photonic cavity[Lan18; Mi18], using a large quantum dot[Mal19]
or a floating gate[Tri12] as a mediator, or shuttling the electrons themselves. This last
technique relies on a moving trapping potential, either generated by sequential electrical
pulses[Baa16; Mil19] or an acoustic wave propagating in a piezoelectric material[Lim05], to
transport electrons over several micrometers. This shuttling protocol has experimentally
been demonstrated[Her11; McN11] for single electrons, and results obtained on a large spin
ensemble[Sto05] seem to indicate that the spin information can be preserved during this
transfer.

In this work, we exploit a Surface Acoustic Wave (SAW), propagating in a GaAs/AlGaAs
heterostructure, to realize a spin-preserving electron transfer and study its fidelity. In
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particular, we study the impact of the spin-orbit interaction on individual electron spins in
motion, and demonstrate a remote entanglement between two electron spins separated by
6 µm. The first chapter of this thesis introduces the relevant concepts used in this work,
from electron spin isolation and readout to their controlled transfer via the SAW. In the
second chapter we present the experimental setup, covering all the electronic, cryogenic and
fabrication techniques required to perform the experiments. The third chapter presents
how we control and read-out the charge state of the system, as well as an extensive study
of the SAW-assisted transfer protocol. In particular, we develop a delay-controlled sending
procedure of two electrons with a nanosecond resolution. In chapter four, we cover the
spin initialization, readout and manipulation techniques, using a double quantum dot. We
study the spin mixing process due to hyperfine interaction with the nuclear spin bath, and
realize a two-qubit SWAP gate. Finally, in the last chapter we sequentially transfer two
electrons initially in an entangled (singlet) spin state, and observe an interference pattern,
signature of the coherent nature of the SAW transfer protocol and driven by the spin-orbit
interaction. We exploit this transfer protocol as a Bell measurement, demonstrating that
the entanglement is preserved while the electrons are separated.





CHAPTER 1
Isolation and manipulation of electron spins : state of the art

In this chapter, we introduce the underlying physical phenomena exploited to control
individual electrons and their spin. We first present the substrate and how quantum dots
containing few electrons are realized and probed. We then introduce how we can access
the spin degree of freedom of these electrons, using various spin to charge conversion
mechanisms. We study the effect of the environment, and in particular electrical noise
and hyperfine coupling with the surrounding nuclei, and establish the single-spin and
exchange operations that will be used in the following work. We finally develop how a
surface acoustic wave can be used as a electron conveyor belt to transport spin information
across a nanostructure.

1.1 Formation of GaAs quantum dots
A quantum dot is three-dimensional confinement potential which can trap electrons or
holes on a scale of the order of their Fermi wavelength. They thereby exhibit wave-like
properties and cannot be considered as purely classical particles, but need to be treated as
quantum objects with the quantum mechanics formalism, such as the Shrödinger equation.
In the last decades, several implementations of these quantum dots have been presented,
such as self-assembled[Kle96], laterally[Kou97] or vertically[Kou01] defined quantum dots
in a semiconductor, single molecules[Par02] or carbon nanotubes.[Dek99; McE00] In this
work, we isolate a few electrons in a laterally defined GaAs double quantum dot and tune
their confining electrostatic potential to perform charge and spin manipulation.

1.1.1 Substrate and lateral confinement
Due to the advanced control on semiconductor fabrication techniques, such structures
are now being produced with highly reproducible characteristics. This work is based on
a GaAs/AlGaAs heterostructure. At the interface between these two semiconductors of
different gaps, a two-dimensional electron gas (2DEG) is formed by doping the substrate
with Si donors. Electrons are accumulated in this 2DEG and their confinement along
the growth axis is typically 16 meV ≈ 186 K,[Nak94] and about one order of magnitude
greater than the one achieved in the (𝑥,𝑦) plane. At cryogenic temperatures, the electron
motion along this axis is quantized and only the ground state is occupied, which allows
us to consider the structure as a true two-dimensional system. Such heterostructures are

5



6 1 Isolation and manipulation of electron spins : state of the art

typically used for high electron mobility transistors (HEMTs), and have lead to numerous
breakthrough in understanding the physics of 2D, 1D and 0D systems during the past
decades.[Mei90; Par02]

Figure 1.1: Two-dimensional electron gas. a. Scheme of the heterostructure composition.
The 2DEG is located at the AlGaAs/GaAs interface, 110 nm below the surface. b. Band
structure along the growth axis. The implanted silicon atoms provide electrons to the 2DEG,
and are responsible for the bending of the bands, which create a strong confinement along the
z-axis.

In this thesis, we use GaAs/Al0.33Ga0.67As heterostructures realized by A.D. Wieck from
the Ruhr-University in Bochum, Germany. They are grown by molecular beam epitaxy
(MBE), one atomic layer at a time, which allows a great control on the heterostructure
composition and extremely sharp interfaces in the growth direction. By carefully adjusting
the doping concentration and its location in the heterostructure, the scattering events
between electrons and ionized donors are greatly reduced, enhancing the electron mobility.
The obtained mobility for these MBE defined 2DEG are typically three orders of magnitude
greater than in the case of a grown oxide (e.g. Si/SiO2) interface.[Ang07; Law19; Li13;
Uma09]

Our 2DEG is located approximately 110 nm below the sample surface, and has a electron
mobility and density of:

𝜇e = 1.5 × 106 cm2V−1s−1

𝑛e = 2.6 × 1011 cm−2 (1.1)

From this characteristic values we can infer the Fermi wavelength, and verify that it is
indeed greater than the spatial extension in the z-axis (𝐿𝑧 ≈ 6 nm[Nak94]):

𝜆F =
√︂

2𝜋
𝑛e

= 49 nm > 𝐿𝑍 (1.2)

We can also determine the mean free path of the electrons in the (x,y) plane, product of



1.1 Formation of GaAs quantum dots 7

the Fermi velocity 𝑣F and the momentum relaxation time 𝜏e:

𝑙e = 𝑣F𝜏e = ~𝜇e
√

2𝜋𝑛e
𝑒

= 13 µm (1.3)

This large mean-free path allows us to define micro-scale structures that are, in principle,
free of any impurity, assuring a ballistic transport. However, in our experiment we will be
influenced by the electrostatic potential disorder, perturbing the electron trajectory from a
straight line.

Lateral confinement
To form quantum dots, we need to add lateral confinement to the one already provided
by the material along the growth axis (z axis). We deposit metallic gates on top of the
substrate, that we bias with a negative voltage. Electrons located in the 2DEG underneath
the gate are repelled by the electrostatic potential induced at the 2DEG level. By carefully
engineering the gate geometry and tuning their applied voltage, quantum dots can be formed
and controlled. The gates we use are typically quite thin (𝑡 = 15 nm), and their width is
adjusted depending on the magnitude of the desired effect on the 2DEG (𝑤 = 20 − 60 nm).
Because the contact between between the metallic gate and the GaAs substrate forms a
Schottky barrier, we can apply large negative voltages without any current flowing to the
2DEG. In some cases, an insulating layer can be deposited before the metallic gates to
allow positive voltages and provide more versatility in the electrostatic potential control.
However, trapped charges in this oxide layer can induce charge noise felt by the quantum
dots, and therefore this technique was not used in this work.

Figure 1.2: Sensing dot. a. Gate geometry and applied voltages. All four gates are 40 nm
wide, and used to define a 200 nm wide quantum dot. b. Simulated electrostatic potential at
the 2DEG depth.

To visualize the potential landscape felt by the electrons, we use a Poisson solver to
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simulate the gate effect at the 2DEG depth. This allows us to refine the sample design and
study the expected effect of each gate on our nanostructure. We can see Fig. 1.2. how a
quantum dot is formed by patterning four thin (40 nm) metallic gates on top of the sample
and applying negative voltages.

1.1.2 Energy scales
In this section, we study the energy cost of the addition of one electron into the quantum
dot, considering firstly the classical Coulomb repulsion with the other charges already
in the dot, and secondly discussing the orbital energy coming from quantum mechanical
properties. We consider a quantum dot of size 𝐿 = 100 nm containing a small number
(𝑁 ∼ 2) of electrons, and evaluate the chemical potential of the system, defined as the
energy needed for the addition of one electron.

Capacitive model

The usual semi-classical approach to model quantum dots starts by considering a charged
island capacitively coupled to different reservoirs of fixed potentials 𝑉𝑖. Noting 𝐶tot =

∑︀
𝐶𝑖

the total capacitance of the island, its stored energy is then:

𝑈C(𝑁) = 𝑄2

2𝐶tot
= (𝑁𝑒)2

2𝐶tot
(1.4)

and the chemical potential is:

𝜇C(𝑁) = 𝑈C(𝑁) − 𝑈C(𝑁 − 1) = (𝑁 − 1
2)𝐸C (1.5)

with 𝐸C = 𝑒2

𝐶tot
the so-called charging energy. To evaluate this charging energy, we consider

the quantum dot as charged disk of diameter 𝐿 and calculate the self-capacitance of this
disk:

𝐶self = 4𝜀𝑟𝜀0𝐿 = 46 aF (1.6)

giving a charging energy of 𝐸C = 3.5 meV. This value is an overestimation, because our
simple disk model does not take into account the additional coupling to the metallic gates
on top of the substrate or the electron reservoirs in the 2DEG, which would increase the
total capacitance 𝐶tot. It is however a good approximation, as a charging energy of the
order of a few meV is usually found in GaAs quantum dots of this size.[Han07]

Orbital energy

As mentioned before, the fact that our quantum dots are smaller than the Fermi wavelength
of the electrons in the 2DEG means their motion becomes quantized into distinct orbitals.
To evaluate the energy separation between these orbitals, we consider a particle in a 2D
harmonic potential of characteristic dimension 𝑅 = 𝐿/2:

𝑉 (𝑟) = 1
2𝑚

*𝜔2
0𝑟

2 (1.7)
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with 𝜔0 the angular frequency of the oscillator and 𝑚* = 0.067𝑚0 the effective mass of
electrons in GaAs. Solving the Schrödinger equation leads to the following energy levels:

𝐸orb(𝑛𝑥, 𝑛𝑦) = ~𝜔0

(︂
𝑛2

𝑥 + 𝑛2
𝑦 + 1

2

)︂
(1.8)

The energy separation can be evaluated by considering an harmonic oscillator of total
energy ~𝜔0

2 . The kinetic energy of the system is zero at a distance R, leading to:

𝑉 (𝑅) = ~𝜔0
2

⇔ 1
2𝑚

*𝜔2
0𝑅

2 = ~𝜔0
2

⇔ 𝜔0 = ~
𝑚*𝑅2

(1.9)

Taking into account the size of the quantum dot, we obtain an orbital energy separation:

𝛥𝐸orb = ~𝜔0 = 4~2

𝑚*𝐿2 = 0.45 meV (1.10)

This orbital energy being several times smaller than the charging energy, we can conclude
that the chemical potential of the quantum dots is mainly determined by the classical
Coulomb repulsion. Since this charging energy corresponds to a temperature of approxi-
mately 12 K, cooling the system down to cryogenic temperatures will allow us to control
the charge configuration in our quantum dots with a single electron precision.

1.1.3 Charge sensing
To probe the occupancy of quantum dots, we define local electrometers sensitive to nearby
charges, such as a quantum point contact (QPC) or a single electron transistor (SET).

A QPC is a small 1D constriction in the 2DEG, through which a current is forced to pass
close to the probed quantum dot.[Wee88] At cryogenic temperatures and with a sufficient
confinement conductance plateaus start to appear, between which the conductance is
extremely sensitive to the electrostatic environnement.[Sch04] By recording the current
through the QPC and varying the quantum dot potential, we can see on top of a general
trend quite sharp signal shifts, corresponding to single electrons tunneling to or from the
quantum dot. From the sign of this shift we can infer the tunneling direction (e.g. an
electron coming towards the QPC has the same effect as a more negative QPC voltage
and results in a lower conductance).[Gus09; Spr02] We can also probe multiple quantum
dots using the same QPC, as the signal shift amplitude depends on the distance from the
QPC.[Elz03]

A single electron transistor (SET) is a quantum dot coupled to two electron reservoirs
biased with a small voltage (typically 𝑉bias = 150 µV). Because of its discrete chemical
potential levels, the conduction through this dot is only allowed if a level sits within the
bias window, and otherwise blocked (the so-called Coulomb blockade), leading to the
appearance of Coulomb peaks when the SET potential is swept.[Han07] These peaks are



10 1 Isolation and manipulation of electron spins : state of the art

Figure 1.3: QPC and SET. Electrometer conductance as a function of the gate voltage
𝑉QPC. A 200 µV bias is applied and the 2DEG contact resistance of 500 W is taken into account.
As 𝑉QPC gets more negative we observe conductance plateaus, multiples of 2𝑒2/ℎ, signature of
a QPC behavior. For 𝑉QPC < 0.75 V, a quantum dot is formed and Coulomb peaks appear.
For 𝑉QPC < 0.92 V, the electrometer is completely pinched-off, and no current flows through it.

extremely sharp and their position is sensitive to the surrounding charges, which allows us
to monitor changes in the quantum dot configuration. The SET sensitivity can be several
times larger than the one achieved with a QPC, with current shifts of up to several nA per
electron (for 𝑉bias = 150 mV).[Bar10; Rei07]

1.2 Electron spins in GaAs quantum dots
Now that we have established how to isolate a few electrons and measure their charge
configuration using local electrometers, we study the spin degree of freedom of these
electrons. We first focus on the one- and two-electron spin states of a single quantum dot,
focusing on their wavefunction parity and the relevant energy scales. Then, we present the
two-electron spin states of a double quantum dot, and study the low and high interdot
coupling regime. Finally, we describe several spin readout techniques, involving an electron
exchange with the reservoir or between adjacent quantum dots.

1.2.1 Spin states in a single quantum dot
Here we focus on the case of a single quantum dot populated with either one or two
electrons, submitted to an external magnetic field 𝐵𝑧 > 0. We note |↑⟩ a spin aligned with
this magnetic field (resp |↓⟩ for an anti-aligned spin), and name |𝑔⟩ the first and |𝑒⟩ the
second orbital states.



1.2 Electron spins in GaAs quantum dots 11

Single electron

For the single electron case, the ground state naturally corresponds to the electron occupying
the lowest orbital |𝑔⟩. The finite magnetic field lifts the degeneracy between the two spin
configurations |↑⟩ and |↓⟩ by the Zeeman splitting:

𝐸Z = +1
2𝑔𝜇𝐵𝐵𝑧 for |↑⟩

𝐸Z = −1
2𝑔𝜇𝐵𝐵𝑧 for |↓⟩

(1.11)

where 𝜇𝐵 is the Bohr magneton and 𝑔 = −0.425 is the GaAs g-factor.[Now07; Wei77]
Because of the g-factor sign, the ground spin state of the system corresponds to the electron
spin aligned with the external magnetic field (|↑⟩ for 𝐵𝑧 > 0).

Two electrons

Figure 1.4: Energy diagram of a single quantum dot. a. Four ground spin states a
single quantum dot populated by two electrons. The S and 𝑇0 states are separated by the
exchange energy 𝐽0, and the triplet degeneracy is lifted by the Zeeman splitting 𝐸Z = 𝑔𝜇B𝐵
under an external magnetic field 𝐵. b. Orbital part of the ground S and 𝑇0 states. The singlet
spin state is the only case where both electrons can occupy the lowest orbital.

Since electrons are fermions, their wavefunction must be anti-symmetric with respect to
the exchange of two particles. As it is the product of an orbital part and a spin part, this
means that one of them is anti-symmetric and the other is symmetric. Therefore, there is
only one configuration in which both electrons occupy the ground orbital, called the singlet
spin state:

|𝑆⟩ = |𝑔𝑔⟩ ⊗ |↑↓⟩ − |↓↑⟩√
2

(1.12)

Higher in energy we then have the triplet spin states, where the electrons occupy different
orbitals:

|𝑇0⟩ = |𝑔𝑒⟩ − |𝑒𝑔⟩√
2

⊗ |↑↓⟩ + |↓↑⟩√
2

|𝑇+⟩ = |𝑔𝑒⟩ − |𝑒𝑔⟩√
2

⊗ |↑↑⟩

|𝑇−⟩ = |𝑔𝑒⟩ − |𝑒𝑔⟩√
2

⊗ |↓↓⟩

(1.13)
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The |𝑆⟩ and |𝑇0⟩ states are 𝑚𝑆 = 0 states, whereas |𝑇+⟩ and |𝑇−⟩ have a non-zero magnetic
moment 𝑚𝑆 = ±1. The presence of the external magnetic field thus lifts the degeneracy
between the triplet spin states, leading to the energy diagram presented on Fig. 1.4. In a
single quantum dot, the ground |𝑆⟩ and |𝑇0⟩ states are separated by the exchange energy
𝐽0 ≈ 300 µeV. This energy splitting is the result of two competing factors: the difference
in orbital energy is partly compensated by the lower Coulomb interaction for |𝑇0⟩ due to
its anti-symmetric orbital component.

Our two electron system possesses a multitude of excited states, all involving higher
orbital states, to the exception of two excited singlets with orbital part |𝑔𝑒⟩+|𝑒𝑔⟩√

2 and |𝑒𝑒⟩.
However because these orbitals are symmetric, the two electron wavefunctions tend to
overlap more than in a antisymmetric case, and the Coulomb interaction lifts these excited
singlets higher in energy than the ground |𝑇0⟩ state.

For a high external magnetic field (|𝐵𝑧| > 4.3 T), the |𝑇+⟩ (or |𝑇−⟩) state becomes the
ground state of the system. As in this work we always work below this limit, the singlet
spin state will always remain the ground state of the system.

1.2.2 Spin states in a double quantum dot

When two quantum dots are coupled, several charge configurations are possible for a
given number of electrons isolated inside the structure. We focus on the case of a double
quantum dot loaded with two electrons, noting 𝐸C the charging energy associated with
both electrons occupying the same dot, 𝑡c the interdot tunnel coupling, 𝜀 = 𝑉𝑅 − 𝑉𝐿 the
energy detuning between the two dots and (𝑁𝐿, 𝑁𝑅) the number of charges on the left
and right dot respectively. In the (2,0), (1,1), (0,2) basis, the Hamiltonian for the singlet
states are:

𝐻|𝑆⟩ =

⎛⎜⎜⎜⎝
𝐸𝑐 − 𝜀 𝑡𝑐 0

𝑡*𝑐 0 𝑡𝑐

0 𝑡*𝑐 𝐸𝑐 + 𝜀

⎞⎟⎟⎟⎠ (1.14)

The |𝑇0⟩ spin state has a similar Hamiltonian, with the addition of the exchange energy 𝐽0
when both electrons are on the same site.

𝐻|𝑇0⟩ =

⎛⎜⎜⎜⎝
𝐸𝑐 + 𝐽0 − 𝜀 𝑡𝑐 0

𝑡*𝑐 0 𝑡𝑐

0 𝑡*𝑐 𝐸𝑐 + 𝐽0 + 𝜀

⎞⎟⎟⎟⎠ (1.15)

Finally, the |𝑇+⟩ and |𝑇−⟩ states are simply offset from the |𝑇0⟩ state by the Zeeman energy

𝐻|𝑇±⟩ = 𝐻|𝑇0⟩ ± 𝐸Z

⎛⎜⎜⎜⎝
1 0 0

0 1 0

0 0 1

⎞⎟⎟⎟⎠ (1.16)
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As expected, we can see that for large detunings 𝜀 → ±∞ both electrons are in the same
quantum dot with spin states identical to the single-dot case. We will now study the energy
diagram for moderate detunings in the weak (𝑡𝑐/ℎ ∼ 1 GHz) or strong (𝑡𝑐/ℎ ≫ 10 GHz)
coupling regimes.

Weak coupling

For totally uncoupled quantum dots, the ground state follows three asymptotes:

𝐸|𝑆(2,0)⟩ = 𝐸C − 𝜀 for 𝜀 > 𝐸C

𝐸|𝑆(1,1)⟩ = 0 for |𝜀| ≤ 𝐸C

𝐸|𝑆(0,2)⟩ = 𝐸C + 𝜀 for 𝜀 < −𝐸C

(1.17)

Increasing the interdot tunnel coupling hybridizes the |𝑆(2,0)⟩ and |𝑆(1,1)⟩ (respectively
|𝑆(1,1)⟩ and |𝑆(0,2)⟩) states when their energy is close, creating avoided crossings for 𝜀 ≈ +𝐸C
(resp. 𝜀 ≈ −𝐸C), visible on Fig. 1.5. The same effect affects the triplet states, with avoided
crossings for 𝜀 ≈ ±(𝐸C + 𝐽0).

At large detuning, the S-T0 energy splitting is equal to the exchange energy in a single
quantum dot 𝐽(𝜀 → ±∞) = 𝐽0. It is interesting to note that at zero detuning 𝜀 = 0 this
splitting has a quadratic dependance with the interdot tunnel coupling:

𝐽(𝜀 = 0) = 𝐸|𝑇0(1,1)⟩ − 𝐸|𝑆(1,1)⟩ = 2𝑡2𝑐
𝐸C

− 2𝑡2𝑐
𝐸C + 𝐽0

= 2𝐽0
𝐸C(𝐸C + 𝐽0) 𝑡

2
𝑐

(1.18)

For 𝑡𝑐/ℎ ∼ 1 GHz, this splitting would correspond to a magnetic field of 0.1 mT. In practice,
small magnetic field difference between the two quantum dots (such as a g-factor difference
or the hyperfine coupling with the surrounding nuclei) will overcome and favor either |↑↓⟩
or |↓↑⟩, making one of these two states the ground state of the system in (1,1).

Strong coupling

Increasing the interdot tunnel coupling 𝑡𝑐 leads to an energy splitting between 𝐸|𝑆(1,1)⟩ and
𝐸|𝑇0(1,1)⟩ larger than any of these magnetic field inhomogeneities, allowing the singlet state
to remain the ground state of the system even in (1,1) at zero detuning, and preventing
any mixing.[Ber15b]

This can be seen as a limit where the two quantum dots are so coupled that two electrons
always "feel" each-other, even when they are separated each in one quantum dot. As we
will see in the following sections, we exploit our control over the interdot tunnel coupling
to shuttle a singlet spin state from the (2,0) to the (0,2) configuration without any mixing
process. We can see Fig. 1.6. a map of the 𝑆 − 𝑇0 splitting, as well as the position of the
𝑆 − 𝑇+ avoided crossing, and the different interdot coupling regimes.
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Figure 1.5: Energy diagram of a double quantum dot. Energy diagram as a function
of detuning for a intermediate (a. 𝑡c = 5 GHz) and high (b. 𝑡c = 100 GHz) interdot tunnel
coupling. The charging energy and exchange interaction are respectively 𝐸c = 1 meV and
𝐽0 = 500 µeV, and the magnetic field is 𝐵𝑧 = 500 mT. We observe avoided crossings between
the (1,1) and (2,0) (resp. (0,2)) configurations for a same spin state, of amplitude 2𝑡c. At zero
detuning, the S-T0 splitting is proportional to 𝑡2c , assuring a singlet state preservation for the
high coupling regime.

1.2.3 Spin readout techniques

Now that the energy diagrams for two electrons in single and double quantum dots
are understood, we can present several techniques used to probe the energy splitting of
the system, and read out its spin state. This measurement usually relies on a spin to
charge conversion mechanism, followed by the previously described charge readout. It
either involves an electron exchange with a neighbor electron reservoir or exploits interdot
coupling to discriminate the spin states based on the charge occupancy of the system.
Here, we introduce several techniques, discussing their fidelities, advantages and drawbacks,
again focusing on a double quantum dot containing two electrons.
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Figure 1.6: S-T0 splitting. Exchange energy 𝐽 as a function of the detuning and interdot
tunnel coupling. For 𝜀/𝐸c > 1, the two electrons are in the same quantum dot (configuration
(2,0)). At 𝜀 = 0, the electrons are separated in the (1,1) configuration, and their exchange
energy is set by the interdot tunnel coupling. Mixing processes occur if 𝐽 is lower than the
magnetic field inhomogeneities (∼ 60 MHz). The 𝑆 − 𝑇+ avoided crossing for an external
magnetic field of 150 mT is indicated by the gray dashed line.

Energy-selective readout
As we have previously discussed, the two-electron spin basis for a single quantum dot is
the singlet-triplet basis, split at zero magnetic field by the exchange energy:

𝐽0 ≈ 300 µeV ≈ 3.5 K (1.19)

Besides, the density of states in the reservoir follows a Fermi distribution:

𝑓(𝐸) = 1
1 + exp (𝐸−𝜇

𝑘B𝑇 )
(1.20)

At cryogenic temperatures (𝑇 ∼ 100 mK), we can therefore approximate the density of
states as a step function, with every states below a Fermi energy 𝐸F occupied and all states
above empty. By tuning the quantum dot potential so that this Fermi energy sits between
the singlet and triplet states, the tunneling-out of the singlet spin state is suppressed as
no state with the same energy is available in the reservoir, and in this case two electrons
remain in the quantum dot. On the other hand, a triplet spin state will lead to one electron
leaving the quantum dot to the reservoir, followed by a tunnel-in of one electron to form
a singlet state.[Meu06] If the tunnel-rate is slower than the measurement speed, we can
observe this temporary charge deficit in the quantum dot (see Fig 1.7.a) and infer a triplet
state.

This mechanism, called Elzerman spin readout,[Elz04] can also be used to read single-spin
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Figure 1.7: Spin to charge conversion. top. Energy-selective spin readout. A singlet spin
state lies below the Fermi energy of the reservoir and the quantum dot charge is unchanged. A
triplet spin state leads to one electron tunneling-out to the reservoir, followed by a re-loading
in a singlet spin state. The experimental data shows an evidence of this re-loading process in
the case of a triplet spin state (the charge occupancy jumps from 1 to 2 electrons). bottom.
Tunnel-rate-selective spin readout. While both state tunnel to the reservoir, this process occurs
at a faster rate for a triplet spin state. In the experimental data, we can see the tunnel-out
of a singlet state (jump from 2 to 1 electrons). The triplet state tunnel-out rate is above our
measurement speed, and thus happens before the first point is acquired.

states, providing a large enough external magnetic field to split the |↑⟩ and |↓⟩ states.
However, for both single- and two-electron spin states this readout technique is extremely
sensitive on electrical noise, as the dot potential needs to be precisely tuned with respect
to the reservoir, which affects the spin measurement fidelity.

Tunnel-selective readout
The tunnel selective readout (TSR) also relies on charge tunnel to the reservoir, but exploits
the orbital difference between the singlet and the triplet states. As the triplet states are
composed of a higher orbital |𝑒⟩, their spatial extension is slightly greater, analogous to
a 𝑠 and 𝑝 orbitals in atoms. Therefore, their coupling to the surrounding reservoirs, and
subsequently their tunnel-rate, are larger than in the case of a singlet spin state.[Han05]

Experimentally, the quantum dot potential is raised so that both the singlet and triplet
states are above the Fermi energy, and one electron tunnels to the reservoir. The tunnel-out
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time is stochastic, but on average faster for triplet states. If this difference is large, we can
set a threshold and determine the initial spin state (see Fig 1.7.b.).

The main asset of this technique is that the tuning of the dot potential is less critical, as
it simply needs to be above the Fermi energy. However, the measurement fidelity depends
on the tunnel-rate contrast which varies with the quantum dot geometry and is typically
around one order of magnitude.

Isolated tunnel-selective readout
In the following work, we used our ability to control the reservoir coupling on µs timescales
to realize a particular form of tunnel-selective readout. The coupling to the reservoir is
open only for a time 𝜏 that satisfies 𝛤𝑆 ≪ 1

𝜏 ≪ 𝛤𝑇 , and closed before the singlet state
tunnels-out. A singlet state will then correspond to two electrons remaining in the quantum
dot, whereas a triplet state is associated with only one remaining electron.

This technique has the great advantage of decoupling the measurement time from the
tunnelling time, as once the tunnel coupling is turned off the charge can be read-out for
several hundreds of ms if needed. However, its fidelity still relies on a high contrast between
the singlet and triplet tunnel-rates to the reservoir.

Pauli spin blockade

Figure 1.8: Pauli spin blockade. a. Energy diagram close to the Pauli spin blockade
position. b. For a specific detuning, a triplet spin state is in a (1,1) charge configuration, while
a singlet spin state is in the (2,0) configuration. The relaxation rate of the triplet state, 𝑇1, is
indicated in a. by the red arrow.

All spin readout techniques presented so far rely on a tunnel coupling to a electron
reservoir, which can be an obstacle to scale-up a quantum dot array. This is why several
alternative readout methods using interdot coupling were developed, based on a mechanism
called Pauli spin blockade (PSB).

As we have seen in section 1.2.2, the tunnel coupling between two adjacent quantum dots
creates a avoided crossing between the (2,0) and (1,1) charge states, appearing when both
configurations are close in energy. However, because the triplet states have an additional
exchange energy 𝐽0 in the (2,0) configuration, their avoided crossing appear for a larger
detuning 𝜀.
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Therefore, we can find a particular detuning range where the charge ground state for
a singlet spin state is (2,0), whereas the triplet states are all in the (1,1) configuration.
This different charge distribution depending on the spin state is measurable by our charge
detector, providing a fast and non-destructive spin measurement (the electrons stay in the
same spin configuration after the measurement if they are in a pure state).[Joh05]

The main drawback of this technique is the smaller signal as we only measure a difference
in electron repartition inside the structure instead of a different total number of charges.
Depending on the position of the charge detector, the contrast between (1,1) and (2,0)
may be small, and will definitely be smaller than the contrast obtained via TSR. It also
requires a precise control of the detuning and a fast charge measurement, as the relaxation
processes are typically quite fast in a PSB position (∼ 10 µs). However, if the signal to
noise ratio is sufficient this technique provides a fast, scalable and non-destructive spin
readout mechanism, nowadays widely used in semiconductor spin qubits.

Spin latching
A recent work by Harvey-Collard et al[HC18] presents an enhanced version of Pauli spin
blockade, exploiting a double quantum dot with different tunnel couplings to a common
reservoir. This creates a tendency for one quantum dot to exchange electrons with the
reservoir through the other quantum dot, and only when its chemical potential is in
resonance. In a PSB position, a singlet spin state corresponds to a (2,0) configuration,
allowing an electron to enter the right quantum dot, and the system ends up in a (2,1)
configuration. On the other hand, a triplet state remains blocked in a (1,1) configuration,
preventing a third electron from entering the double quantum dot until a relaxation process
occurs.

This method increases the PSB signal, as we come back to detecting a different total
number of electrons in the structure. However, it again requires one reservoir per double
quantum dot, as well as well-controlled tunnel couplings. The single-shot fidelities of
this readout scheme are extremely high, with a reported 99.3 % fidelity for a silicon spin
qubit.[Urd19]

Quantum capacitance
A very promising technique for scalability purposes, that does not require a electron
reservoir nor a local electrometer, is the measure of the quantum capacitance. It relies on
the realization of a resonant circuit connected to one of the metallic gate controlling the
detuning, whose resonant frequency is sensitive to the charge susceptibility of the quantum
dot.

At a PSB position, the singlet spin state has its (1,1) and (2,0) charge configurations in
resonance, whereas the triplet states is blocked in (1,1). This leads to a larger electrical
susceptibility for the singlet state, which is seen by the resonant circuit as a small additional
capacitance, slightly shifting its resonant frequency.

In other words, we can define a quantum capacitance, proportional to the curvature of
the energy states:

𝐶Q ∝ −𝜕2𝐸

𝜕𝜀2 (1.21)
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Near the |𝑆(1,1)⟩ - |𝑆(2,0)⟩ avoided crossing the singlet quantum capacitance increases,
typically reaching a few fF for a GHz interdot coupling. The associated shift in resonant
frequency depends on the LC tank circuit, with typical values below 1 MHz.[Col13]

1.3 Relaxation and decoherence mechanisms
Now that the we introduced the energy diagram for two electron spins in a double quantum
dot, and how to perform spin readout, we focus on the influence of the environment on
this spin information. This coupling to the environment can be exploited as a knob to
perform single and two-qubit operations.[Fol09; Now07] However, when uncontrolled, these
mechanisms lead to decoherence (loss of spin information) on extremely short timescales in
GaAs. In this section, we try to categorize the different kinds of environmental perturbation,
and discuss the timescale on which they occur.

1.3.1 Bloch sphere, relaxation, decoherence and dephasing
An important tool to introduce once we start talking about quantum information is the
Bloch sphere. Whereas a classical bit in either 0 or 1, a quantum bit (qubit) can be in a
coherent superposition of its two eigenstates |0⟩ and |1⟩:

|𝜓⟩ = 𝑎 |0⟩ + 𝑏 |1⟩ (1.22)

where a and b are complex numbers and |𝑎|2 + |𝑏|2 = 1. This normalization condition
naturally describes a sphere of radius 1 (the Bloch sphere), and thus we can equivalently
define our state by two angles 𝜃 and 𝜑 such as:

|𝜓⟩ = cos
(︂
𝜃

2

)︂
|0⟩ + sin

(︂
𝜃

2

)︂
𝑒𝑖𝜑 |1⟩ (1.23)

Figure 1.9: Bloch sphere. Representation of a single-qubit quantum state by two angles 𝜃
and 𝜑. The probability to measure the qubit in the |0⟩ state is cos2 (𝜃/2), and 𝜑 is the phase
of the qubit.

Our quantum state is now represented by two real numbers, 𝜃 being the colatitude and
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𝜑 the azimuthal angle on the Bloch sphere (Fig. 1.9). Each single-qubit quantum state
can therefore be mapped to a point in the Bloch sphere, a notation quite often used when
discussing qubit operations.

Environmental effects on a qubit

The effect on the environment on the qubit can be split in two categories, relaxation and
dephasing, affecting respectively the latitude and phase of the spin state.

Relaxation corresponds to a jump towards the ground state |0⟩, with a loss of energy
towards the environment. Representing the average trajectory on the Bloch sphere for
several single-shot realizations, this phenomenon is associated with a tendency for 𝜃 to
decrease, collapsing the state towards the north pole. This process occurs on a timescale
called 𝑇1, and is for a GaAs singlet-triplet qubit on the order of a few ms. In our structures,
the phonon bath has been identified as the main energy loss mechanism[Meu07], this
interaction being mediated by the spin-orbit coupling, leading to an Hamiltonian of the
form:[Gol04]

𝐻eff = 1
2𝑔𝜇B𝛿𝐵(𝑡) · 𝜎

with 𝛿𝐵(𝑡) = 2𝐵 × 𝛺(𝑡)
(1.24)

More generally, a dephasing process affects the qubit phase 𝜑, with or without energy
loss or gain. Dephasing occurs for example when a quantum operation is repeated on the
same qubit (or applied simultaneously on many qubits). Because of slow fluctuations in the
environment, each realization is performed with slightly different experimental conditions,
leading to an uncertainty on the final state reached. Hyperfine interaction, as we will see
in the next paragraph, is a good example of a dephasing process, responsible in GaAs
quantum dots of the rather poor coherence time 𝑇 *

2 ≈ 15 ns.
Some of these decoherence processes can be mitigated using clever dynamical decoupling

techniques (e.g. Hann echo[Hah50], CPMG sequence[Blu11], nuclear polarization[Blu10])
exploiting the fact that the environment, however uncertain, remains constant throughout
a single operation. Other decoherence mechanisms, on the other hand, are characteristic
of a phase noise evolving faster than the operation time (typically ≫ 1 MHz), which
cannot be suppressed via dynamical decoupling. Such high frequency processes arise from
entanglement with uncontrolled particles or GHz charge noise. The different dynamical
decoupling techniques thus are able to suppress some of the phase noise and probe its
remaining part, giving rise a variety of characteristic timescales (𝑇Hann

2 , 𝑇CPMG
2 ) necessarily

satisfying the inequalities:
𝑇 *

2 ≤ 𝑇Hann
2 , 𝑇CPMG

2 ≤ 2𝑇1 (1.25)

These different timescales are characteristic of the material properties, as their origin
vary greatly from one heterostructure to the other. Silicon quantum dots have for example
coherence times 𝑇 *

2 one order of magnitude larger than those obtained in GaAs, even more
when the substrate is isotopically purified in the nuclear-spin-free 28Si.[Ito14]
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1.3.2 Hyperfine interaction

Each atom composing our heterostructure possess a non-zero nuclear spin (𝐼Ga = 𝐼As = 3
2

for Gallium and Arsenic, 𝐼Al = 5
2 for Aluminum). They all interact with an electron spin

contained in a quantum dot via the hyperfine interaction:

𝐻HF =
𝑁∑︁
𝑘

𝐴𝑘𝐼𝑘 · 𝑆 (1.26)

where 𝐼𝑘 and 𝑆 are the spin operators of the nuclei 𝑘 and the electron respectively. 𝐴𝑘 is
the interaction strength for the nuclei 𝑘,[Han07] proportional to the nuclear gyromagnetic
ratio and the magnitude of the electronic wavefunction at the position 𝑟𝑘:

𝐴𝑘 ∝ 𝛾𝑛,𝑘 |𝜓𝑒(𝑟𝑘)|2 (1.27)

Figure 1.10: Hyperfine interaction. Illustration of the interaction between an electron
spin and a large number of neighbor nuclear spins. The nuclear spin distribution can be seen
as an additional magnetic field 𝐵HF.

Because of the large spatial extension of the electron 𝑠-type orbital, this sum extends over
a extremely large number of nuclear spins (typically 𝑁 = 106). For this reason, it is easier
to consider all these nuclear spin as an additional magnetic field (called the Overhauser
field) applied to the electron:

𝐻HF = 𝑔𝜇𝐵𝐵HF · 𝑆

with 𝐵HF = 1
𝑔𝜇𝐵

∑︁
𝑘

𝐴𝑘𝐼𝑘
(1.28)

In the paramagnetic case, with every nuclear spin aligned, the apparent magnetic field
would reach 5 T.[Pag77; Tay07] As the external magnetic field is never large enough to
polarize these nuclear spins (for 𝐵𝑧 = 1 T the nuclear Zeeman splitting is three orders of
magnitude smaller than the thermal energy), we instead can consider that the nuclear bath
is in a high temperature regime and each nuclear spin has a random orientation. This leads
to an isotropic 3D Gaussian distribution of 𝐵HF, centered around zero and of standard
deviation:

𝜎HF ∼ 5 T√
𝑁

= 5 mT (1.29)
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The fluctuations of 𝐵HF have a timescale of ∼ 1 s on the axis parallel to the external
magnetic field, and are due to dipole-dipole interaction between the electron and the
nuclei.[Rei08] In the transverse plane they are significantly faster (∼ 10 µs), as they are not
protected by the Zeeman energy mismatch between electron and nuclei, and are mainly
driven by the Knight shift (the effect of the electron spin on each nuclei).[Bar09; Tay07]

Both of these timescales being several orders of magnitude larger than any qubit operation
time (∼ 100 ns), we can consider the Overhauser field 𝐵HF constant during a single
experimental realization. However, as explained previously, its slow fluctuations induce
dephasing when the operation is repeated. To illustrate this effect, we consider the case of
a qubit initially in its ground state |0⟩ and submitted to rotations induced by an external
field 𝐵0 = 𝐵0𝑢𝑥 so that the ground state probability evolves as:

𝑃|0⟩(𝑡) = cos2
(︂
𝜔0𝑡

2

)︂
(1.30)

where the angular frequency 𝜔0 = 𝑔𝜇𝐵
~ 𝐵0 is proportional to the magnetic field felt by the

qubit. The 𝑥 component of the Overhauser field 𝐵HF slightly increases or decreases this
precession frequency. Therefore, the effective magnetic field driving the rotation follows a
normal distribution of mean value 𝐵0 and standard deviation 𝜎HF:

N(𝐵) = 1√︁
2𝜋𝜎2

HF

exp
(︂

−(𝐵 −𝐵0)2

2𝜎2
HF

)︂
(1.31)

Thus, the ground state probability is the average over the different angular frequencies:

𝑃|0⟩ =
ˆ +∞

−∞
N(𝐵) cos2

(︂
𝑔𝜇B𝐵

2~ 𝑡

)︂
𝑑𝐵

⇔ 𝑃|0⟩(𝑡) = 1
2 + 1

2 cos (𝜔0𝑡) 𝑒
−
(︂

𝑡

𝑇 *
2

)︂2

with 𝑇 *
2 = ~

√
2

𝑔𝜇𝐵𝜎HF
∝

√
𝑁

(1.32)

Therefore, as presented in Fig. 1.11., the Gaussian nature of the Overhauser magnetic
field leads to a Gaussian damping, on a timescale 𝑇 *

2 proportional to the square root of
the nuclei number

√
𝑁 .

The components of the Overhauser field orthogonal the external magnetic field slightly
tilt the precession axis, which for a large external field has usually a rather weak effect.
However, this transverse Overhauser field can induce a spin-flip, and for example couple
the |𝑇+⟩ state to the |𝑆⟩ state.

In GaAs, the hyperfine interaction is the main responsible for the rather poor coherence
times (𝑇 *

2 ≈ 15 ns), and its effects have been extensively studied.[Bra05; Dut05] Several
techniques exists to compensate for it, the most well-known being Hann echo and Carr-
Purcell-Meiboom-Gill (CPMG) pulses, which consists in applying 𝜋 pulses to reverse the
random part of the evolution.[Blu11] In addition, a pumping sequence can be used on
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Figure 1.11: Dephasing. a.c. Single-shot spin evolution (gray) and average spin probability
(blue/green line) for a Gaussian noise of width 𝜎/𝑓0 = 10 % (a.) and 𝜎/𝑓0 = 2 % (c.).
b.d. Histogram of the frequency distribution. The width of the frequency noise is inversely
proportional to the characteristic time of the Gaussian envelope in a. and c., indicated by the
red dashed curve.

the electron spin to polarize the nuclear spin bath, a method called dynamical nuclear
polarization (DNP).[Blu10]

1.4 Spin manipulation
Now that the basic physical phenomena involved in spin evolution have been introduced,
we focus on the methods used for single- and two-spin operations. We first study the
spin-orbit interaction, and its ability to drive single-spin rotations for an electron in motion.
In addition, we present other techniques used in semiconductor quantum dots to drive
single-spin rotations. Then, we introduce a two-spin exchange gate, realized in a double
quantum dot by tuning the interdot tunnel coupling and energy detuning.



24 1 Isolation and manipulation of electron spins : state of the art

1.4.1 Single-spin manipulation
Spin orbit interaction
The spin-orbit interaction is a generic term employed for phenomena coupling the electron
momentum to its spin degree of freedom. These mechanisms are of paramount importance
for the development of spin qubit devices, as they offer a knob to manipulate electrically
the spin state. However, they also provide decoherence sources, as they increase the spin
coupling to its environment. In GaAs, two intrinsic mechanisms are responsible for the
spin-orbit coupling, both relativistic effects of the electron motion in an electrical potential.
If we consider an electron of momentum 𝑝 in an electrical field 𝐸, from the perspective of
this electron an effective magnetic field 𝐵SO = − 1

𝑚𝑐2 𝑝 × 𝐸 is perceived, affecting its spin.
The Dresselhaus spin-orbit interaction[Dre55; Par55] finds its origin in the bulk inversion

asymmetry of the zinc-blende structure of GaAs. This non-centrosymmetric structure
leads to an asymmetric electrical potential depending on the electron momentum. In a 2D
nanostructure, with a finite thickness 𝑡 in the 𝑧 direction, the Dresselhaus Hamiltonian is
a sum of a linear and a cubic term:

H(1)
D = 𝛽

~
(𝑝𝑥𝜎𝑥 − 𝑝𝑦𝜎𝑦)

H(3)
D = − 𝛽

~3

(︂
𝑡

𝜋

)︂2
𝑝𝑥𝑝𝑦 (𝑝𝑦𝜎𝑥 − 𝑝𝑥𝜎𝑦)

(1.33)

with 𝛽 is the Dresselhaus coupling constant. Generally only the first term, linear in
momentum, is taken into account.

The Rashba interaction[Byc84; Ras60] arises from the triangular electrostatic potential
confinement along the growth axis at the 2DEG depth. This potential leads to an electrical
field along 𝑧, felt by an electron propagating in the 2DEG as an in-plane magnetic field
and the equivalent Hamiltonian:

HR = 𝛼

~
(𝑝 × 𝑢𝑧) · 𝜎 = 𝛼

~
(−𝑝𝑦𝜎𝑥 + 𝑝𝑥𝜎𝑦) (1.34)

with 𝛼 the Rashba coupling constant, dependant on the confinement along the growth axis.
In our GaAs heterostructures, the relative magnitudes of these two contributions depend
on the 𝑧 confinement, with some recent work indicating that both the Dresselhaus and
Rashba effect have to be taken into account.[Sca14]

Figure 1.12: Spin-orbit interaction. Orientation and magnitude of the equivalent magnetic
field created by a a. Dresselhaus and b. Rashba type of spin-orbit interaction.
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Figure 1.12. presents the equivalent magnetic field orientation associated with both
Dresselhaus and Rashba types of spin-orbit coupling. For some direction of propagation,
these two phenomena can add up or partly compensate each other. In the case of a
propagation along the [110] or

[︀
110
]︀

axis (|𝑝𝑥| = |𝑝𝑦| = 𝑝), the spin-orbit interaction is felt
by the electron as a magnetic field perpendicular to its momentum:

𝐵
[110]
SO = −𝑝(𝛽 − 𝛼)

𝑔𝜇B~
𝑢[110]

𝐵
[110]
SO = −𝑝(𝛽 + 𝛼)

𝑔𝜇B~
𝑢[110]

(1.35)

Under this in-plane magnetic field, the electron spin rotates at an angular rate 𝜔SO =
𝑔𝜇B𝐵SO/~. Since this rate is proportional to the electron speed 𝑣 = 𝑝/𝑚0, it is often
convenient to define the spin-orbit length, for which a propagating electron experiences a
𝜋 pulse:

𝑙
[110]
SO = 𝑣𝜋

𝜔SO
= 𝜋~2

𝑚0|𝛽 − 𝛼|
(1.36)

As expected, this characteristic length is inversely proportional to the magnitude of the
spin-orbit interaction, which in turn depends on the direction of motion. In two-dimensional
GaAs heterostructures, it is typically of the order of a few micrometers.[San11]

In consequence, by engineering specific electron trajectories one could potentially drive
any single-spin rotation.[San13] This opens the ways towards a qubit manipulation via
the spin motion, of which this thesis is an example. However, the need for a micrometer
shuttling limits the scalability and inter-connectivity of a device whose single-qubit gates
are exclusively based on this mechanism. For this reason, complementary techniques
designed to perform single-spin rotation in a static quantum dot have been developed, of
which we will now present a brief review.

Electron spin resonance
By analogy with the atomic physics and the nuclear magnetic resonance (NMR) techniques,
one could imagine to drive single-spin rotations by applying an oscillating magnetic field
𝐵𝑥 orthogonal to the external magnetic field 𝐵𝑧 defining the quantization axis of our
spin qubits.[Poo96] Indeed, by tuning the frequency of 𝐵𝑥 in resonance with the Larmor
frequency 𝜔𝑧 = 𝑔𝜇B𝐵𝑧/~ of the electron spin, we can drive single-spin rotations around the
𝑥 or 𝑦 axis, providing a full control over the qubit. The usual technique consists in defining
a micrometer metallic strip close to the sample through which a large oscillating current is
passed, generating the in-plane magnetic field. This technique has been demonstrated both
for GaAs[Kop06] and Si[Pla13] quantum dots, but the coupling strength remain rather
weak, dramatically limiting the operation rate. In addition, these large metallic feedlines
are not easily scalable and require a large power to be brought to the sample.

Electric dipole spin resonance
Another technique commonly used to create an oscillating in-plane magnetic field consists in
applying a high-frequency modulation to the electrostatic potential confining the electrons,
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Figure 1.13: Electron spin resonance. top. Stripline used for ESR resonance, deposited
on top of a GaAs/AlGaAs double quantum dot. From [Kop06]. bottom. Scheme of a Si/SiGe
double quantum dot and magnetic field gradient created by a Co micro-magnet located at the
surface of the sample. From [Kaw14].

effectively moving the spins back and forth over several tenth of nanometers. Because
of the spin-orbit coupling, this displacement is indeed able to drive a spin rotation at a
rate depending on the input power.[Now07] However, as the intrinsic spin-orbit coupling
is rather weak for electrons in GaAs (and null for electrons in Si) the achieved Rabi
frequencies are quite weak, typically reaching at most a few MHz.

To overcome this limitation, the state of the art technique consists in artificially increasing
the spin-orbit coupling by creating a magnetic field gradient along the direction of motion of
the electron. In practice, a micro-magnet is deposed at the surface of the sample, resulting
in a gradient up to ∼ 1 mT/nm.[Kaw14; Tak16] By applying a high-frequency electrical
modulation on a gate defining the quantum dot, the spin can be submitted to an oscillating
magnetic field able to drive single-spin rotations at frequencies up to 30 MHZ.[Yon18]

1.4.2 Two-spin exchange
In addition to the single-spin operations previously discussed, the realization of quantum
logic circuits requires the development of two-qubit gates. Indeed, these gates are required
to share entanglement across the nanostructure, and create the many-qubit superposition
of states required by quantum algorithms. In laterally defined quantum dots, the first
two-qubit gate was realized by Petta et al[Pet05] in a double quantum dot, taking advantage
of the exchange coupling between electrons in adjacent quantum dots. This experiment



1.4 Spin manipulation 27

relies on a nanosecond control of the energy detuning between the two dots, allowing
non-adiabatic changes of spin basis between the (1,1) and (2,0) configurations in the GHz
interdot coupling regime.

Figure 1.14: Exchange oscillations. c. Two-spin coherent oscillations driven by the
exchange interaction between adjacent electrons. The oscillation frequency (𝑓Rabi ∝ 𝐽)
increases with the detuning 𝜀, as sketched in b. The spin trajectory in the Bloch sphere is
indicated in a.

In the (1,1) charge configuration, the dominant energy scale for the two antiparallel states
|↑↓⟩ and |↓↑⟩ is the Overhauser magnetic field induced by the surrounding nuclear spins.
As mentioned before, it has a Gaussian distribution of standard deviation 𝜎HF ∼ 5 mT
and mean value 0 mT, and fluctuates with a timescale of the order of a few seconds (on
the 𝑧 axis). In a double quantum dot, a difference in magnetic field of the order of a few
mT is thus to expect between the two dots for each direction 𝑥, 𝑦 and 𝑧. The later lifts
the degeneracy between the |↑↓⟩ and |↓↑⟩ state by |𝑔𝜇B𝛥𝐵𝑧| ≈ 10 MHz. For the following
explanation, we consider that 𝛥𝐵𝑧 < 0 and |↓↑⟩ is the ground spin state in the (1,1)
configuration.

As sketched in Fig. 1.14., if a detuning pulse is applied to bring the system towards
the (2,0) configuration, where the |↓↑⟩ and |↑↓⟩ states are not eigenstates anymore, the
exchange energy 𝐽 drives a precession of the spin state. For a specific exchange pulse
duration (𝐽𝜏

~ = 𝜋) the spins of two adjacent electrons are exchanged, an operation called
a SWAP gate. If a pulse half as long is applied, a

√
SWAP gate, building bloch of many

quantum algorithms, is realized. As the exchange energy depends on the detuning 𝜀, the
frequency of the exchange oscillations can be increased by increasing the detuning pulse
amplitude. However, as demonstrated by Bertrand et al,[Ber15b] the detuning noise impact
is proportional to the Rabi frequency, coercing the decoherence time to an upper bound
inversely proportional to the frequency of the oscillations (𝑇Rabi

2 ∝ 1/𝑓Rabi).

In section 4.3.2, we observe experimentally such exchange oscillations, adding an adiabatic
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conversion from the |𝑆⟩-|𝑇0⟩ to the |↓↑⟩-|↑↓⟩ basis for the spin initialization and readout.

1.5 Surface acoustic wave as an electron conveyor belt
Surface acoustic waves (SAW) are a type of mechanical wave introduced by Lord Rayleigh
to explain seismic data observed after earthquakes.[Ray85] As their name suggests, these
waves propagate mostly at the surface of their medium, disturbing matter only on a depth
of the order of their wavelength. They are widely used as bandpass filters and delay lines
in most of nowadays electronic devices, and has thus been extensively studied for both
fundamental and industrial applications.

The surface acoustic waves we use in this work propagate at a speed of 𝑣bulk
SAW = 2.88 µm/ns

in bulk GaAs. The presence of thin metallic gates on top of the substrate and the AlGaAs
layer slightly lowers this speed, typically to 𝑣SAW = 2.79 µm/ns. This intermediate speed,
5 orders of magnitude slower than light, leads to propagation times of several nanoseconds
across our few-micrometers structures, which is within the range of our fast electronics.
However, when used to shuttle electrons it still provides a transfer duration shorter than
typical decoherence processes in GaAs (∼ 10 ns). In addition, the relatively large speed
creates a significant spin-orbit interaction, that we will exploit in the last chapter of this
thesis.

1.5.1 SAW generation
The SAW generation and probing relies on the piezoelectric properties of the GaAs substrate.
This coupling between electrical potential and mechanical deformation gives us the ability
to convert a microwave voltage burst into a propagating acoustic wave, or contrarily to
probe the SAW amplitude by measuring a voltage. For this purpose, we lithographically
define interdigital transducers (IDTs) on top top of the sample, that we connect to a
high-frequency coaxial cable.

Figure 1.15: Interdigital transducer. a. Single finger IDT, composed of two metallic
fingers per period, alternatively connected to two electrodes. The resonant frequency is fixed
by the period of these fingers. b. Double finger IDT, where each finger is split in two thinner
gates. This geometry increases the conversion factor from electrical to mechanical wave. c.
Unidirectional IDT, with five fingers per period. This connection scheme creates a SAW
propagating only towards the right of the IDT.

An IDT is made of many thin metallic strips, alternatively connected to an oscillating
voltage source or grounded.[Dat90; Wei57] The IDT resonant frequency is imposed by its
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geometry and the SAW velocity, assumed constant in the few-gigahertz regime. Figure 1.15.
presents three types of IDTs, all with the same period 𝜆 = 1 µm, and consequently the same
resonant frequency 𝑓0 = 𝑣SAW/𝜆 = 2.79 GHz. The most simple IDT shape, called single
finger IDT, has two metallic strips of 𝜆/2 pitch per period. The double finger IDT has four
fingers per period, and presents the advantage of limiting internal reflections and increasing
the power conversion towards the generated SAW. However, half of this power is lost as
two SAW bursts, propagating in opposite directions, are generated. The unidirectional
IDT uses floating gates to maximize the directionality of the SAW generation.[Eks17] The
drawback of using these advanced IDT geometries lies in their nanofabrication, are the
metallic gates get thinner for the same resonant frequency (same period).

Figure 1.16: IDT characterization. a. Electrical transmission 𝑆21 as a function of the
frequency through two IDT separated by 1050 µm, composed of 𝑁 = 70 double finger pairs of
period 𝜆 = 1 µm. At the resonant frequency 𝑓0 = 2.77 GHz, the transmission reaches −52.3 dB.
b. Fast Fourier transform of the data presented in a.. From this time-domain analysis we can
clearly identify the propagation time of SAW, 𝜏 = 393 ns. Capacitive coupling, travelling as
the speed of light, is responsible of the feature near 𝑡 ≈ 0 ns, and the other peaks are reflections
at the surface of the material. The dashed green curve represents the Hann filter applied in a.
to remove these contributions.

In this work, we used a double finger transducer of period 𝜆 = 1 µm. The metallic fingers
are each 125 nm wide, 15 nm thick and 70 µm long. They are defined by electron-beam
lithography, during the same fabrication step as the central nanostructure, and are made
of a Ti/Au stack (4/11 nm). Figure 1.16. presents a room-temperature measurement of
the transmission through two identical IDT separated by 1050 µm. The resonant frequency
of the IDTs is 2.79 GHz, and their bandwidth is inversely proportional to the number of
fingers. In our case (𝑁 = 70 periods, 280 fingers), the resonance is 50 MHz wide.

Due to the poor piezoelectric constant of GaAs, the electro-mechanical conversion
efficiency is extremely low. This can be seen as a large impedance mismatch between the
high impedance IDT and the 50 W coaxial cable. As a consequence, most of the incoming
electrical power is reflected back to the cable instead of being converted into mechanical
power. From the maximum value of Fig. 1.16.a., we extract a conversion efficiency of about
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−26 dB for one single IDT. Thus, we have to apply a large microwave power (5-15 dBm) on
the sample to generate a SAW of sufficient amplitude to shuttle electrons. In addition, we
show Fig. 1.16.b. the fast Fourier transform of the 𝑆21 signal. This time domain analysis
presents the signature of capacitive coupling between the IDT at 𝑡 ≈ 0 ns. This airborne
signal propagating at the spin of light is easily separable from waves propagating at the
speed of sound in GaAs. We can also identify additional peaks, corresponding to reflections
on the other structures present on the test sample. The data presented Fig. 1.16.a. are
filtered with a Hann window in time domain, represented by the dashed green line in b., to
isolate the main SAW signal and remove the capacitive coupling baseline.

1.5.2 SAW-assisted shuttling
The propagating electric field associated with a surface acoustic wave has in the past
largely been studied and exploited, particularly in GaAs structures. In 1996, Shilton et al
demonstrated[Shi96a; Shi96b] that SAW-induced current could flow through a pinched-off
quantum point contact, and that this current was quantized in units of 𝑒𝑓 , with f the SAW
frequency. This behavior corresponds to a given number of electrons being loaded into
each minima of the SAW and transported through the QPC with the help of this potential
modulation. Contrarily to current induced by a voltage bias, here the current direction
remains constant even when the bias is reversed, as electrons always propagate in the SAW
direction.

From this first SAW-induced current demonstration followed many proposals for pos-
sible applications, such as a current standard definition based on quantum mechanical
properties,[Zim03] or single-photon sources using electron-hole recombination in a P-doped
region.[Fod00] The spin qubit community realized the potential of such a quantum link
between existing quantum dots, able to shuttle electrons and their spin across micrometers
to interconnect quantum processing units. Pioneer work by Hermelin et al[Her11] and
McNeil et al[McN11] demonstrated a controlled transfer of single electrons between two
static dots using a SAW. Their technique, that we employ in our work (see 3.2.2), relies on
a nanosecond control of the electron injection into the moving quantum dot train created
by the SAW potential modulation.

Mathematically, the SAW profile 𝑢SAW corresponds to the convolution of the applied
microwave burst 𝑉MW with the IDT geometry, approximated by a sum of Dirac delta
functions for each finger with its polarity 𝑃𝑖 = ±1:

𝑢SAW(𝑥,𝑡) = 𝑉MW(𝑡) *𝐷(𝑡)

with 𝐷(𝑡) =
∑︁

𝑖

𝑃𝑖𝛿 (𝑣SAW𝑡− 𝑥𝑖) (1.37)

Figure 1.17. presents the SAW amplitude as a function of time measured 2 mm away from
a double-finger IDT of period 𝜆 = 1 µm. A microwave burst of duration 𝑡MW = 10 ns tuned
at the resonant frequency of the IDT 𝑓0 = 𝑣SAW/𝜆 = 2.79 GHz is applied to one of the
transducer electrodes. This electrical pulse is converted to a SAW burst and propagates
at the speed of sound, reaching the measurement position in 717 ns. Because of the IDT
length (𝑁𝜆 = 7 µm), a 𝑡IDT = 2.1 ns rising time is observed in the SAW burst. This
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Figure 1.17: SAW burst profile. a. Dirac comb, modeling an double-finger IDT identical
to the one used in this work, to the exception of the number of periods (7 instead of 70). b.
Applied microwave burst, of frequency 𝑓0 = 𝑣SAW/𝜆 = 2.79 GHz and duration 𝑡MW = 10 ns.
c. SAW amplitude 2 mm away from the IDT. The 𝑡IDT = 2.1 ns rising (and falling) time of
the SAW burst corresponds to the SAW propagation time under the IDT. The maximum
amplitude is maintained for 𝑡MW − 𝑡IDT = 7.5 ns.
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time corresponds to the SAW propagation time under the IDT, after which all fingers
constructively create the SAW. Thus, the maximum SAW amplitude plateau has a duration
of 𝑡MW − 𝑡IDT = 7.5 ns. For an easier representation of the SAW profile, the number of IDT
fingers and the microwave burst duration were here both reduced by a factor 10. Indeed,
in the work presented in this thesis we use a 𝑁 = 70 period IDT and a 𝑡MW = 100 ns
microwave burst. Experimentally, we therefore expect the SAW amplitude similar to the
one Fig. 1.17.c., but with a rising/falling time of 25 ns and a plateau of 75 ns. The burst
arrival time and its frequency remain unchanged.

In these conditions, the SAW burst is composed of about 350 minima, in which electrons
can be shuttled. This uncertainty is extremely decremental when two electrons need to
be transported together to avoid decoherence. To circumvent this issue, we trigger the
injection of both electrons in specific SAW minima with the help a sub-nanosecond voltage
pulse. This delay-controlled sending procedure is described in section 3.2.2, and presents a
fidelity higher than 80 %, mainly limited by the rising time of the voltage pulse.

1.6 Conclusion
In this chapter, we presented the concepts and techniques used to isolated a few electrons in
quantum dots and control their spin information. Using a partially depleted two-dimensional
electron gas located at the interface of a GaAs/AlGaAs heterostructure, we can define
quantum dots and probe their charge occupancy with local electrometers. In addition, we
exploit several spin-to-charge conversion mechanisms to read-out the spin degree of freedom
of our system. Single-spin and two-spins operations have been introduced, focusing on the
impact of the spin-orbit interaction for electrons in motion, and the observation of two-qubit
exchange oscillations. The environmental effects have been discussed, dominated in GaAs
by the fluctuating Overhauser magnetic field produced by the nuclear bath surrounding
our qubits. Finally, we studied the generation of surface acoustic waves and its use as a
tool to shuttle electrons across a nanostructure.



CHAPTER 2
Description of the experimental setup

In this chapter, we describe the experimental setup, starting from the sample fabrication
and electrostatic potential simulations. We detail the instruments used to control and
measure this sample, as well as the measurement software developed to control them. We
present the cryogenic equipment required to achieve sufficiently low temperatures, and
discuss the acceptable noise figures and cooling power management. Finally, we introduce
the data analysis tools, allowing us to perform the complex data treatment required by the
study presented in this thesis.

2.1 Energy scales - requirements

As discussed in the first chapter, the dominant energy scale in our system is the charging
energy, corresponding to the electrostatic energy associated with the addition of an extra
charged particle in the quantum dot. Its magnitude, dependant on the quantum dot size,
is of the order of 𝐸C ≈ 1 meV. The exchange energy between singlet and triplet spin states
is expected to be of the order of 𝐽0 ≈ 300 µeV for a singlet quantum dot. Under a 100 mT
external magnetic field, the |𝑇+⟩ and |𝑇+⟩ spin states are separated from the |𝑇0⟩ spin
state by 𝐸Z = 2.5 µeV.

In units of temperature, frequency and magnetic field, the exchange energy in a single
quantum dot 𝐽0 is equivalent to:

300 µeV ≈ 3.5 K ≈ 72 GHz ≈ 13 T (2.1)

This correspondences set the requirements in terms of noise, temperature and dynamics of
the system, which we will keep in mind as we introduce the different instruments we used.
Nevertheless, it is interesting to note that some of the charge and spin manipulation are
performed out of equilibrium, which means that the previously introduced requirements
need to be adapted to the system dynamics.
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Figure 2.1: Sample picture. False-color SEM micrograph of a sample identical to the one
presented in this thesis. On each side of the 6 µm long channel (green) are two double quantum
dots whose estimated positions are indicated by dotted circles. Each side is probed by a local
electrometer (orange), connected to a reflectometry setup. Four fast gates (red) are connected
to an AWG and used for fast spin or charge manipulation.

2.2 Sample fabrication
2.2.1 Process flow
Realizing the type of nanostructure measured in this thesis requires advanced nano-
fabrication techniques, able to define nm-wide metallic gates in a cleanroom environment.
We start from GaAs/Al0.33Ga0.67As wafers realized by A.D. Wieck from the Ruhr-University
in Bochum, Germany. Most of the nano-fabrication is done in the Institut Néel’s cleanroom,
and a few steps are done at the Plateforme Technologique Amont at the CEA Grenoble.

The first fabrication step consists in etching away 100 − 120 nm of substrate everywhere
the 2DEG is not needed (forming electrically isolated 2DEG islands called "mesa"). We
create ohmic contacts to the mesa depositing a 200 nm stack of Au/Ge/Ni/Au followed by
an annealing step at 400 °C for one minute. The deposited Germanium and Nickel diffuse
into the semiconductor and form an alloy, which greatly reduces the contact resistance
(𝑅 ≈ 400 Ω), allowing us to pass current through the 2DEG.

Next, we define alignment marks by laser lithography and metal deposition. These marks
are of paramount importance, to ensure a good alignment between the different fabrication
steps down to a sub micrometer precision. We realize two successive lithographies, defining
firstly the fine structure and the IDTs and secondly the larger lines connecting them to
the bonding pads. The first layer is the most critical step, as the minimum gate width is
20 nm, and is done using electron beam lithography. A focused high-energy electron beam
irradiates a photo-sensitive resist (PMMA 2 %), following the wanted gate pattern. The
irradiated resist is removed using a developing chemical (MIBK + IPA), and a 15 nm Ti/Au
metallic stack is deposited on top of the accessible substrate. Lift-off is then performed,
where the rest of the resist is removed by placing the sample in Acetone. Because of the
density of irradiated areas (particularly for the IDT), some features may be over-exposed
due to proximity effects (e.g. unintentional exposure via electron back-scattering), which
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Figure 2.2: Fabrication scheme. a. Mesa etching. b. Ohmic contacts and alignment
marks. c. Electron beam lithography of the fine structure and the IDTs. d. Laser lithography
of the larger contact gates.

needs to be compensated by adjusting the e-beam dose and modifying the design given to
the machine.

The second lithography, exposing the larger contact gates, is based on the same principle,
except that the resist and developer are different and the irradiation is done by a infra-red
laser with a larger resolution (1 µm). After this fabrication is over, we observe the sample
under SEM to check the metallic gates continuity and shape. We then cut the wafer using
a diamond scriber, and each sample is placed in an antistatic box. A sample is glued to
a PCB, and its pads are connected using gold wire bonding. Once out of the cleanroom,
the main threat to the sample is electrical shock, which is why its pads are kept grounded
until measurement.

2.2.2 Potential simulation
During the sample design, as well as its measurement, we often use numerical simulations
to estimate the potential landscape and the influence of each gate voltage. They rely on a
Poisson solver to compute, from the gate geometry, the induced electrical potential at the
depth of the 2DEG. Figure 2.3 shows the output of a Comsol© simulation as a color-coded
2D plot. We can identify the channel, electron reservoirs and sensing quantum dot. We
observe that the potential profile along the channel shows no parasitic dot behavior, which
was the main decoherence mechanism identified in earlier versions of this sample.[Ber15a]
Comparing the three panels in Fig. 2.3, we can understand the effect of the RH2 gate on
the right double quantum dot. Applying a more positive voltage on this gate brings the
two quantum dots closer, increasing their interdot coupling.
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Figure 2.3: Potential simulation. Comsol© simulation of the potential induced by the
metallic gates at the 2DEG depth, for different values of the interdot gate RH2 (a. dRH2 =
-300 mV, b. dRH2 = 0 mV, c. dRH2 = +300 mV). The transition from uncoupled dots to one
single large quantum dot is visible.

2.3 Cryogenics
To achieve the cryogenic temperatures required for this work, we place the sample inside
a homemade dilution refrigerator of base temperature 7 mK. With the addition of the
RF lines, amplifier and attenuators, the sample temperature is 65 mK. Fitting the Fermi
distribution of the electron reservoirs, we estimate the electronic temperature around a few
100 mK.

A dilution refrigerator is based on the phase separation between two Helium isotopes.
Below 870 mK, a mixture of 3He and 4He will separate into a "pure" phase, almost composed
of 100 % 3He, and a "dilute" phase containing 6.4 % 3He and 93.6 % 4He.[Pob07] An external
pump (at room temperature) drives a 3He flow from the pure to the dilute phase, which is
an endothermic process, providing a few 100 µW of cooling power at the interface for the
refrigerator used in this work.

More precisely, the dilution system is enclosed in a vacuum chamber, surrounded by a
liquid Helium bath (see Fig. 2.4). 3He is injected from room temperature at a pressure
of a few 100 mbar, cleaned through a liquid nitrogen trap (at 77 K), and cooled down to
4.2 K by the Helium bath. It then enters the vacuum chamber, and is further cooled to
1.3 K by the 1K pot, which is simply a box filled with Helium from the bath and pumped
to a pressure of 1 mbar, thereby lowering the boiling point. It then passes though several
heat exchangers to finish the cooling down to the base temperature and enters the mixing
chamber. This is where the interface between the pure and dilute phases is located, and
where the lowest temperature is reached. As mentioned earlier, liquid 3He is forced to pass
through the interface to the dilute phase, and later used to cool down incoming helium
through the heat exchangers. It finally reaches the still, a box filled with the dilute phase
and pumped by a primary and a turbomolecular pump. Because at the still temperature
(∼ 750 mK) the partial pressure of 3He is greater than the one of 4He, almost only 3He
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evaporates and is re-injected, completing the cycle.
The cooling power of a dilution refrigerator is directly proportional to the 3He flow 𝑛3

(in mol/s), which in turns depends on the evaporation rate in the still. To increase the
latter, we connect a heater to bring the still temperature to the optimal value (before
starting to evaporate 4He as well), and use high-flow pumps and large pipes. However, as
the achieved cooling power is rather small, a great attention must be paid to heat reaching
the sample, in particular by the thermal anchoring of the electrical connections to the
room-temperature electronics.
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Figure 2.4: Scheme of a dilution refrigerator. A 3He/4He mixture is cooled down by
the Helium bath, the 1K pot and the exchangers. In the mixing chamber, 3He is forced to
dilute into the less concentrated phase, which is an endothermic process. An external pump
constantly removes 3He from the dilute phase and re-injects it, driving the cooling process.
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Figure 2.5: Refrigerator picture. The 1 K to 60 mK stages are indicated, with the main
cryogenic components underlined in blue. The coaxial cables connected to the sample are
underlined in red. The 4 outside RF lines are connected to the gates LP1, RP1, LP1 and
LP2, while the RF lines passing through the center of the exchangers are either part of the
reflectometry setup or connected to the IDTs.
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2.4 Control electronics
To manipulate the charge and spin state held in our double quantum dots we need both a
static negative potential to define the quantum dots and the possibility to apply nanosecond
voltage pulses to manipulate the spin state and perform the electron transfer protocol. In
order to mitigate the electrical noise reaching our sample, we can either use filtering or
attenuation. The static potential is given by DC wires, with a low-pass filter behavior
removing the high-frequency noise. In the case of the nanosecond voltage pulses, attenuators
are placed at several stages of the refrigerator to limit the noise reaching the sample. In
addition, both of these lines need thermal anchoring to regulate the heat conduction towards
the sample stage. These requirements on the noise, bandwidth and thermal budget greatly
constrain the design of the experimental setup. In this section, we detail the different
materials and equipment used to bring the control signals to the measured device.

2.4.1 DAC
The main requirements on the DC polarization of the sample are noise and safety. Indeed,
our GaAs nanostructures are extremely sensitive both to the electrical noise and over-
voltage, as the gates form a Schottky barrier with the semiconductor. Typically, any
voltage outside the [-2 V,+0.3 V] range may result in current flowing to the 2DEG and
damaging it. To solve both of these problems, we use Digital to Analog Converters (DACs),
which we control using an Field-Programmable Gate Array (FPGA) board programmed
with the adequate safeties. The DACs are low noise (∼ 25 nV/

√
Hz), and are connected to

the sample via ThermocoaxTM coaxial cables, which possess a low-pass filter behavior of
cutoff frequency around ∼ 100 MHz, preventing high-frequency noise from reaching the
sample. To enhance this filtering, two low-pass filters (of cutoff frequencies 80 MHz and
1.9 MHz) are placed in series at the top of the refrigerator. Each DAC has a minimum
setting time of 16 µs and a resolution of 153 µV.

2.4.2 AWG
Since the coherence time in GaAs is rather short (𝑇 *

2 ≈ 12 ns), we need to apply voltage
pulses of a sub-ns resolution. For this purpose, we use a Tecktronix 5014B Arbitrary
Waveform Generator (AWG), capable of generating waveforms of amplitude ±4.5 V and
resolution 833 ps on four different channels. They are connected to coaxial cables, thermally
anchored and attenuated on the different stages of the refrigerator (4 K stage, 1 K pot,
heat exchangers, mixing chamber).

For the data presented in this thesis, two AWG outputs were connected to the LP1 and
RP1 gates, with a total of −20 dB of attenuation. The two other outputs were connected
to LP2 and RP2 via homemade bias-T, allowing to DC-polarize these gates as well. For
these lines, the total attenuation was −33 dB, bringing the pulse amplitude to ±100 mV
(±450 mV for LP1 and RP1). However, because of the limited amount of RF-lines available
on the setup, the last portion of these four AWG connections are made of smaller coaxial
cables and the contact to the sample holder is not impedance-matched to 50 W, limiting
the achieved bandwidth. At low temperature, we measured a bandwidth of 800 MHz at
4 K and 1.5 GHz at 65 mK. As we will see later in the experimental data, this has been
now identified as a main source of decoherence for the spin shuttling experiments.
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2.4.3 SAW generation
The piezoelectric properties of GaAs being rather poor, the conversion from electrical to
acoustic pulse is extremely inefficient (≈ −26 dB). Therefore, we have to apply a high-power
microwave burst (10 − 20 dBm) to produce a SAW with the necessary amplitude to shuttle
electrons. The setup being in an dilution refrigerator with a limited cooling power, we
typically limit the duration of this microwave burst to a few tenths of ns every ms, for
an average dissipated power of the order of a few µW over the different stages of the
refrigerator. This microwave burst is synthesized by a Rohde&Schwarz SMA100A signal
generator, with a minimum burst duration of 30 ns and a ∼ 1 ns rising time.

As a consequence of this poor electrical to mechanical energy conversion, electrical noise
reaching the IDT has little impact on the central structure. To avoid bringing too much heat
conduction to the sample, we place a 6 dB attenuator at the 1K pot stage and an additional
1 dB at the mixing chamber stage. To block the direct capacitive coupling between the IDTs
and the nanostructure, we design them 2 mm away from the central structure and place a
metallic shield 800 µm above the surface of the sample. We can discriminate this parasitic
capacitive coupling from the actual SAW thanks to the propagation time (≈ 730 ns for the
SAW, 6 ps for the capacitive coupling). In addition, the capacitive coupling has still the
same magnitude off-resonance, while the SAW generation is prevented.

For the delay-controlled sending experiments, the jitter between the SAW burst and
the AWG pulse generation had to be controlled. Since the Rohde&Schwarz generator has
a 10 ns jitter on the trigger detection, we chose this instrument as master and used it to
trigger the AWG, leading to a sub-ns jitter between the SAW and the AWG pulses.

2.5 Reflectometry
To read the charge (and indirectly spin) state of the system, we opted for a source-
reflectometry technique, consisting in building a resonant circuit embedding the electrometer
and measuring the signal reflection at the resonant frequency, dependant on the QPC
conductance. Compared to a classical DC current measurement, this technique provides
many advantages:

• The measurement bandwidth is greatly increased with respect to the use of a room-
temperature DC current to voltage converter. Indeed, the low-pass filter behavior of
the DC cables limits the measurement bandwidth to a few kHz. Here, this bandwidth
is at least two orders of magnitude greater, limited by the rising time of the low-noise
amplifiers (∼ 1 µs) and the resonant circuit bandwidth (≈ 10 MHz).

• As the signal is modulated at the resonant frequency of the circuit (a few 100 MHz),
we are only sensitive to noise within the bandwidth of this resonant circuit. This
not only removes low-frequency noise coming from the pumps and power supply
(50 Hz noise in particular), but also a great amount of the flicker noise (with a 1/f
dependance). Typically, the measurement is only sensitive to white noise, limited by
the use of a cryogenic amplifier. Such an amplifier thermally anchored at the 4 K
stage has a typical noise temperature slightly above 4 K, corresponding to 100 nV for
a 1 MHz bandwidth.
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• Finally, this technique allows multiplexing, meaning that several signals can be carried
through the same wire without interfering, as long as the different resonances are
separated. This last point provides a key argument for scalability, as many qubits
can be read-out simultaneously at a rate of a few hundreds of MHz without any
crosstalk, using only two RF lines.

Figure 2.6: Reflectometry setup. a. Scheme of the readout setup. Two RF carriers
are attenuated and reflected by the resonant circuits connected to the electrometers. The
signal is then amplified, demodulated and sent to an acquisition card. b. Magnitude of the
reflected signal. The two resonances appear when the electrometer conductance is decreased.
c. Amplitude of the 197 MHz resonance as the left QPC is pinched-off, with the reference
subtracted. The maximum sensitivity is close to 10 dB/ e2

h .

2.5.1 Setup
A scheme of the two resonant circuits connected to the sample is visible in Fig. 2.6. The
circuits are composed of an inductor (470 and 820 nH) and the parasitic capacitance of
the sample holder (∼ 1.4 pF), in parallel of which a 0.2 pF capacitor is added for the right
electrometer. To be able to apply DC current through the sample, a bias-T is realized with
a 5 kW resistance and a 10 µF capacitor, and the DC part is connected to a DAC output
with a 1/1000 voltage divider.

The two carriers (136 and 197 MHz) are generated by a Windfreak RF Synthesizer, split
and attenuated before entering the refrigerator through the same coaxial cable. As the
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power reaching the sample needs to be rather low (under −80 dBm, corresponding to a bias
amplitude around 250 µV), the signal is strongly attenuated, with −93 dB in total. At the
1K pot stage, a directional coupler allows the incoming signal to reach the resonant circuits
mounted on the sample holder. The reflected signal is sent through this directional coupler
to an amplification chain consisting of a Caltech CITLF1 cryogenic low-noise amplifier at
the 4K stage and a homemade amplifier at room temperature. They respectively provide
+35 and +55 dB amplification, allowing the modulated signal to be brought to a similar
power as the two references. This signal is split, demodulated with each carrier using
Minicircuit passive mixers, and low-pass filtered at 1 MHz to remove the high-frequency
components.

A National Instrument acquisition card digitalizes these two signals (from the two
electrometers) at a rate of 100 kS/s per channel and the data is pre-treated of the fly by
the measurement software, which will be detailed later. To minimize the noise induced
on the sample, a homemade switch with a rising time of 100 ns is used to turn off the
incoming RF signals during the spin manipulation.

2.5.2 Sensitivity evaluation
As we can see Fig. 2.6.b., the amplitude of each resonance dependant on the electrometer
conductance. Focusing on the left electrometer, we progressively reduce the conductance
by applying a negative voltage on LD1. While for an open QPC (𝐺 ≫ 2𝑒2

ℎ ), the resonance
is barely visible, its amplitude increases as the QPC is pinched off, reaching around 20 dB
more for a completely closed QPC. From the tangent of the 𝑆21(𝑓0) = 𝑓(𝐺QPC) curve, we
can extract the sensitivity, which is in our case up to 10 dB/( e2

h ). As the typical QPC
sensitivity is around 0.15 e2

h per electron, this gives a 750 nV amplitude difference in the
reflected signal for 1 or 2 electron occupying the dots, before amplification.

To study in more details the sensitivity of our reflectometry setup, we feed the demodu-
lated signal of the left electrometer to a LeCroy WaveRunner HRO 6Zi oscilloscope, and we
reconstruct the data histogram for one or two electrons loaded in the left double quantum
dot (Fig. 2.7). As we vary the integration time, we observe two Gaussian distributions
separated by 2.67 mV and whose standard deviation increase as the square root of the
measurement rate, as expected for a white noise distribution. Placing a threshold at
𝑉RF,L = 51.4 mV, we define the signal to noise ratio (SNR) as the Gaussian distributions
separation divided by the sum of their standard deviation. The 𝑆𝑁𝑅 = 1 threshold is
reached for an integration time of 6 µs, and the error on the charge assignment drops below
5 % for an integration time of 30 us. The extracted charge sensitivity is 2.4 × 10−3 e/

√
Hz,

comparable to the one measured by Reilly et al.[Rei07]
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Figure 2.7: Noise distribution. Histogram of the signal obtained by loading successively
1 or 2 electrons in the left quantum dot as a function of the integration time. The curves
have been normalized and offset for clarity, and fitted with a double Gaussian distribution
(solid black line). The dashed black line represents the threshold used for charge assignment,
positioned in the middle of the two peaks. Inset. Extracted standard deviation of the 2
electron Gaussian peaks as a function of 1/

√
𝑡meas. The noise is inversely proportional to the

square root of the integration time, and overcomes the threshold for 𝑡meas < 6 µs (SNR= 1).
For 𝑡meas > 30 µs, the charge readout fidelity is greater than 95 %.

2.6 Measurement software
The whole measurement is piloted by a Python/Labview software, which was constantly
updated throughout the work presented in this thesis. The precise evaluation of the
limits and performances of each instrument allowed us to build a safe, fast, efficient and
upgradable measurement software, allowing us to gain two orders of magnitude in the
measurement speed compared to the work realized on the previous sample. In addition, to
handle the complexity and variety of the required data analysis, a set of analysis scripts
were created, allowing to perform semi-automatic treatment of the raw data.

2.6.1 Measurement sequence
At the core of the measurement is a Labview program, in charge of communicating with
the different instruments. This program follows a measurement file generated by a Python
software with a higher programming level, easily understandable by users. The Python
part ensures the compatibility between the different instrument settings, while the Labview
program simply plays the sequence and recovers the data.

As the communication between the Labview program and the instruments via a LAN
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Figure 2.8: Script example. a. Part of a "losing map" script. The fast sequence contains
the trigger, DAC and wait instructions. The data dimensions, varied parameters and pre-
analysis information are specified at the bottom. b. Analysis script for this experiment. An
histogram of the data is plotted, allowing the user to specify thresholds. The 0 to 4 electrons
probability are computed for each (RH2, RH3) position. c. Data histogram output by the
analysis script.

network is rather slow compared to our measurement bandwidth (∼ 1 kHz and 100 kHz
respectively), the performances are enhanced by playing a pre-programmed sequence and
triggering the acquisition, recovering many data points for every communication. For this
purpose, we program into the FPGA board controlling the DAC outputs a sequence with
different orders:

• update one DAC output, with a 16 µs setting time.
• wait a certain amount of time (from 1 µs to several hours).
• generate a rising/falling on a trigger output, connected to another instrument (e.g.

AWG or SAW generation). One of these trigger output is used to control the RF
switch and turn the reflectometry measurement on and off.
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• jumping to another slot in a sequence, for example to loop the same sub-sequence.

Figure 2.8 shows an example of measurement sequence, corresponding to a "losing map",
where the ability to hold two electrons isolated from the reservoir is evaluated. In practice,
a 100 µs pulse to an arbitrary configuration (RH2, RH3) is applied, before and after which
the QPC signal is recorded for 200 µs. This mesurement is repeated 20 times, and the
(RH2, RH3) position is varied.

2.6.2 Analysis script
A partial data treatment can be done by the Labview program (downsampling, average,
difference between two segments), but the main analysis is done using Matlab scripts.
Throughout the work covered in this thesis, over 100 of these scripts were created, from
basic (smooth, reshape, concatenation of several experiments) to advanced (spin fidelity
extraction, drift compensation, conditional probabilities).

Coming back to the previous example, the Labview pre-analysis consists in cutting the
waveform into 20 segments, extracting the average signal recorded during the two 200 µs
readout steps, and saving for each segment the signal difference into a measurement file.
This data is imported into the Matlab program and a histogram is plotted, allowing the
user to specify thresholds for every charge state. A script then computes the probability to
hold 0, 1, 2, 3 or more electrons for every (RH2, RH3) position. Finally, this treated data
is sent to an user interface able to display 1D curves and 2D surfaces, as well as perform
additional data treatment (derivative, FFT filter).

Such a high-level, semi-automatic analysis scheme is a key tool to speed-up the data
understanding. In addition, as the reflectometry signals are drifting over several hours or
when the magnetic field is swept, features such as automatized peak recognition and drift
compensation are of paramount importance for the realization of long measurements.
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Charge isolation and SAW-assisted transport

Since our qubits are encoded in electron spins, their manipulation always relies on some
operation on the electrons themselves. The fidelities of these manipulations are often
limited by the degree of control over the charge degree of freedom. In this chapter, we
introduce several techniques implemented to measure and control the charge configuration
of our double quantum dots. We focus on the isolated regime, where tunneling to and
from the reservoirs is prevented, enhancing the degree of control over the charge occupancy.
Finally, we study electron shuttling using the SAW trapping potential and our ability to
transport two electrons with a ns-controlled delay.

3.1 Charge control and isolation
As developed in the previous chapters, we use a local electrometer coupled to a reflectometry
setup to probe the charge occupancy of each double quantum dot. We can see Fig. 3.1.a.
that, for this particular electrometer configuration, an electron addition leads to a more
negative environment for the electrometer, and a lower conductance. In the following work,
the electrometer is always placed in a similar configuration with a negative slope, allowing
us to discriminate an electron exiting (positive shift) or entering the dot (negative shift).
From the signal magnitude we can deduce which dot is concerned, as their coupling with
the electrometer is slightly different. This coupling difference would also allow us to observe
inter-dot transitions, but for this particular geometry the signal shift is rather weak as the
electrometer is almost equally coupled to each dot.

To study the charge occupancy of the double-quantum dot, we monitor the electrometer
conductance as a function of two wisely chosen gate voltages. This so-called stability
diagram is a great source of information on the electrostatic potential landscape and the
effect of each gate. From the study of such an experiment, we can infer the number of
formed quantum dots, their position and absolute charge occupancy. We can also measure
the inter-dot coupling between a pair of quantum dots, as well as the coupling to the
electron reservoir.

3.1.1 Stability diagram
If we fix the electrometer at a sensitive position and ramp RH3 toward more negative
values, we observe a general trend due to capacitive coupling with the detector, as well
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Figure 3.1: Stability diagrams. a. Example of QPC trace for 2 or 4 electrons loaded in
the reservoir dot. At 𝑉RD2 = −1 V the QPC is sensitive and far enough from pinch-off. b.
QPC signal as RH3 is swept. Abrupt shifts (also visible on the signal derivative, in gray)
correspond to one electron leaving the quantum dot. c. Derivative of the QPC signal as a
function of RH2 and RH3 for a single dot regime. The electron number in the reservoir dot
varies from 0 (left) to 13 (top right). d. Derivative of the QPC signal as a function of RH1
and RH3 for a double dot regime. The vertical (resp. horizontal) lines correspond to electrons
leaving the channel (resp. reservoir) dot. The inter-dot avoided crossings are well visible, as
the two dots are here strongly coupled (≫ 1 GHz).

as abrupt signal jumps (blue curve Fig. 3.1.a.). These jumps are associated with single
electrons tunneling to the reservoir, as the quantum dot potential is raised. Between two
jumps, the electron number is fixed. Since the electrometer signal does not decrease as the
dot is emptied, we can identify the last electron tunnel-out, and thus infer the absolute
electron number for every transition.

If we repeat this sweep for different values of RH2 and plot the derivative of the signal
(to remove the capacitive coupling), these jumps appear as lines in Fig 3.1.cd. From the
line slope, we can extract the ratio of gate lever arm (conversion factors from gate voltage
to energy, called 𝛼-factors), and estimate the dot position. Here, a negative shift on RH3
can be compensated by a positive shift of RH2 of slightly greater magnitude, meaning that



3.1 Charge control and isolation 49

their coupling to the dot is similar. This indicates that the dot is equidistant to RH2 and
RH3, in agreement with the sketched position of the reservoir dot in Fig. 2.1.

If we lower the RH1 gate, we see the emergence of a double quantum dot behavior, as
visible in Fig 3.1.d. Here we have two sets of lines, one for each dot. The more vertical
lines correspond to a dot more coupled to RH1 than RH3, the channel dot. Contrarily,
the more horizontal lines correspond to the reservoir dot, more coupled to RH3. In this
diagram, we can therefore identify every charge configuration (Nc, Nr), down to the single
electron limit.

3.1.2 Isolated regime
In the single-dot regime stability diagram (Fig. 3.1.c.), we can see the transition lines
fading out for 𝑉RH3 < −0.8 V. This is a signature of the isolated regime, a metastable state
in which the coupling to the reservoir is much smaller than the measurement time. Indeed,
because of its geometry, the RH3 gate has two effects on the quantum dot. Applying a
more negative voltage on this gate raises the dot potential, but also increases the tunnel
barrier to the electron reservoir. Thus, the reservoir coupling is shut off and electrons are
prevented from tunneling to the reservoir, even though their chemical potential is higher
than the Fermi energy.[Ber15b]

To prove our ability to isolate two electrons in the right part of our structure, we perform
a losing map experiment, presented in Fig. 3.2. It consists in loading two electrons and
recording a reference signal at a measuring point M within the isolated regime. The system
is then pulsed for 1 ms to a position P=(𝑉RH2, P, 𝑉RH3, P), and brought back to the point
M for another measurement. Fig. 3.2.b. shows the signal difference as the position P is
varied, each pixel being a single-shot realization. We can immediately identify in the top
part of this plot the 𝑁 = 0 to 𝑁 = 7 areas, whose boundaries are at the same positions as
the lines in the stability diagram Fig. 3.2.a. Here, the pulse to P opens the coupling to the
reservoir and allows electron exchange. The final number of electrons thus only depends
on P.

Contrarly, when 𝑉RH3, P is kept more negative (bottom part of the plot), the electron
number is unchanged, as the coupling to the reservoir remains several orders of magnitude
slower than the 1 ms pulse duration. In this isolated regime, a fixed number of electrons can
be kept throughout the measurement sequence, facilitating the charge readout. Moreover,
the double quantum dot potential manipulation is simplified, as no absolute potential
reference is given by the reservoir. Finally, this isolated regime is crucial in our experiment,
to protect the system from parasitic electron exchange with the reservoir while the potential
is modulated by the SAW.

The following results were all obtained using this isolated regime, the coupling to the
reservoir being only momentarily turned on for initialization and spin to charge projection.
This allows us to always measure the output charge configuration at the same position,
regardless of the type of experiment, facilitating the electrometer tuning and the analysis.
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Figure 3.2: Isolated regime. a.c.Two electrons are loaded into the reservoir dot (L), after
which the system is brought to the isolated regime (M) and a reference signal is recorded
for 4 ms. The dot is then pulsed to an arbitrary (RH2, RH3) configuration (P) for 1 ms, and
brought back to the measuring position for 4 ms. P is varied in within the red dashed rectangle.
b. Single shot difference of QPC signal as a function of the position of P. For 𝑉RH3, P positive
enough, the dot can exchange electrons with the reservoir and the final number of electrons
is the same as given by the stability diagram, from 0 (red) to 7 (blue). As 𝑉RH3, P is kept
negative enough, 2 loaded electrons can be kept in the dot for a large range of 𝑉RH2, P (orange
area). d. Signal difference histogram. The corresponding difference in number of electrons,
with respect to the N=2 initial configuration, is indicated for every peak.

3.2 SAW-assisted transport
Now that we can isolate a given number of electrons, we can generate a SAW burst and
study the electron propagation across the channel. Figure 3.3.a. and b. show two identical
single-shot losing maps, with the addition on b. of a 18 dBm, 50 ns microwave burst applied
on the transducer at its resonant frequency. We observe a large area where two electrons
can be kept without the SAW burst, but are ejected when the SAW is turned on. This is a
first demonstration that the SAW is able to kick electrons out of the right channel dot, but
not necessarily towards the channel.

We thus perform a similar experiment focusing on the left side of the structure, loading
two electrons on the right channel quantum dot and bringing its potential to a position
where both electrons are sent by the SAW ([−1.8 V, -1.6 V] on Fig. 3.3). We measure the
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Figure 3.3: Sending map. a. Reference losing map. b. Same experiment, with the addition
of a 18 dBm, 50 ns SAW burst applied while the system is at the pulsed position P. We can see
the effect of the SAW on the lower part of the plot, with an area (in red) where two electrons
can be kept without the SAW, but are ejected from the right double-dot if a SAW burst is
applied.

Figure 3.4: Catching map. Average charge caught in the left channel quantum dot as a
function of 𝑉LH2 and 𝑉LH3. Two electrons are loaded on the right side on the nanostructure
and sent across the channel, after which the caught charge is inferred from the left electrometer
signal. We observe a large area in the isolated regime where both electrons are caught with a
high (> 90 %) probability.
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charge occupancy of the left side of the structure for various reception configuration, in
order to identify the ideal catching position. This catching map, shown Fig. 3.4., presents a
large area where the probability to catch both electrons is above 90 %. For 𝑉LH2 < −0.9 V,
the quantum dot potential is too high and the incoming electrons either continue towards
the reservoir or are stopped further in the channel. For 𝑉LH3 > −0.9 V, the left double
quantum dot is not in the isolated regime and electron tunnelling to (top-left corner) or
from (top-right corner) the reservoir can occur, affecting the final charge state. In the
following experiments, we use (𝑉LH3 = −1.2 V,𝑉LH2 = −0.6 V) as catching position.

Figure 3.5: Multiple charge sending. 2D-histogram representing the number of counts
of the signal shift 𝛥𝑉RF,L and 𝛥𝑉RF,R as the number of transferred electrons is varied. The
left dot is initially empty, and the right dot is loaded with N electrons. When no electrons
are loaded, no signal shift is observed on either side (N=0, top-left peak). As we load more
electrons (up to 7 for the last bottom-right peak), we always observe opposite shifts on each
side, proving that the numbers of caught and sent electrons are the same. The fidelity is above
98 %, the errors mainly corresponding to one electron not arriving in the receiving dot.

The optimal sending and catching configurations being determined, we test our ability
to transfer several electrons. We initially empty the left double quantum dot, and load
in the right double quantum dot a given number N of electrons. We then measure the
difference of electrometer signal before and after the transfer, on both sides. We expect a
positive shift on the right side, as N electrons leave the dot, and a negative shift on the left
side. In addition, the magnitude of each shift should be proportional to N.

Figure 3.5. shows a two-dimensional histogram of the signal shift of each electrometer,
allowing us to visualize the correlations on each side. Data from 2000 single-shot experiments
are computed for 𝑁 = 0,1,...,7. We observe 8 peaks, from 𝑁 = 0 where no shift is recorded
on either side, to 𝑁 = 7 where the shift amplitude is the largest for each electrometer. This
allows us to estimate the transfer fidelity, which is always above 95 %, and in particular
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above 98 % for 𝑁 = 2. This experiment proves that when N electrons leave the right side,
N electrons are caught on the left side. The few errors occur when one electron does not
reach the left dot, either because it got trapped in the channel or because the left quantum
dot was not able to stop it.

For the two electron spin transfer experiments, presented later in this thesis, we always
measure the charge immediately after transfer to eliminate the few (2 − 4 %) sending errors
from the statistics. Indeed, as we require some spin-to-charge conversion and another
charge measurement to infer the spin state, these charge transfer errors (e.g. only one
electron arriving) would artificially increase one of the spin population (triplet state in this
example).

3.2.1 Effect of the SAW burst power and frequency

Figure 3.6: Effect of the SAW parameters. Average number of sent electrons as the SAW
burst power and frequency is varied, for two electrons initially prepared in the sending dot.
Electron sending is facilitated when the IDT is excited at its resonant frequency (2.79 GHz),
and in this case is carried out by the generated SAW. Out of resonance, electron sending can
also occur by capacitive coupling to the gates, but only for a greater power applied on the IDT.

Because of the rather fast travel time (𝑡S = 2.1 ns) of electrons at the SAW speed, we
cannot discriminate this acoustic transport from hot electrons, kicked of the quantum dot
by a potential modulation, and travelling several orders of magnitude faster than the SAW
itself. For our electrometers, the sending and catching appear simultaneous in both cases.
However, the SAW is generated only if the transducer (IDT) is excited near its resonant
frequency, allowing us to discriminate the two types of transport.

Experimentally, we empty the receiver side and load two electrons on the sending side.
We then apply a microwave burst of duration 100 ns and variable frequency and amplitude.
Figure 3.6 presents the average charge sent, with 1000 repetitions per pixel. Indeed, we
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observe that sending is facilitated when the frequency of the microwave burst matches the
one of the IDT. In this resonant case, we can resonably assume that the transfer is mostly
achieved via the SAW moving potential, and that electrons are confined throughout their
transport.

For off-resonance microwave excitation, electrons can still be kicked out of the right
dot (light- and darker-blue areas), but the required power is greater. In this case, the
proposed mechanism is the capacitive coupling between the IDT and the double-dot gates,
modulating the gate potential and allowing the electron to escape the trapping potential.
In this case, the electron is not confined during transport, will likely get stuck in the
channel, and may not be kicked towards the channel altogether.

To mitigate this uncontrolled excitation of our structure, we placed a metallic shield
800 µm on top of the sample (the IDT is 2 mm away from the right double-dot), to absorb
most of the radiation and reduce the capacitive coupling. We also tune the microwave
burst precisely at the IDT resonant frequency, reduce as much as possible its duration,
and limit the applied power. Finally, the triggered injection (discussed in the following
paragraph) protects the electron until the SAW reaches the right double-dot, effectively
preventing non-acoustic transport.

3.2.2 Delay-controlled sending
As of now, we have very little control over the dynamics of the electron transfer. The
shortest possible microwave burst (30 ns) corresponds to the generation of 150 moving
quantum dots, and we cannot determine in which one each electron travels. Yet, in order
to keep the singlet-triplet qubit coherence during its transfer, a key requirement is to
send separately the two electrons with a delay controlled at a timescale smaller than the
typical decoherence time of the singlet state, measured to be close to 10 ns in GaAs. To
achieve this goal, we keep the system in a configuration where the moving SAW potential
alone cannot send the electrons. To trigger each electron injection, the dot potential is
momentarily raised by applying a ns voltage pulse on RP1, synchronized with the SAW
passage. This way, we can trigger the injection of each electron into two different moving
quantum dots with a ns resolution and introduce a controlled delay.[Ber16b; Her11]

We can see Fig. 3.7 that this technique indeed allows us to control the number of
electrons injected, from 0 to 2 in this case. In order to perform such a delay-controlled
sending we need to apply two AWG pulses, a first one at 𝑡 = 770 ns with an amplitude of
−0.1 V to inject the first electron, followed by a delayed second pulse of maximal amplitude
(−0.45 V) to inject the second electron. The curves presented Fig. 3.7 allow us to estimate
the fidelity of this charge transfer protocol, as the first electron is correctly sent by the
first voltage pulse in 82 % of the single-shot realizations. Otherwise, this electron can be
sent together with the other electron (13 %) or remain in the right quantum dot (5 %). In
the later case, the final number of charges on both sides of the structure is incorrect and
we can remove these data points from the analysis. In the former however, two electrons
are actually sent, but not without the intended delay. This error rate will affect the singlet
spin probability, as visible in the data presented in the last chapter of this thesis. However,
we point out here that even when both electrons are sent by a single voltage pulse they
are unlikely to travel in the same moving quantum dot, due to the combined action of the
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Figure 3.7: Controllable injection in moving quantum dots. a. A 2.1 ns AWG pulse
is applied on RP1, synchronized with the SAW arrival, to momentarily raise the channel dot
chemical potential and facilitate the injection into the moving quantum dots train. b. Sending
position (star) used for this measurement. RP1 has approximately the same effect as RH1,
with half the alpha factor. The dotted line indicates the span covered when varying RP1 from
−0.45 V to 0.3 V. c. Probability to successfully transfer 0, 1 or 2 electrons as a function of the
RP1 pulse amplitude, over 500 single-shot realizations for each point. The burst applied on
the SAW is 18 dBm. We can see that the number of charge injected can be controlled at the
nanosecond timescale with a high precision (> 80 %).

sending pulse rising time and the Coulombian repulsion.
To verify our ability to perform this time-resolved injection, we need a detection procedure

at the reception dot able to probe the arrival time of each electron. It consists in applying
a time-resolved voltage step on LP1 of the reception dot, jumping from a position where
electron catching is unlikely to a more suitable receiving configuration. Any electron
arriving before this step occurs will not be caught, allowing us to measure each electron
electron travel time, as well as their separation.

Figure 3.8 shows the average charge caught as a function of the sending and catching
delays. Three different charge regions are observed and correspond to the catching voltage
step happening before, between or after the arrival of the two electrons, leading to the
capture of 2, 1 or 0 electrons in the receiver dot, respectively. The boundaries between the
three visible domains correspond therefore to the first and second electron arrival time.

We can extract two main results from this diagram. Firstly, each electron arrives indeed
2.1 ns after its injection time, proving that they travel at the speed of sound and are
confined by the SAW potential throughout their transfer. Secondly, when the electrons are
injected with an arbitrary delay (𝛥𝑡sending = 0 to 70 ns), they arrive with the same delay,
proving our ability to control this introduced delay with a 1 ns resolution, limited by the
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voltage pulses rising time.

Figure 3.8: Delay-controlled sending. a. Scheme of the injection timing measurement.
Two voltage pulses of a nanosecond duration, synchronized with the SAW burst, are applied on
RP1 of the sending dot to trigger the injection of the two electrons into the moving quantum
dots. To measure the electron distribution in the moving dots, the reception dot is kept in
a configuration where electron catching is unlikely until a positive voltage pulse on LP1 is
applied. We take the first electron injection as the reference time 𝑡 = 0 ns. b. Average charge
caught on the reception dot depending on the injection and catching pulses delays. Each pixel
is the average of 4000 single shot realizations. The vertical and diagonal boundaries correspond
to the arrival time of the first and second electron, respectively. The vertical boundary begins
at 𝑡S = 2.1 ns as a consequence of the time of flight at the SAW velocity of the first electron
between the two static dots. Moreover, the clean and sharp diagonal boundary with unity slope
confirm our ability to control the separation of two electrons by up to 70 ns with a nanosecond
resolution, using a double AWG voltage pulse. The precision of the sending is measured close
to a nanosecond and fixed by the rise time of the AWG.
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3.3 Conclusion
In this chapter, we have shown our ability to control and measure the charge degree of
freedom of our double quantum dots. The isolated regime, where tunneling to and from the
reservoir is suppressed, allows for an easier charge manipulation and readout. We studied
extensively electron transport across the channel via the moving potential created by the
surface acoustic wave. We discussed the effect of the sending and receiving configurations,
as well as the SAW burst power and frequency, and demonstrated the simultaneous transfer
of up to seven electrons with a fidelity above 98 % for two electrons.

Focusing on the case of two electrons, we demonstrated our ability to trigger electron
injection into a specific part of the moving dot train via the application of a double-voltage
pulse, controlled by an AWG with a ns resolution. We checked the electron propagation
time, consistent with the SAW velocity, and proved our ability to control the injection
delay between the two electrons.

This high degree of control over the charge degree of freedom is required to perform
the complex spin manipulations described in the following chapter. Furthermore, a well-
controlled transfer procedure is of paramount importance to avoid decoherence induced by
electron separation.





CHAPTER 4
Spin manipulation and displacement

As mentioned in the first chapter, we encode our qubit information into the spin degree
of freedom of the electron rather than its charge, more susceptible to charge noise and
decoherence.[Li15; Pet04] Addressing the spin is more challenging, as its measurement is
indirect and relies on a spin-to-charge conversion mechanism. Furthermore, as explained
in the previous chapter, a high level of control over the charge manipulation is mandatory
to operate on the electron spins. In this chapter, we study the physics of a singlet-triplet
qubit, from its initialization and readout to the processes limiting its coherence. We
demonstrate coherent exchange oscillations, performed in a static double quantum dot
configuration, before studying the impact of the SAW modulation on a static qubit. Finally,
we demonstrate a delocalized spin measurement, transferring the electrons via the SAW
before reading out their spin on the other side of the nanostructure.

4.1 Initialization and readout
As for the charge control, the following results on spin manipulation and transport rely on
a wide variety of experimental techniques and optimization steps. Describing them all in
detail would be out of the scope of this thesis, therefore we will only cover the ones most
relevant to understand the spin results presented later in this chapter. However, we point
out here that most of the measurement speed increase, allowing for a greater volume of
and cleaner data, has been achieved thanks to newly developed faster spin manipulation
techniques. The good understanding of the spin qubit physics in GaAs, together with
an optimization of the electronic equipment speed, has lead to a tenfold increase in the
single-shot repetition rate, key element in a field statistical by nature.

4.1.1 Initialization
A good example of this optimization is the spin initialization. While it usually consisted of
loading an arbitrary spin state and waiting for its relaxation to the ground state (several
tenths of milliseconds), nowadays relaxation hot-spots are used to speed up this process
down to a few microseconds, without any loss of initialization fidelity.[Yan13] In this
work we exploited another technique, presented in Fig. 4.1., where the electron spin is
adiabatically loaded into its ground state.

59
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Figure 4.1: Spin initialization. a.c. Scheme of the loading procedure. The quantum dot
is emptied by raising its potential and increasing the coupling to the reservoir, after which two
electrons are loaded by pulsing to the position A or B and the system is brought to the isolated
regime (M). b. Singlet spin probability as a function of waiting time for the two loading
positions. Using B, mostly a triplet spin state is loaded and relaxes with a characteristic time
𝑇1 = 4.3 ± 0.2 ms. Increasing the reservoir coupling during the loading (position A) leads to a
high-fidelity direct singlet initialization in 64 µs.

When two electrons are loaded into a quantum dot, the probability for their spin to form
a singlet state is usually low. The underlying physical phenomenon explaining this property
is the difference of coupling of the singlet and triplet spin states to the reservoir. Indeed,
as the triplet spin states are composed of an excited orbital state with a greater spatial
extent (c.f. Chap. 1), they are usually more coupled to the neighboring reservoirs than the
singlet spin state (analogous to 1𝑠/1𝑝 orbitals in atomic physics). This spin decays with a
characteristic time 𝑇1 = 4 ms in the isolated regime, forcing us to wait at least 5𝑇1 = 20 ms
to achieve a high-fidelity singlet initialization.

To fasten the initialization process, we load two electrons in a regime where the coupling
to the reservoir is much greater than our voltage sweeping rate (𝑡res ≫ 10 MHz). As
sketched Fig. 4.1.c, the energy separation between singlet and triplet spin states ensures
that only the singlet spin state is available for a time much longer than the tunnel-in time,
as the dot potential is lowered. By the time the quantum dot potential is low enough for a
triplet spin state to be populated, two electrons in a singlet spin state already occupy the
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quantum dot. This adiabatic singlet state loading provides a fast, high-fidelity initialization
mechanism and only relies on our ability to control the coupling to the reservoir over
several orders of magnitude.

Figure 4.1.b sums up these two initialization mechanisms. For intermediate reservoir
coupling (position B), the singlet spin probability is initially rather low, and we need to let
the spin decay over at least 15 ms. For high reservoir coupling (position A), the spin is
immediately loaded in its ground state. In the following, we will quantitatively evaluate
the achieved spin initialization fidelity.

4.1.2 Spin to charge conversion

Figure 4.2: Spin-to-charge conversion. a.c. Scheme of the spin-to-charge conversion
technique. The dot is pulsed for 16 µs to a configuration where the tunnel-out rate is ∼ 1 MHz.
A triplet state, being slightly more coupled to the reservoirs, will have a larger tunnel-out
probability, leading to a charge difference when the system is brought back to M. b. Probability
to keep two electrons for different P positions and the two initializations. At 𝑉RH2 = −0.865 V,
we observe a 30 % contrast between a mostly singlet or mostly triplet initialization, proving
the spin selectivity.

As mentioned in the first chapter, direct spin measurement is impractical in our structures,
as the associated magnetic dipole is extremely weak.[Rug04] Instead, we exploit a spin-
to-charge conversion mechanism, and infer from the charge configuration the spin state.
In our case, this mechanism again relies on a tunnel coupling difference to the reservoir.
Because the triplet spin states are more strongly coupled, their typical tunnel-out time is
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significantly lower than the singlet spin state, allowing us to discriminate between the two
cases. However, all three triplet states having on first approximation the same tunnel-out
rate, this mechanism does not allow us to distinguish them.

This tunnel-rate selective readout is usually performed in the intermediate reservoir
coupling regime, to be able to time-resolve individual electron jumps to and from the
reservoir. In our case, we exploited the isolated regime to construct a faster and more
robust spin readout. It consists of increasing the reservoir coupling for 𝜏 = 16 µs, to a
configuration where the a triplet spin state is associated to one electron tunnelling out,
whereas for a singlet spin state the charge is preserved (𝛤|𝑆⟩ ≪ 1

𝜏 ≪ 𝛤|𝑇 ⟩). The system is
then brought back to the isolated regime, and a charge readout is performed. If only one
electron is detected the measurement outcome is a triplet spin state, whereas an initial
singlet spin state is associated with both electrons kept in the quantum dot.

The main advantage of this technique is that the tunnel-out time and the readout time
are decoupled, as the charge configuration is frozen in the isolated regime. This allows us to
increase the reservoir coupling for a duration shorter than our acquisition rate. In addition,
because the system is always kept in a configuration where tunnelling-in of extra electrons
is impossible, spin readout errors due to re-loading of a second electron are prevented.

To determine the optimal spin-to-charge conversion, we realize the experiment described
Fig. 4.2. We load either mostly a singlet or mostly a triplet spin state (by using the two
pre-determined loading positions A and B), and close the reservoir barrier (M), then pulse
the system to a point P for 16 µs. Finally, we bring the system back to the M position and
read-out the charge occupancy. Figure 4.2.b. presents the probability to keep two electrons
in the quantum dot as a function of the position of P. We observe Fermi distributions for
each state, a more negative 𝑉RH2 corresponding to a greater tunnel-out rate, and thus a
lower probability for the two electrons to remain in the quantum dot. More importantly, we
observe a contrast between the two spin initializations, a triplet spin state (loading position
B) being always more likely to tunnel-out than a singlet spin state. We therefore chose
𝑉RH2 = −0.865 V as our spin-to-charge pulsing position. Immediately, we see that this spin
to charge mapping is imperfect, as the contrast between the two curves in Fig. 4.2.b. is not
unity. In other words, while a triplet spin state has always a greater tunnel-out probability
than a singlet spin state, this difference is not large enough to provide a configuration
where a singlet spin state will definitely not tunnel-out, and a triplet spin state definitely
will. Later in this chapter, we will extract the fidelity of this spin readout and discuss data
renormalization.

4.1.3 Spin mixing
Now that we can perform the initialization and readout of our spin state we can discuss its
manipulation. As mentioned in the first chapter, the easiest knob we can use is to separate
the two electrons in adjacent quantum dots for a controlled time. For example, if we load a
singlet spin state into the reservoir dot (at position A in Fig. 4.1) and lower the detuning
between this dot and the channel dot (𝜀 ≈ 𝑉RH3 − 𝑉RH1), one electron will tunnel-out to
the channel dot. Depending on the coupling (controlled by 𝑉RH2) between these two dots,
several regimes can appear:

• In the large coupling limit (𝑡c ≫ 10 GHz), the structure is effectively behaving as
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Figure 4.3: Spin mixing. a. Singlet spin probability after a 500 ns detuning pulse of
amplitude 𝑉RP1 for different 𝑉RH2. Each pixel is the average of 500 realizations, under an
external magnetic field 𝐵𝑧 = 150 mT. We can identify the S-T0 mixing area as the central
blue area, as well as the position of the S-T+ avoided crossing (right curved line). In the
extremely weak coupling regime (𝑅𝐻2 < −700 mV), the singlet state is preserved as tunnelling
is prevented (see main text). b. Numerical simulation of the exchange energy 𝐽 = 𝐸T0 − 𝐸S
as a function of the energy detuning 𝜀 and interdot coupling 𝑡c. The calculated position of
the S-T+ avoided crossing is indicated by the gray dashed line. c. Mixing pulse scheme. The
two spins are separated by a short detuning pulse on RP1, before being recombined in the
channel quantum dot. d. Singlet spin probability as a function of the detuning pulse duration
for the indicated point in the (1,1) configuration. The data is fitted with a Gaussian decay of
characteristic time 𝑇 *

2 = 12.0 ± 0.2 ns.
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one large single quantum dot. The dots are so strongly coupled that the singlet spin
state remains an eigenstate of the system, and is unaffected by the detuning pulse.

• For intermediate coupling (𝑡c = 100 MHz − 10 GHz), in the (1,1) configuration
the two spins will start to evolve separately according to their local Overhauser
nuclear magnetic field, and when the electrons are brought back together in the (0,2)
configuration their spin will not form a pure singlet state anymore.

• Finally, if the coupling is low compared to the duration of the detuning pulse
(𝑡c ≪ 10 MHz), the (1,1) charge configurations cannot be reached and the electrons
remain in a |𝑆(2,0)⟩ state. In this regime, mixing can thus be prevented.

In order to confirm this ability to destroy the spin coherence, we therefore probe the
probability to remain in a singlet spin state after a detuning pulse of 500 ns, while varying
the interdot tunnel coupling over several orders of magnitude via the voltage applied on
the interdot gate RH2. The obtained 2D plot, represented Fig.4.3 and later referred to as
spin map, presents a complete spectroscopy of the mixing processes in an isolated double
quantum dot.

Firstly, we indeed observe an area where the coherence is preserved regardless of the
detuning, when the interdot coupling is the largest (𝑉RH2 > −480 mV). In this case,
the interdot coupling is so strong that the singlet spin state remains the ground state
regardless of the detuning. Secondly, for a smaller coupling (𝑉RH2 ≈ −600 mV), spin mixing
occurs in the (1,1) configuration and the singlet spin probability after recombination drops.
Furthermore, we observe a line of lower singlet spin probability, attributed to the S-T+
avoided crossing, and covered in details the next section. Finally, in the extremely weak
coupling regime (𝑉RH2 < −700 mV), the singlet probability is preserved for 𝜀 < 𝐸c. This
corresponds to a regime where interdot tunnelling is prevented, forcing the electrons to
remain in the singlet spin state. The lines where mixing does occur are attributed to
resonances between the |𝑆(2,0)⟩ state and excited (1,1) spin states. This phenomenon is
exploited in App. C to estimate the coupling strength with these higher orbital states.

Figure 4.3.d. presents a measurement of the dynamics of the S-T0 mixing process, where
the singlet spin probability is plotted as a function of the detuning pulse duration. This
measurement is fitted with a Gaussian decay of characteristic time 𝑇 *

2 = 12.0 ± 0.2 ns. As
explained in the first chapter, this number is characteristic of the number N of neighboring
nuclear spins:

𝑇 *
2 = ~

√
2

|𝑔|𝜇B𝜎HF
∝

√
𝑁 (4.1)

From the dephasing time 𝑇 *
2 we can extract the width of the Overhauser magnetic field

distribution, 𝜎HF = 3.2 ± 0.1 mT. This value is in good agreement with the expected
number of neighboring nuclei 𝑁 ∼ 106.

In the following work, we use the high-coupling regime (𝑉RH2 = −400 mV) to transfer
two electrons between the reservoir dot and the channel dot without affecting their spin
state. Indeed, while the SAW-assisted shuttling involves the two channel dots, the spin
initialization and readout both involve the reservoir dots on each side. Such a spin-
preserving passage from (2,0) to (0,2) and back is therefore required on both double



4.1 Initialization and readout 65

quantum dots.

4.1.4 Spin funnel

Figure 4.4: Spin funnel. a. Spin mixing map, similar to the previous figure but realized
on the left double quantum dot under a smaller external magnetic field, 𝐵𝑧 = 60 mT. b. Cut
along the line indicated by the black line in a., as the external magnetic field is varied. The
observed funnel corresponds to the position of the S-T+ avoided crossing for 𝐵𝑧 > 0, and the
S-T− avoided crossing for 𝐵𝑧 < 0. c. Sketch of the S-T+ avoided-crossing position. As the
external magnetic field is lowered, the energy of the T+ state increases and its intersection with
the singlet state shifts towards a lower energy detuning. d. Cut in b. for 𝑉LP1 = −180 mV
and 𝑉LP1 = −240 mV. From the three asymptotes (indicated by the gray dashed lines) we can
infer the spin initialization and readout fidelities (see main text).

In the previous experiment, we see the signature of the S-T+ avoided crossing as the
curved line of lower singlet spin probability. Indeed, while the coupling between these
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two spin states is rather weak (as it involves a spin flip), the 𝑥 and 𝑦 components of
the Overhauser magnetic field or the spin-orbit coupling are able to couple 𝑚𝑆 = 0 and
𝑚𝑆 = ±1 spin states, and effectively create this small avoided-crossing. When the detuning
is pulsed close to this position, these mixing mechanisms affect the singlet spin probability.
For long pulses (500 ns), and averaging over many realizations, we therefore expect a
statistical mixture of 50 % 𝑆 − 50 % 𝑇+.

To verify that we indeed observe this mechanism, we exploit the non-zero magnetic
moment of the T+ and T- states (𝑚𝑆 = ±1). By increasing the external magnetic field, we
increase the Zeeman splitting of these states and shift the S-T+ avoided-crossing towards
higher detuning. This experiment, presented Fig. 4.4, is called a spin funnel measurement.

Experimentally, we measure the singlet spin probability as a function of the detuning 𝜀
and external magnetic field 𝐵𝑧, for a rather low interdot coupling 𝑡c ∼ 1 GHz. Contrary
to the previous spin map Fig. 4.3, here the experiment is performed on the left double
quantum dot, the detuning pulse being induced by a more negative voltage on LP1.

On top of the S-T0 mixing (for 𝑉LP1 < −220 mV) previously described, which remains
unaffected by the magnetic field, we can clearly identify two lines of lower singlet spin
probability forming a funnel shape. As indicated by the scheme Fig. 4.4c., this funnel
shape reproduces very well the expected avoided-crossing position as the Zeeman splitting
is varied. For a positive external magnetic field 𝐵𝑧 > 0, the singlet spin state crosses the T+
state, while for a 𝐵𝑧 < 0 we see the crossing with the T- state (we remind here that GaAs
has a negative g-factor 𝑔 = −0.425). For 𝐵𝑧 ≈ 0, the dominant energy scale in the (1,1)
configuration is now the fluctuating Overhauser magnetic field provided by the surrounding
nuclear spins. As a consequence, all four spin states can be considered degenerated, and
the singlet spin probability is significantly lower than for simple S-T0 mixing. The darker
blue area in Fig. 4.4.b. gives us an idea of the necessary external magnetic field to lift the
triplet spin states degeneracy, which is close to |𝐵𝑧| > 3𝜎HF = 10 mT.

4.1.5 Initialization and readout fidelities
To calibrate the initialization and readout fidelities, we use the two line cuts presented Fig.
4.4.d. Here, two electrons are initialized in a singlet spin state and a 500 ns detuning pulse
is applied. For the larger pulse (blue data points), the two electrons are separated and
spin mixing occurs. For the smaller pulse (orange data points), the two electrons are kept
together in the (2,0) configuration. We record the singlet spin probability as a function of
the magnetic field for both pulses.

We call 𝛼 the probability to measure a singlet spin state when the system is in a triplet
spin state, 𝛽 the probability to measure a triplet spin state instead of a singlet spin state,
and 𝛾 the singlet spin initialization errors. When the two electrons are kept in the (2,0)
configuration, the singlet spin probability is equal to:

𝑃 𝑎
S = (1 − 𝛾)(1 − 𝛽) + 𝛾𝛼 (4.2)

However, when mixing in the (1,1) configuration occurs two cases need to be distinguished.
For a large enough magnetic field |𝐵𝑧| ≫ 𝜎HF, the degeneracy between the triplet spin
states is lifted by the Zeeman energy, and mixing only occurs between the singlet and the
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T0 spin states. For a complete spin mixing, the output singlet spin probability is 1
2 . In the

zero-magnetic field case 𝐵𝑧 = 0 mT, mixing occurs with the T+ and T- as well and this
expected singlet spin probability is 1

3 .[Mer02] Taking into account our error sources, we
have:

𝑃 𝑏
S =

(︂
1
2 − 𝛾

3

)︂
(1 − 𝛽) +

(︂
1
2 + 𝛾

3

)︂
𝛼 for |𝐵Z| ≫ 3 mT

𝑃 𝑐
S = 1 − 𝛽

3 + 2𝛼
3 for 𝐵Z ≈ 0 mT

(4.3)

From the data on Fig. 4.3.d. we extract these three values for the left double quantum dot
(dashed gray lines). This allows us to determine the 𝛼, 𝛽 and 𝛾 fidelities:

𝛼 = 0.02 ± 0.05
𝛽 = 0.08 ± 0.06
𝛾 = 0.04 ± 0.07

(4.4)

For the left side of the structure, we thus obtain a spin readout fidelity FL = 1 − 𝛼+𝛽
2 =

95 ± 5 %, and an initialization fidelity of (1 − 𝛾) = 96 ± 7 %. For the right side of the
structure, performing the same analysis we obtain a much smaller spin readout fidelity
FR = 75 ± 5 % and a identical initialization fidelity.

This large difference in the spin-to-charge conversion fidelities for each side can lead to
false interpretation when measurement on each side are compared, as well as an under-
estimation of the spin transfer fidelity. For these reasons, in the following results we
sometimes present calibrated data (indicated by the cal label), where the spin-to-charge
fidelity has been used to normalize the data as:

𝑃 cal
S = 𝑃meas

S − 𝛼

1 − 𝛼− 𝛽
(4.5)

Usually, the spin-to-charge conversion fidelities are re-evaluated for each side right before
starting an important experiment, to monitor the sample slight evolution with time. In
practice, we record a reference on both sides of the sample with and without a mixing
pulse, and compute the new 𝛼 and 𝛽 coefficients for both sides of the structure.

4.2 Impact of the SAW modulation
The S-𝑇+ avoided crossing can also be exploited to measure the detuning modulation
induced by the SAW potential as the wave passes through the double quantum dot. The
sample was designed with a detuning axis orthogonal to the SAW wavefront, precisely
in order to minimize this modulation. Indeed, in a previous version of this sample the
spin transfer fidelity was greatly affected by a parasitic double quantum dot behavior,
aligned with the SAW propagation axis.[Ber15a] The multiple passages through the S-𝑇+
avoided-crossing induced a spin mixing immediately before and after the actual electron
sending.

To quantify this modulation, we perform the experiment described Fig. 4.5 in which
a detuning pulse, identical to the one used in the previous section, is applied for 500 ns.
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Figure 4.5: Impact of the SAW modulation. Singlet spin probability as a function of
detuning when a SAW burst of increasing power is applied, for 𝐵𝑧 = 25 mT. We observe
a wider S-𝑇+ mixing area as a consequence of the detuning modulation by the SAW. This
modulation amplitude scales as 17.0 ± 1 mV/

√
mW, as indicated by the dashed lines.

However, we now synchronize this pulse with a 1 µs SAW burst, and we record the singlet
spin probability as a function of the detuning and SAW power. We observe a widening of
the S-𝑇+ mixing area, proportional to the SAW amplitude (square root of its power). We
extract a coupling factor 𝛼SAW, LP1 = 17.0 ± 1 mV/

√
mW, giving for the maximum SAW

power 𝑃 = 18 dBm an equivalent amplitude 𝛥𝑉LP1 = 135 ± 7 mV on LP1.
This value gives us an idea of how far in detuning we need to keep the double quantum

dot to prevent accidental mixing during the electron sending. Experimentally, we will often
use a sending position deep in the (2,0) regime, separated from the position used in this
double-dot regime by at least 400 mV on LP1. In addition, we point out here that the SAW
modulation may also have an impact on the tunnel coupling 𝑡c, to which the measurement
presented Fig. 4.5. is insensitive. However, as we always keep our double-quantum dots in
the (2,0) regime while the SAW is applied, this tunnel coupling modulation has no effect
on the electron spin.

4.3 Exchange oscillations
In this section, we perform a two-qubit gate exploiting the the exchange interaction between
two electron spins separated in adjacent quantum dots. Then, we demonstrate a delocalized
spin measurement, shuttling the two electrons immediately after this coherent manipulation,
and performing the spin readout on the left side of the structure. Finally, we discuss the
spin transfer fidelity associated with the electron transfer protocol.
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4.3.1 Landau-Zener criteria

Figure 4.6: Landau-Zener criteria. Illustration of a adiabatic and non-adiabatic transition
across an avoided crossing of coupling 𝑡c. In the latter case, the detuning is ramped at a rate
allowing the spin state to always remain in the ground state. In the former, the spin state can
jump towards the excited level |𝑎′⟩.

As introduced in the first chapter, exchange oscillations rely on a non-adiabatic change
of spin basis, leading to a phase accumulation between the |↓↑⟩ and |↑↓⟩ states. Since in
our case the 𝑆-𝑇0 basis is required for spin readout and initialization, we also require a
mapping from the |↓↑⟩-|↑↓⟩ basis to the |𝑆⟩-|𝑇0⟩ basis, achieved in our case by an adiabatic
detuning ramp. In this section, we introduce this adiabaticity criteria, often called the
Landau-Zener criteria.

We consider an avoided crossing between two spin states |𝑎⟩ and |𝑏⟩ of coupling 𝑡c, as
represented Fig 4.6. The system is prepared in the state |𝑎⟩ and the detuning is ramped
across the avoided crossing at a given rate. If this rate is larger than the coupling between
the two spin states, the system will remain in its original spin state and end up in the
upper branch |𝑎′⟩ (eventually followed by a relaxation process). However, if the detuning
sweeping rate 𝛤 is much smaller than the coupling 𝑡2c/ℎ, the system will adiabatically
follow the ground state of the system and end up in the lower branch |𝑏′⟩. Overall, the
non-adiabatic passage probability is given by the Landau-Zener theory[Lan32; Zen32] as:

𝑃|𝑎⟩→|𝑎′⟩ = exp
(︂

−2𝜋𝑡2c
~𝛤

)︂
with 𝛤 = 𝑑𝐸

𝑑𝑡
(4.6)

Typically, for a coupling of 𝑡c/ℎ = 1 GHz this adiabaticity criteria imposes a detuning
ramp across the avoided crossing for a duration on the order of several tenths of nanoseconds.
In the following part, we exploit this technique to adiabatically transform a spin state or,
on the contrary, to pass through an avoided-crossing without affecting the spin state.



70 4 Spin manipulation and displacement

4.3.2 Exchange oscillations
In absence of any artificial magnetic field gradient or ESR feedline, it is still possible to
perform a two-qubit gate driven by the exchange interaction between two spins in adjacent
dots. As the spin trajectory for this gate was already covered in the first chapter, we here
focus on the experimental realization of this operation.

We consider the right double quantum dot, tuned to the low interdot coupling regime
(𝑡c ∼ 1 GHz). In this regime, when two antiparallel electrons are separated in the (1,1)
configuration, the dominant energy scale is the Overhauser magnetic field difference 𝛥𝐵𝑧

created by the difference in local nuclear environment between the two quantum dots.
The antiparallel spin eigenbasis is therefore (|↓↑⟩ ; |↑↓⟩), and we will suppose 𝛥𝐵𝑧 > 0,
making |↓↑⟩ the antiparallel ground spin state. In the (2,0) configuration, the exchange
interaction between the two spins is maximal and the eigenbasis is (|𝑆⟩ ; |𝑇0⟩). As we
can only initialize and measure a singlet spin state, the principle of the experiment is to
establish a conversion mechanism to map |𝑆⟩ to |↓↑⟩ (and |𝑇0⟩ to |↑↓⟩).

Figure 4.7: Exchange oscillations. a.b. Measurement scheme. The initial singlet spin state
is converted to the |↓↑⟩ state by an adiabatic detuning ramp towards the (1,1) configuration.
The exchange interaction is turned on for 𝑡exch by a detuning pulse, after which the system
is brought back to the (1,1) configuration and another adiabatic ramp brings the spin state
back to the (S,T0) basis. c. Singlet spin probability as a function of the exchange pulse
duration. The measurement is performed at 𝐵𝑧 = 150 mT, each point being the average of
60000 single-shot realizations. We observe coherent oscillations of frequency 𝐽 = 29.1±0.2 MHz
damped by a Gaussian decay of characteristic time 𝑇Rabi

2 = 35.7 ± 0.8 ns.

Figure 4.7.ab. presents the succession of detuning pulses and ramps applied to RP1,
as well as a scheme of the different positions on the energy diagram. The sequence is as
follows:
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• A singlet spin state is initialized and the detuning is brought close to the (2,0)-(1,1)
degeneracy line.

• A sub-ns detuning pulse is applied to pass the S-T+ avoided crossing, assuring the
singlet preservation. This pulse needs to be adiabatic with respect to the tunnel
coupling, but non-adiabatic with respect to the S-T+ coupling.

• The detuning is slowly ramped towards 𝜀 = 0, converting the |𝑆(2,0)⟩ state to |↓↑(1,1)⟩.
This ramp needs to be adiabatic with respect to both the interdot and hyperfine
couplings.

• The exchange coupling is abruptly turned on by a detuning pulse bringing the system
towards the (2,0) configuration, where the |↓↑⟩ state is not an eigenvector anymore
and starts evolving towards |↑↓⟩ and back.

• After a given pulse duration 𝑡exch the system is abruptly brought back to the (1,1)
configuration, freezing the spin state into a superposition of |↓↑(1,1)⟩ and |↑↓(1,1)⟩.

• Another adiabatic detuning ramp is used to convert the |↓↑(1,1)⟩ and |↑↓(1,1)⟩ states
to |𝑆(2,0)⟩ and |𝑇0 (2,0)⟩ respectively. The S-T+ crossing is again avoided by a sub-ns
detuning pulse.

After this sequence, the probability to measure a singlet spin state oscillates with the
exchange pulse duration as:

𝑃S = cos2 (𝜋𝐽 (𝜀) 𝑡exch) (4.7)

As developed in the first chapter, the main decoherence mechanism is usually the detuning
noise, modulating the exchange interaction 𝐽(𝜀) and giving rise to a dephasing time 𝑇Rabi

2 .
Close to the avoided crossing 𝜀 ≈ 𝐸c, the detuning noise has a linear dependence on the
exchange energy:

𝐽 ≈
(𝜀− 𝐸c) +

√︀
(𝜀− 𝐸c)2 + (2𝑡c)2

2
and 𝜕𝐽

𝜕(𝜀− 𝐸c)
∝ 𝐽

2𝑡c

(4.8)

In consequence, the detuning noise has a stronger impact as 𝐽 is increased, limiting the
number of visible oscillations. This inter-dependence between Rabi frequency and dephasing
time has been verified experimentally,[Ber15b] and sweet-spots have been exploited to
overcome the impact of this detuning noise.

These coherent oscillations are visible Fig. 4.7.c., and are fitted with a frequency
𝐽 = 29.1 ± 0.2 MHz and a dephasing time 𝑇Rabi

2 = 35.7 ± 0.8 ns. For 𝑡𝜋exch = 18 ns, the
exchange pulse realizes a 𝜋 pulse, transforming the |↓↑⟩ state into the |↑↓⟩ state and vice
versa. This operation corresponds to a swap of of the two spins carried by each electron,
called a SWAP gate. Using an exchange pulse half as long 𝑡𝜋/2

exch = 9 ns, we realize a
√

SWAP
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gate, represented in the (|↓↓⟩ ; |↓↑⟩ ; |↑↓⟩ ; |↑↑⟩) basis by:

𝑈√
SWAP =

⎛⎜⎜⎜⎜⎜⎜⎝
1 0 0 0

0 1+𝑖
2

1−𝑖
2 0

0 1−𝑖
2

1+𝑖
2 0

0 0 0 1

⎞⎟⎟⎟⎟⎟⎟⎠ (4.9)

This quantum gate is universal, as any two-qubit gate can be obtained using the
√

SWAP
and single-qubit gates. As such, it therefore has a particular importance in quantum
computing and its demonstration in semiconductor spin qubits is relatively easy, only
requiring a nanosecond control over the quantum dots electrostatic potential.

The rather poor contrast of the oscillations presented Fig. 4.7.c. (𝐴R = 22.6±0.4 %) can
be explained by several factors. First, taking into account the low spin-to-charge conversion
fidelity for this particular experiment (FR = 77.2 %), we obtain a more acceptable value
𝐴cal

R = 58.6 ± 1 %. Secondly, as stated before the detuning noise leads to an uncertainty
in the Rabi frequency, which is the main decoherence mechanism. Finally, it can be
challenging to fulfill all adiabaticity / non-adiabaticity conditions for the sequence (see
above). For example, the position from which the adiabatic ramp starts (red square on
Fig. 4.7.ab.) needs to be carefully chosen, in order not to be too close to the S-T+ avoided
crossing but still at a detuning where the splitting with the |𝑇0,(1,1)⟩ spin state is large in
order to avoid spin mixing.

4.3.3 Spin transfer
Now that we demonstrated the ability to manipulate a two-electron spin state using the
right double quantum dot, we can try to perform a delocalized spin measurement using
the SAW-assisted electron shuttling presented in the previous chapter. The principle of
this experiment is to load two electrons forming a singlet spin state on the right of the
structure, and empty the left side.

We then perform exchange oscillations identical to those presented Fig. 4.7. However,
instead of measuring the singlet spin probability on the right side, we generate a SAW
burst and shuttle the two electrons towards the left side of the structure, tuned in the
single dot regime. The electrons are caught and spin-to-charge conversion is performed, in
order to measure the singlet spin probability oscillations with the exchange pulse duration
𝑡exch applied on the right side before sending. We remove from the data analysis the few
single-shot realizations where the charge transfer was unsuccessful (6 %), which would alter
the spin probability.

The singlet spin probability measured after transfer is represented Fig. 4.8. We observe
oscillations identical in frequency and dephasing time as those presented Fig. 4.7. (𝐽 =
29.2 ± 0.2 MHz, 𝑇Rabi

2 = 34.4 ± 0.8 ns), proving the effectiveness of this delocalized spin
measurement. However, these oscillations present a much lower contrast (𝐴L = 9.3 ± 0.2 %)
than the right side measurement presented Fig. 4.7., even when the different spin-to-charge
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Figure 4.8: Spin transfer after manipulation. a. Measurement scheme. A singlet spin
state is initialized on the right side of the structure, and an exchange identical to the one
presented in the previous figure is performed. The system is then pulsed to the transfer
configuration, and a SAW burst is applied to shuttle both electrons to the left side of the
structure. There, spin-to-charge conversion is performed in order to measure the singlet spin
probability. b. Singlet spin probability as a function of the exchange pulse duration. The
measurement is again performed at 𝐵𝑧 = 150 mT, each point being the average of 60000 single-
shot realizations. The oscillations are fitted with a cosine of frequency 𝐽 = 29.2 ± 0.2 MHz
damped by a Gaussian decay of characteristic time 𝑇Rabi

2 = 34.4 ± 0.8 ns.

conversion fidelities on each side are taken into account:

𝐴cal
L = 𝐴L

2(FL − 0.5) = 0.093
0.258 = 0.360 ± 0.008

𝐴cal
R = 𝐴R

2(FR − 0.5) = 0.226
0.386 = 0.586 ± 0.01

(4.10)

The ratio of these two contrasts gives a first idea of the spin transfer fidelity, which is
1+𝐴cal

L /𝐴cal
R

2 = 81 ± 1 % (see [Ber16a] Suppl. iii for the definition of the transfer fidelity). We
remind the reader that this number takes into account errors in the sending procedure and
the respective spin readout fidelities on both sides of the nanostructure. This experiment
proves our ability to manipulate a spin state and preserve it during the shuttling of the
electrons themselves. However, the fidelity of this process is quite low, greatly limiting
possible applications. It appear therefore important to identify the mechanisms responsible
for the observed loss of coherence, and evaluate our ability to prevent them.
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Origin of the decoherence
As introduced in the first pages of this thesis, the main requirement to achieve coherent
transport of a singlet-triplet qubit is to keep the two electrons, support of the quantum
information, together as much as possible. Indeed, no single-spin operation applied
simultaneously to both electrons can affect the singlet spin state. Here, we try as much as
possible to send the two electrons together, using the triggered sending technique presented
in the previous chapter. However, because of the combined action of Coulomb repulsion
and rising time of the sending voltage pulse, it is unlikely for two electrons to travel in the
exact same SAW minimum. In this experiment however, we estimate that the two electrons
are always injected at least 2.1 ns apart, which is the duration of the voltage pulse.

The first decoherence mechanism we can consider is the hyperfine interaction with the
surrounding nuclear spins. However, due to an extreme motional narrowing effect,[Fle17]
an electron spin in motion should not decohere due to this effect. Thus, decoherence due
to hyperfine interaction can only occur when one electron is in motion and the other is
not, which, as mentioned in the previous paragraph, corresponds to an extremely short
time (under 2.1 ns). Therefore, the hyperfine interaction alone cannot explain the observed
loss of contrast between Fig. 4.7 and Fig. 4.8.

In addition, we observe that the singlet preservation fidelity decreases as we move to
higher external magnetic fields (see App. D.). This observation point towards an additional
decoherence mechanism, involving electrical noise during the transport, and investigated
by Huang et al[Hua13] specifically in the case of SAW-induced transport. This mechanism
is based on a stochastic path followed by an electron in motion, affected by electrical noise
in its confining potential (in our case both the SAW and channel gates). Its predicted
effect, detailed in App. D, reproduces quite well the observed dependency of the singlet
preservation fidelity as a function of the external magnetic field.

In conclusion, the contrast reduction observed in Fig. 4.8 compared to the reference in
Fig. 4.7 can be explained by decoherence mechanisms affecting the electron spin during
its motion. In particular, hyperfine interaction dominates the decoherence process for a
static electron. For a moving electron spin, the electrical noise affecting its path has been
identified as the main decoherence mechanism. However, we remind the reader here that
both of these contributions would have no effect on a singlet spin state if the two electrons
were transported in the same moving quantum dot. In our experiment, the limited SAW
amplitude and the rise time of the sending voltage pulse limit our ability to fulfill this
requirement, but a high-fidelity single electron injection in a specific SAW minimum has
already been reported.[Tak19] Providing a sufficient SAW confinement, the high-fidelity
simultaneous transfer of two electrons should be achievable.

4.4 Conclusion
In this chapter, we presented the techniques used to initialize a singlet spin state, and
read out the singlet spin probability. While both of these techniques require an electron
reservoir, our ability to tune the coupling to this reservoir over many orders orders of
magnitude allows us to implement faster schemes for both of these steps. The singlet spin
state adiabatic loading, for example, guarantees a high-fidelity initialization, two orders
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of magnitude faster than a relaxation-based initialization. Using the isolated regime, the
spin-to-charge conversion can be decoupled from the actual charge readout, allowing us
to minimize the re-loading errors and setting the charge measurement bandwidth as the
measurement speed bottleneck.

Using nanosecond detuning pulses, we investigated the spectroscopy of a double quantum
dot and the different mixing processes, for a wide range of interdot tunnel coupling.
Exploiting the magnetic field dependence of the 𝑚S = ±1 spin states T+ and T-, we
presented a spin funnel experiment and extracted from it the spin initialization and readout
fidelities for both sides of the structure. The S-T+ avoided crossing also allowed us to
estimate the detuning modulation induced by the SAW, and to determine how far in the
(2,0) configuration the system needs to be kept in order not to experience unwanted spin
mixing.

Finally, we exploited the exchange interaction between two neighbor electron spins to
realize local two-spin oscillations, using only our ability to control the energy detuning
with nanosecond voltage pulses. As a first demonstration of the spin-preserving nature
of the electron shuttling procedure, we performed a delocalized singlet spin probability
measurement, transferring both electrons to the left side of the structure to read out their
spin state. From these last two experiments, we extract a spin transfer fidelity of 81 ± 1 %,
and discuss the mechanisms responsible for the observed decoherence during the transport.
In particular, the role of the spin-orbit coupling when the two electrons are sent with a
small delay will be investigated in the next chapter.





CHAPTER 5
Coherent single-spin shuttling and remote entanglement

In the previous chapter, we have identified the sending delay uncertainty as imperative
to explain the decoherence observed during the singlet spin transfer procedure. To try to
quantify this effect, we exploit the delay-controlled sending procedure established in Chap.
3 to sequentially transfer two electrons initially forming a singlet spin state. After transfer,
we use the spin-to-charge conversion on the left reservoir dot to measure the probability to
obtain a singlet spin state, for several separation times. In opposition with the non-local
spin readout presented before, the absence of manipulation in the static double dots allows
us to explore the spin preservation fidelity at low applied magnetic fields.

Measuring the singlet spin probability after transfer as a function of the sending delay and
the external magnetic field, we observe an interference pattern, signature of the coherence of
the single-spin transport. We demonstrate that these oscillations are the result of coherent
single-spin rotations, driven by the spin-orbit coupling during the electron propagation,
and Larmor precession under the external magnetic field when the electron is static.

We show that this transfer procedure can be interpreted as a Bell measurement, able to
prove and quantify the entanglement between the two electron spins. From the oscillation
contrast, we demonstrate that these spins remain entangled even when separated by 6 µm,
asserting the SAW-induced shuttling as a reliable technique to create distant entangled
electrons. Finally, we exploit our ability to destroy spin coherence using spin mixing in a
double quantum dot to quantify some of the density matrix elements of the initial state.

5.1 Two-electron spin quantum interferences
5.1.1 At zero external magnetic field
As introduced in the previous chapter, a singlet spin state should always be preserved
if both electron spins experience the same evolution at all time, i.e. if they are shuttled
together. Contrarily, if the two electrons are sent with a delay larger than the typical
decoherence time (∼ 10 ns), mixing processes (e.g. difference of Overhauser magnetic field
on each side of the channel) lower the final singlet probability after recombination. We thus
begin with the study of the singlet preservation fidelity for 𝐵𝑧 = 0 mT and 𝛥𝑡 = 0 − 70 ns.

In order to remove the few occurrences (3.2 % for this experiment) where one electron
is not transferred, either because it stayed on the right double quantum dot or because

77
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it was not caught in the left one, we actually measure the charge twice: before and after
spin-to-charge conversion. The first measurement is used to check that we indeed received
two electrons, while the second determines the spin projection. As this charge measurement
is performed in the isolated regime, it does not affect the electron spin. In addition, the
singlet spin probability presented in the following measurements is re-normalized using the
spin-to-charge conversion fidelity for the left side FL = 95.3 %, according to the procedure
described in section 4.1.5.

Figure 5.1: Coherent transfer at zero magnetic field. Singlet spin probability after
transfer at zero external magnetic field, as a function of the sending delay between the two
electrons. Each pixel corresponds to 10000 single-shot realizations. As the electrons are
separated for a longer duration, we observe decoherence of the initial singlet spin state they
formed, analogous to the spin mixing processes in adjacent double quantum dots.

Figure 5.1. presents the output of such an experiment at zero external magnetic field
𝐵𝑧 = 0. As expected, we observe the signature of a spin mixing process for large sending
delays, when the electrons are separated for too long. The singlet spin probability decays
with a characteristic time 𝑇2 = 9.2 ± 0.2 ns, extracted from the width at half maximum.
This dephasing time is comparable to the coherence times measured at zero magnetic field
for adjacent quantum dots, indicating a predominant contribution of the hyperfine coupling
at 𝐵𝑧 = 0 mT.

We obtain a singlet preservation fidelity of 89.5 ± 0.3 % for the minimum achievable
separation time. We remind the reader that, even at 𝛥𝑡 = 0 ns the two electrons are
shuttled in different moving quantum dots, due to the combined effect of the rise time of
the sending voltage pulse and the charging energy of the sending dot. In addition, the
Coulomb repulsion inside the moving dot itself may contribute to an additional reduction
of the probability to inject both electrons in the same moving dot. As mentioned in the
third chapter, we expect a minimum delay between the two electrons of 0.7 ns. Added
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up to the SAW travel time across the channel, this means that the electrons are at least
separated by 2.8 ns. In this condition, we nevertheless obtain a high singlet probability
after recombination, proving that the the coherence of the initial spin state has been
preserved throughout the electron separation. This measurement is thus a demonstration
of the coherence-preserving nature of the transfer procedure at zero magnetic field.

5.1.2 Non-zero external magnetic field

Figure 5.2: Non-local two-electron spin quantum interferences. a. Spin transfer
scheme. Two electrons, initially in a singlet spin state, are sequentially shuttled across the
channel by a propagating surface acoustic wave. b. Singlet spin probability after transfer
as a function of the sending delay and the external magnetic field. Each pixel corresponds
to 10000 single-shot realization, the charge transfer errors (≈ 3 %) being removed from the
spin measurement. We observe a high-contrast interference pattern, signature of coherent
single-spin rotations driven by the electron motion via spin-orbit coupling. The singlet spin
probability has been calibrated using the previously extracted spin-to-charge conversion fidelity
on the left side of the structure. c. Oscillation frequency extracted from b., showing a linear
dependance with the external magnetic field. From this measurement we extract a electron
g-factor of 𝑔 = −0.42 ± 0.01. d. Cut in b. for 𝐵𝑧 = 22.5 mT. We obtain a minimum singlet
probability of 0.249 ± 0.005 for 𝛥𝑡sending = 4.16 ns.

Repeating the previous experiment for a non-zero magnetic field, we see the emergence
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of an interference pattern represented Fig. 5.2. We can identify high contrast oscillations
in the singlet spin probability after transfer, whose frequency appear proportional to the
applied magnetic field, as indicated in Fig. 5.2.b. From this linear dependance, we extract
the electron g-factor:

𝜔 = |𝑔|𝜇B𝐵𝑧

~
with 𝑔 = −0.42 ± 0.01 (5.1)

For |𝐵𝑧| < 22.5 mT, we observe a doubling of this frequency. The maximum oscillation
contrast (52.2 ± 0.4 %), is obtained around 𝐵𝑧 = ±22.5 mT. This large contrast points at a
highly coherent single-spin rotation during the transfer, which we will link in the following
section to the spin-orbit interaction affecting each spin propagating at the speed of sound
through the channel.

The coherent oscillations presented Fig. 5.2. are characterized by a progressive loss
of contrast both in magnetic field and sending delay. In the next section, we establish
a numerical model in order to identify the main sources of decoherence explaining this
phenomenon. As we will see, the decoherence towards large 𝛥𝑡sending is mainly due to the
difference of hyperfine interaction between the two ends of the channel, during the phase
where both electrons are static and separated. On the contrary, the observed decoherence
for a minimum electron separation time 𝛥𝑡sending = 0 ns involves necessarily a decoherence
process during the electron propagation, which we attribute to the inhomogeneities of
electrostatic potential along the path of the electrons.

5.2 Role of the spin-orbit coupling

5.2.1 Single-spin rotation

In order to explain the interference pattern obtained Fig. 5.2., we need to consider the
impact of the spin-orbit coupling during each electron transfer, under a given external
magnetic field 𝐵𝑧. During its journey across the channel, each electron is confined by the
SAW and travels at a constant velocity 𝑣SAW = 2.79 µm/ns, corresponding to a time of
flight of 𝑡S = 2.1 ns. The spin-orbit interaction felt by the electron can be treated as an
in-plane magnetic field 𝐵SO, whose magnitude and orientation depends on the electron
momentum 𝑝. As introduced before, for a propagation along [110] or [110] axis, this
effective magnetic field is perpendicular to the direction of motion. We will therefore
consider a motion along 𝑢𝑦, and a single-spin Hamiltonian :

H𝑝 ̸=0 = HZ + HSO = 𝑔𝜇B
2 (𝐵𝑧𝜎𝑧 +𝐵SO𝜎𝑥) (5.2)

Applied for a duration 𝑡S, this Hamiltonian leads to the unitary evolution

U = exp
(︂

−
𝑖H𝑝 ̸=0𝑡s

~

)︂
= cos

(︂
𝜔tot𝑡s

2

)︂
I2 − 𝑖

[︂
𝜔SO
𝜔tot

𝜎𝑥 + 𝜔𝑧

𝜔tot
𝜎𝑧

]︂
sin
(︂
𝜔tot𝑡s

2

)︂
with 𝜔tot =

√︁
𝜔2

SO + 𝜔2
𝑧 = 𝑔𝜇B

~

√︁
𝐵2

SO +𝐵2
𝑧

(5.3)
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Figure 5.3: Single-spin trajectories. Single-spin rotation experienced by an electron spin
initially in the |↑⟩ state during its transfer across the channel, for different external magnetic
fields. For 𝐵𝑧 = 0 mT, the spin-coupling drives a 0.7 ß rotation around the 𝑢𝑥 axis. As the
magnetic field is increased, the rotation axis has a stronger 𝑢𝑧 component and the trajectory
remains closer to the initial state. For a specific magnetic field 𝐵𝑧 ≈ 25 mT, the rotation
maps the |↑⟩ and |↓⟩ to opposite points of the Bloch sphere equator. In this case, the unitary
transformation endured by the electron spin is close to an Hadamard gate.

This unitary evolution is actually a rotation by an angle 𝜃 = 𝜔tot𝑡S around the axis
𝑢 = [𝐵SO,0,𝐵𝑧]/𝐵tot, as represented Fig. 5.3. For 𝐵𝑧 = 0 mT, this is equivalent to a simple
rotation around 𝑢𝑥, by an angle only determined by the channel length:

𝜃SO = 𝜔SO𝑡S = 𝜋𝑣SAW
𝑙SO

𝑡S = 𝑙

𝑙SO
𝜋 (5.4)

with 𝑙SO is the spin-orbit length, for which a propagating spin experiences a 𝜋 pulse.
This characteristic length is anisotropic and has been measured in GaAs by several
methods. Using Kerr microscopy, Sanada et al[San11] extract 𝑙[110]

SO = 10.9 ± 0.1 µm and
𝑙
[110]
SO = 8.5 ± 0.1 µm. Since our channel is 6 µm long and oriented along the [110] axis, we

expect:
𝜃SO = 𝑙

𝑙SO
𝜋 = 0.70𝜋 ± 0.02𝜋 (5.5)

As the external magnetic field |𝐵𝑧| increases, the rotation axis 𝑢 tilts towards 𝑢𝑧, leading
to a phase accumulation and a smaller latitude amplitude on the Bloch sphere (Fig. 5.3).
It can be demonstrated (see App. A.) that there exists a magnetic field for which the
rotation maps the poles to opposite points on the equator. At this particular magnetic
field (𝐵𝑧 ≈ 25 mT for our 𝜃SO), U is equivalent to an Hadamard gate with an additional
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phase accumulation, represented in the (|↓⟩ ; |↑⟩) basis by:

U0 = 1√
2

⎛⎝𝑒𝑖𝜑0 1

1 −𝑒−𝑖𝜑0

⎞⎠ (5.6)

5.2.2 Decoherence during transfer

Figure 5.4: Effect of the potential inhomogeneities. a. Simulation of the channel
electrostatic potential. On top of the parabolic confinement given by the metallic gates (along
𝑥), the ionized Si dopants in the heterostructure lead to potential fluctuations with a typical
scale of 100 nm. The iso-potential contours are 8 mV apart. b. Histogram of the potential
gradient along the 𝑥 = 0 µm line. The distribution is fitted with a Gaussian curve of standard
deviation 𝜎𝐸 = 110 kV/m. c. Equivalent magnetic field experienced by an electron propagating
at 𝑣 = 2.79 µm/ns under an external magnetic field 𝐵𝑧 = 𝐵SO = 25 mT (with 𝑥′ and 𝑧′ defined
in the main text).

In our GaAs/AlGaAs heterostructure, the electrons forming the 2DEG come from the
Si-doped layer, 25 nm to 100 nm above it. Therefore, we expect a positive charge density in
this layer at least equal to the 2DEG electron density, 𝑛𝑒 = 2.6 × 1011 cm−2. In addition,
a significant portion (∼ 10 %) of electrons coming from the donors are located at the
top interface of the substrate. Because the location of these ionized Si atoms is random,
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they add a spatially fluctuating electrostatic potential to the confinement imposed by the
channel gates. In the numerical simulation visible in Fig. 5.4.ab., we can see that these
inhomogeneities have a typical scale of the order of 100 nm, with typical potential gradients
around 𝜎𝐸 = 110 kV/m. These values are in good agreement with the literature[Hua13;
Nix90].

From the perspective an electron travelling at the speed of sound 𝑣 = 2.79 µm/ns
across the channel, this spatially fluctuating electric field corresponds to a magnetic field
fluctuating in time, as developed by Huang et al[Hua13]. In their model, these fluctuations
are of the form:

𝛿𝐵 = 2𝐵 × 𝛺

with 𝛺 = −1
𝑚*

⎛⎜⎜⎜⎝
1

𝜔2
𝑦𝑙𝑦SO

𝜕𝑉
𝜕𝑦

(𝑟0)
1

𝜔2
𝑥′𝑙

𝑥′
SO

𝜕𝑉
𝜕𝑥′

(𝑟0)

0

⎞⎟⎟⎟⎠ (5.7)

where 𝑧′ is the direction of the total magnetic field 𝐵 = 𝐵𝑧 + 𝐵SO. Intuitively, the
potential gradient along the direction of propagation 𝑦 creates a fluctuating magnetic
field 𝛿𝐵𝑥′ orthogonal to both the total magnetic field 𝐵 and the direction of propagation.
The magnitude of 𝛿𝐵𝑥′ depends on the ratio of potential gradient 𝜕𝑉

𝜕𝑦
to the confinement

~𝜔𝑦 = 0.3 meV, and is inversely proportional to the spin-orbit length 𝑙𝑦SO. Similarly, a
fluctuating magnetic field colinear to the electron motion 𝛿𝐵𝑦 is created by the lateral
motion of the electron. However, as the confinement along the 𝑥 direction is much larger
than the one provided by the SAW (~𝜔𝑥 = 4 meV), the amplitude of 𝛿𝐵𝑦 is much lower
than the one of 𝛿𝐵𝑥′.

This effect is visible in Fig. 5.4.c., where the three components of the magnetic field
applied on the propagating electrons are plotted throughout the transfer. For 𝐵𝑧 = 𝐵SO =
25 mT, the potential fluctuations along the electron path driven mainly a fluctuating
magnetic field along 𝑥′. However, this spatially-fluctuating magnetic field alone cannot
explain the decoherence observed in the experimental data, but fluctuations in time also
need to be considered. This is not surprising if we consider the energy of the SAW,
perturbing the heterostructure and changing the ionization of the Si atoms in the doped
layer.

In the simulation presented in the next section, we separate the channel into sections of
100 nm, which we find to be the typical correlation length of the potential inhomogeneities.
We then generate for each section a random electric field, following a normal distribution
of standard deviation 𝜎𝐸 = 110 kV/m. We compute the effect of the noisy drive on the
single-spin rotation U over the total channel length. We find that the best fitting parameter
for the observed decoherence in the system is a SAW-induced confinement of ~𝑤𝑦 = 300 µeV,
which is in good agreement with an independent SAW amplitude estimation for the same
input power (see Fig. 4.5). In addition, we observe that the large decoherence observed at
high magnetic field and small delay can only be explained if we consider a different path
for each electron explained mostly by the SAW perturbation ionizing different dopants
and perhaps also due to the Coulomb repulsion during the motion. Thus, we generate a
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different set of 𝛿𝐵 for each electron transfer.

5.2.3 Sequential sending
In the experiment presented in Fig. 5.2., the two electrons are initially in a singlet spin
state |S⟩ = 1√

2 (|↑↓⟩ − |↓↑⟩). They are sent one after another with a controlled delay 𝛥𝑡,
hence the total unitary evolution:

Utot = Z𝜑 × U ⊗ U × Z𝜑 (5.8)

where 𝜑 = 𝑔𝜇B𝐵𝑧𝛥𝑡/~ is the Larmor phase accumulated by one static spin under 𝐵𝑧 for a
duration 𝛥𝑡.

After transfer, the probability for the two electron spins to form a singlet state is:

𝑃S = | ⟨𝑆| Utot |𝑆⟩ |2

=
⃒⃒
1 + |U↑↓|2 [cos (𝜑) − 1]

⃒⃒2
where |U↑↓|2 = 𝜔2

SO
𝜔2

tot
sin2

(︂
𝜔tot𝑡S

2

)︂ (5.9)

The singlet spin state probability therefore oscillates with the phase 𝜑 accumulated when
one electron is static. This probability has always a maximum of 1 for 𝜑 = 0 [2𝜋], when
constructive interferences bring the two-qubit system back to a singlet state no matter
what the unitary transformation U is.

However, the oscillation contrast given by 2|U↑↓|2, depends on the axis and angle of the
single spin rotation. It is equal to 1 for the condition:

|U↑↓|2 = 1
2

⇔ sin2

(︃
𝜋𝑙

2𝑙SO

√︃
1 + 𝐵2

𝑧

𝐵2
SO

)︃
= 1

2

(︂
1 + 𝐵2

𝑧

𝐵2
SO

)︂ (5.10)

This condition is equivalent to the one presented before, where the single-spin rotation
maps the Bloch sphere poles |↓⟩ and |↑⟩ to opposite points located on the equator. As
stated before, this condition is fulfilled for our particular channel length 𝑙/𝑙SO = 0.7 ns
close to |𝐵𝑧| = 𝐵𝑆𝑂 = 25 mT. In this case the singlet spin probability is simply:

𝑃S =
⃒⃒⃒⃒
1 + cos(𝜑)

2

⃒⃒⃒⃒2
= cos4

(︂
𝜑

2

)︂
(5.11)

For |𝐵𝑧| < 𝐵SO, |U↑↓|2 > 1
2 and we expect two minima per oscillation period. This

corresponds to the frequency doubling observed in the data Fig. 5.2.

5.2.4 Numerical simulation
In the simulation whose output is presented in Fig. 5.5.a., we try to reproduce the main
features of the experimental data. First, we introduce decoherence due to the hyperfine
interaction during the static phase, different for both electron as occurring on different
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Figure 5.5: Numerical simulation. a. Simulated singlet spin probability as a function of
the external magnetic field and the sending delay. The main features of the experimental data
are well reproduce, and the simulation parameters are in good agreement with the expected
values for GaAs. b. Scheme of each electron spin evolution. Both electrons experience the
same single-spin rotation due to spin orbit coupling during their transfer and accumulate a
phase 𝜑 due to the external magnetic field when they are static. c. Equivalent experiment
with ESR pulses. Two pulses, driving a 𝜃 rotation, are applied to each qubit with a delay.

sides of the structure. We thus generate for each simulation shot two three-dimensional
vectors 𝐵𝐿

HF and 𝐵𝑅
HF whose amplitudes follow a normal probability law of mean value

0 mT and standard deviation 𝜎HF = 2 mT, this latter value being extracted from the 𝑇 *
2

measurement in adjacent double quantum dots. No hyperfine interaction is considered
during the displacement, as the large SAW speed leads to an important motional narrowing
effect. However, we introduce the effect of the potential disorder, as developed in the
previous section.

Finally, because of the finite bandwidth of the room-temperature electronics, we expect
the voltage pulse used to inject the two electrons to exhibit a rising time close to 𝜎𝑡 = 0.7 ns.
Because of this effect, we consider that the two electrons are at least separated by 0.7 ns,
even when a single voltage pulse is applied. In addition, we consider an error rate of 5 %
when electrons are not injected with the intended delay but instead by the same voltage
pulse, leading to a 0.7 ns separation. This error rate is in agreement with the single electron
transfer fidelity when two electrons are present in the sending dot.

The simulation output, visible in Fig. 5.5.a. and realized with 100 repetitions per pixel,
is in good agreement with the experimental data. As we can see, this model is able to
reproduce the main features of the experimental map obtained Fig. 5.2. In particular,
we observe that the singlet probability at zero intended delay 𝛥𝑡S = 0 ns oscillates with
the applied magnetic field 𝐵𝑧. In addition, the behavior for the large sending delay limit
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𝛥𝑡S = 50 ns is quite well reproduced. The parameters used in this simulation are either
extracted from independent measurements on this sample or in agreement with similar
works[Hua13; San11], to the exception of an 10 % contrast loss, not captured by our model
and added manually. We can speculate that injection from static to moving quantum dots
could be responsible for this limitation of the transfer process fidelity.

This simulation allows us to confirm that the main source of decoherence at large
delays is the hyperfine coupling, whereas at small delays the potential inhomogeneities are
responsible for the decoherence. It is interesting to note that this latter effect is always
proportional to 𝐵, and responsible for most of the contrast loss extracted in Chap. 4.
In order to mitigate both of these effects, it appears crucial to send the two electrons
together to achieve a highly coherent transfer, either by increasing the SAW amplitude or
engineering the SAW burst shape. In addition, the effect of potential inhomogeneities can
be mitigated by increasing the SAW confinement, limiting the electron motion inside the
moving quantum dot.

5.3 Entanglement demonstration
For several decades, the debate on the existence of hidden variables making quantum
mechanics an incomplete theory was mainly driven by thoughts experiments. Most
famously, the EPR paradox[Ein35] (named after Einstein, Podolsky and Rosen) aimed at
demonstrating the imperfect nature of quantum mechanics and its predicted violation of
locality and realism. In 1964, John Bell presented an elegant mathematical criteria[Bel64]
to settle this philosophical debate with an experimental result. Early work by Aspect
et al[Asp76; Asp81], followed by a succession of more precise experiments to account
for the measurement apparatus imperfections,[Giu15; Hen15; Shu12] indubitably proved
the existence of entanglement between distant particles, and the ruled out hidden local
variables.

Following Bell’s initial demonstration, several experimental proofs can be produced to
assert entanglement. Some involve measuring the probability to detect the system in specific
maximally entangled quantum states, and setting thresholds above with entanglement
is demonstrated. The Clauser-Horne-Shimony-Holt (CHSH) inequality was famously
developed for the measurement of polarization correlations in a pair of photons, with an
imperfect measurement apparatus.[Cla69] Other entanglement demonstrations rely on the
measurement of some density matrix elements of the quantum state.[Ben96a; Sac00] Here,
we present a protocol where two electrons, initially prepared in a singlet spin state, are
separated and subjected to individual single-spin rotations before recombination. As we
will see, the measurement of the singlet probability after transfer allows us to probe the
entanglement of the initial state, and demonstrate that the electron spins remain entangled
when separated one on each side of the 6 µm channel.

5.3.1 Entanglement threshold
We consider two spins in a non-entangled state, meaning that each spin contains its own
information. The two-spin state can therefore be factorized:

|𝜓⟩ = (𝑎 |↓⟩ + 𝑏 |↑⟩) ⊗ (𝑐 |↓⟩ + 𝑑 |↑⟩) (5.12)
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with |𝑎|2 + |𝑏|2 ≤ 1 and |𝑐|2 + |𝑑|2 ≤ 1. From this normalization conditions, we obtain:

|𝑎|2 + |𝑏|2 + |𝑐|2 + |𝑑|2 ≤ 2
⇔ (|𝑎| − |𝑑|)2 + 2|𝑎𝑑| + (|𝑏| − |𝑐|)2 + 2|𝑏𝑐| ≤ 2
⇔ |𝑎𝑑| + |𝑏𝑐| ≤ 1
⇔ (|𝑎𝑑| + |𝑏𝑐|)2 ≤ 1
⇔ |𝑎𝑑|2 + |𝑏𝑐|2 + 2|𝑎𝑏𝑐𝑑| ≤ 1

(5.13)

On the another hand, the probability to measure a singlet spin state is:

𝑃|𝑆⟩ = | ⟨𝑆|𝜓⟩ |2

= |𝑏𝑐− 𝑎𝑑|2

2

=
|𝑎𝑑|2 + |𝑏𝑐|2 − 2 Re

(︀
𝑏𝑐𝑎𝑑

)︀
2

(5.14)

Since Re
(︀
𝑏𝑐𝑎𝑑

)︀
≤ |𝑎𝑏𝑐𝑑|, we necessarily have 𝑃|𝑆⟩ ≤ 1

2 . Non-entangled particles cannot
have a probability to be measured in a singlet state greater than 1

2 . A violation of this
inequality would prove our assumption to be incorrect, meaning that the two-electron spin
state is entangled, i.e. non-factorable.

Another important theorem is that entanglement cannot be destroyed or created by a
coherent single-spin operation. Therefore, by measuring a singlet state probability above 1

2
we can demonstrate that our spins remain entangled when separated.

5.3.2 Oscillation contrast
Our delay-controlled experiment can be interpreted as a form of Bell measurement, with
two single-spin rotations on each qubit by the same angle 𝜃 with a phase evolution 𝜑
in-between. However, while in a standard Bell experiment only the phase 𝜑 is varied (and
𝜃 = 𝜋/2), our experiment allows us to vary both 𝜃 and 𝜑 over a wide range (𝜃 = 0 − 0.7 ß
and 𝜑 = 0 − 2 ß). This allows us to perform a more complete analysis of the interference
pattern, partially compensating our inability to perform a full quantum tomography in
this sample.

For several magnetic fields 𝐵𝑧, we obtained in Fig. 5.2 a singlet probability above 1
2 when

the two electrons are separated (𝛥𝑡 > 0). In particular, 𝑃 cal
|𝑆⟩ is always above this threshold

for 𝜑 = 2𝜋, with a maximum of 𝑃 cal
|𝑆⟩ = 0.692 ± 0.005 for 𝛥𝑡 = 9.2 ns and 𝐵𝑧 = −18 mT. In

this case, the first electron arrives well before the second is set in motion, so for some time
both electrons are static and separated by the channel length, 6 µm. Yet, when recombined,
the probability for their spin to form a singlet state is above the Bell threshold, proving
entanglement at distance.

However, as the two electrons are recombined into a single quantum dot before the spin
measurement, and since the singlet is then the ground spin state, this proof of entanglement
is not free of experimental errors. Although the complete transfer and measurement
sequence is one order of magnitude faster than the decay time in an isolated quantum dot
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𝑇1 = 4 ms, one may for example argue that some relaxation hotspot encountered during
the sequence artificially increases the singlet probability. In addition, the few occurrences
(< 13 %) where both electrons are sent with a 0.7 ns delay instead of the intended 𝛥𝑡sending
lead to a slight over-estimation of the singlet spin probability.

To circumvent this issue, we study the singlet spin contrast between 𝜑 = 0 (𝐵𝑧 = 0 mT)
and 𝜑 = 𝜋 (𝐵𝑧 = 22.5 mT, 𝛥𝑡sending = 4.16 ns). In the latter case, we expect destructive
interferences to output a spin state mostly in the parallel basis (𝑚𝑆 = ±1). From Bell’s
inequality, we deduce that this spin contrast cannot be higher than 1

2 for non-entangled
states. On the contrary, for perfect singlet spin state initialization, the maximum of
contrast is expected to be 1. However, because decoherence processes both increase 𝑃|𝑆⟩(𝜋)
and decrease 𝑃|𝑆⟩(0), the contrast 𝛥𝑃|𝑆⟩ = 𝑃|𝑆⟩(0) − 𝑃|𝑆⟩(𝜋) is extremely affected by these
decoherence mechanisms.

In the experimental data presented Fig. 5.2., the minimum and maximum singlet
probabilities for 𝛥𝑡 > 2.1 ns are respectively 0.890±0.003 and 0.249±0.005. It corresponds
then to an oscillation contrast of 0.641 ± 0.008, larger than 0.5 and thus a proof of
entanglement. Even when the fidelity of the spin readout is not taken into account to
calibrate the experimental data, we still observe a contrast well above this threshold
(0.575 ± 0.008). While the results are affected by decoherence mechanisms, this is a
demonstration of entanglement preservation all along the transfer process, and therefore to
the creation of remote entanglement at 6 µm in a semiconductor quantum circuits. This
second entanglement proof is stronger than the previous one, and enables us to prove that
the SAW-assisted transfer is not only able to preserve an electron spin state, but also a
efficient long-distance entanglement provider. Naturally, the strong hyperfine coupling of
GaAs destroys this entanglement on extremely short timescales (𝑇2 ≈ 10 ns), but could be
extended by dynamical decoupling techniques.

5.4 Density matrix evaluation

As we have seen, the contrast of the interferences observed Fig. 5.2. is due to the quantum
correlations of the initial singlet spin state. In this section, we try to evaluate some elements
of the density matrix 𝜌 of the initial spin state and demonstrate that the sequential transfer
procedure acts as a partial state tomography measurement. In this regard, we exploit our
ability to destroy a spin state coherence via spin mixing in adjacent quantum dots before
performing the sending procedure. We separate the two electrons for 500 ns in the (1,1)
configuration of the right double quantum dot, as covered in Chap. 4. After such a mixing
operation, the anti-parallel/parallel probabilities are preserved (𝜌↓↑ + 𝜌↑↓ is unchanged),
but the phase information is lost (𝜌𝑖,𝑗 = 0 for 𝑖 ̸= 𝑗).

As we can only perform a partial state tomography, we have to formulate a few assump-
tions on the initial state of our system. We assume that no correlations exist between
the parallel and anti-parallel spin basis, but only 𝜌↓↓,↑↑ and 𝜌↓↑,↑↓ are non-zero. In this
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uncoupled spin basis the density matrix is thus of the form:⎛⎜⎜⎜⎜⎜⎜⎝
𝜌↓↓ 0 0 𝜌↓↓,↑↑

0 𝜌↓↑ 𝜌↓↑,↑↓ 0

0 𝜌↓↑,↑↓ 𝜌↑↓ 0

𝜌↓↓,↑↑ 0 0 𝜌↑↑

⎞⎟⎟⎟⎟⎟⎟⎠ (5.15)

At the particular magnetic field 𝐵𝑧 = 25 mT, the expected spin singlet probabilities
after transfer for 𝜑 = 𝜋 and 𝜑 = 2𝜋 are in this case:

𝑡mix = 0 ns 𝑡mix = 500 ns

𝜑 = 𝜋
𝜌↑↑+𝜌↓↓

2 −𝑅𝑒(𝜌↑↑,↓↓) 𝜌↑↑+𝜌↓↓
2

𝜑 = 2𝜋 𝜌↑↓+𝜌↓↑
2 −𝑅𝑒(𝜌↑↓,↓↑) 𝜌↑↓+𝜌↓↑

2

(5.16)

With the addition of the mixing pulse, the transfer procedure is thus a direct measurement
of the parallel and anti-parallel spin probabilities and correlations. As expected, in the
absence of quantum correlations the mixing operation has no effect. Such an experiment is
thus able to give a lower bound off the magnitude of these off-diagonal terms.

Figure 5.6. represents the outcome of this type of measurement realized at 𝐵Z = 25 mT.
The measured singlet spin probabilities after transfer at 𝜑 = 𝜋 and 𝜑 = 2𝜋 allows us to
give an estimation of the off-diagonal density matrix elements:

𝑅𝑒(𝜌↓↓,↑↑) = +0.01 ± 0.02
𝑅𝑒(𝜌↓↑,↑↓) = −0.16 ± 0.02

(5.17)

We obtain a high anti-parallel correlation and no parallel correlations, in good agreement
with an initial singlet spin state:

|𝑆⟩ ⟨𝑆| =

⎛⎜⎜⎜⎜⎜⎜⎝
0 0 0 0

0 1
2 −1

2 0

0 −1
2

1
2 0

0 0 0 0

⎞⎟⎟⎟⎟⎟⎟⎠ (5.18)

From singlet spin probability measured at 𝜑 = 𝜋 and 𝜑 = 2𝜋 with a mixing pulse, we
should be able to determine the parallel and anti-parallel probabilities 𝑃𝑠𝑦𝑚 = 𝜌↓↓ + 𝜌↑↑
and 𝑃𝑎𝑛𝑡𝑖 = 𝜌↓↑ + 𝜌↑↓. However, because of the decoherence processes affecting our transfer
procedure, we can only access an upper bound of the anti-parallel probability, using the
maximum singlet probability obtained with the mixing pulse:

𝑃𝑎𝑛𝑡𝑖 > 2𝑃 cal
|𝑆⟩(2𝜋) = 0.85 ± 0.02 (5.19)
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Figure 5.6: Initial state coherence. Singlet spin probability at 𝐵𝑧 = 25 mT for two
different state preparation. The black set of points corresponds to an initial singlet spin state,
while for the red set of points a 500 ns mixing pulse separates the two electrons in the right
double quantum dot, effectively destroying their coherence before the sending procedure. The
contrast between these two curves at 𝜑 = 𝜋 (resp. 𝜑 = 2𝜋) is a direct measure of parallel (resp.
anti-parallel) correlations of the initial spin state. We observe that the mixing operation has a
strong impact on the singlet spin probability after transfer for 𝜑 = 2𝜋, while for 𝜑 = 𝜋 it has
no effect. This result is a signature of an initial singlet spin state.

This high antiparallel probability is once again in good agreement with a initial singlet
state. From these density matrix elements, we can calculate a lower bound of the Bell
fidelity[Ben96b; Sac00]:

FB = 𝑃anti
2 + |𝜌↓↑,↑↓| > 0.58 ± 0.02 (5.20)

As a Bell fidelity above 1
2 is a proof of entanglement, this experiment is a third proof of

the initial spin state correlations.

5.5 Conclusion
In this chapter, we study the transfer of a two-electron singlet spin state, propelled by a
propagating surface acoustic wave. We sequentially shuttle each electron across the channel,
and measure the probability for their spin to form a singlet state after recombination.
At zero magnetic field, we observe a maximum singlet preservation of 89.5 % when the
two electrons are transported with a minimum delay, and decoherence as the electrons
are separated for a longer duration. Varying the external magnetic field, we obtain a
high-contrast interference pattern, signature of the single-spin rotation endured by the
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electron during its motion. We develop a model based on the spin-orbit interaction created
by the fast SAW-assisted shuttling, and discuss the main decoherence mechanisms affecting
the two-electron spin transfer. In particular, we see the evidence of spin mixing during
the motion, driven by the electrostatic potential inhomogeneities along the path of the
electron.

We interpret the sequential sending procedure as a Bell measurement, in order to probe
the correlations of the initial spin state and demonstrate the persistance of entanglement
at distance, when the two electrons are separated by the 6 µm long channel. Although
decoherence processes affect the measurement visibility, we can still provide evidences of the
preservation of an entanglement above Bell threshold. Firstly, the singlet spin probability
after transfer is above 50 % regardless of the magnetic field at the position of the first
constructive interference, 𝜑 = 2𝜋. Secondly, close to 𝐵𝑧 = 25 mT the contrast between this
value and the one measured at 𝜑 = 𝜋 is also greater than 50 %, which is a more restrictive
entanglement demonstration. The low singlet spin probability obtained in this later case
is an evidence of the coherent transformation of the two-electron spin state towards the
parallel spin basis (|↓↓⟩ , |↑↑⟩).

Finally, we exploit our ability to let a singlet-triplet qubit decohere in the (1,1) config-
uration of an adjacent double quantum dot to study the anti-parallel correlations of the
initial state. For this purpose, we use a long mixing pulse to let the two electron spins
decohere before performing the sending procedure. Comparing the measurement output
after transfer with and without mixing pulse, we extract a lower bound of the anti-diagonal
elements of the density matrix 𝑅𝑒(𝜌↓↓,↑↑) = +0.01 ± 0.02 and 𝑅𝑒(𝜌↓↑,↑↓) = −0.16 ± 0.02.
The presence of strong anti-parallel correlations is in agreement with an initial singlet
spin state, and another proof of the entanglement-preserving nature of the spin transfer
procedure.





Conclusion and perspectives

In this work, we demonstrated the realization of a coherent link between two quantum
nodes, achieving the coherent transfer of a singlet spin state between two double quantum
dots separated by a 6 µm depleted channel. Exploiting a ns-control over the transfer of
individual electrons, we are able to introduce a delay between two entangled electrons and
study the decoherence processes affecting them both during the transfer and in the static
quantum dots. The singlet preservation fidelity reaches 89.5 ± 0.3 % at zero magnetic field,
proving the coherent nature of the spin transfer protocol. Under a non-zero magnetic field,
we observe oscillations in the singlet probability measured after transfer, that we attribute
to the effect of spin-orbit interactions during the shuttling of individual electrons driving
single-spin rotations. Added up to the coherent Larmor precession of the two spins during
their separation, they give rise to a high-contrast interference pattern, that we exploit to
probe the remote entanglement between these two electron spins.

Interpreting this experiment as a form of Bell measurement, we demonstrate the entan-
glement preservation throughout the transfer protocol, in particular when both electrons
are static and separated by 6 µm. For this, we consider the singlet probability after transfer
as 𝐵𝑧 and 𝛥𝑡sending are varied, and measure a maximum contrast of 0.641 ± 0.008 well
above the 50 % threshold required for an entanglement proof. In addition, we perform
a partial evaluation of the initial density matrix, which we find in good agreement with
an initial singlet state. Although affected by decoherence processes and impaired by our
inability to perform full-state tomography, this experiment is still able to demonstrate the
entanglement between two remotely separated electron spins, proving the SAW-assisted
electron displacement as a robust long-range entanglement mediator.

The high-frequency single-spin rotations at the single electron level are several times
faster than any decoherence process during the transfer, as the result of the large electron
velocity (𝑣SAW = 2700 m/s, the speed of sound in GaAs). However, the effect of potential
inhomogeneities, perturbing the electron path from a straight line, appear as a main
decoherence mechanism in our system, particularly towards high magnetic fields. This
experimental result is important in the framework of the current race towards scalability
of quantum semiconductor circuits. Indeed, it appears crucial to reduce the potential
inhomogeneities along the electron path, or to induce their confinement. This can be
done in GaAs by engineering the SAW pulse to create a so-called chirp pulse, where the
resonant frequency of the transducer is spatially varied. As visible in Fig. 6.7. Here, an
IDT of 3 GHz bandwidth is excited by a voltage pulse of increasing frequency, such that
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each frequency is progressively added as the SAW burst propagates towards the right side.
These different frequencies then destructively interfere, reducing the pulse to a single SAW
minimum. In addition to the lower excitation of the system as the SAW propagates, two
moving dots with an arbitrary separation can be engineered (see Fig. 6.7c.), providing a
much more precise control over the electron separation time. All together, this SAW pulse
engineering should mitigate the observed decoherence during the electron transfer protocol.

Figure 6.7: SAW pulse engineering. a. Scheme of the chirp IDT and the detector. b.
Voltage pulse applied on one electrode of the transducer. The frequency is progressively
increased within a time equal to the SAW propagation time under the IDT. c. Room-
temperature measurements of two single SAW minima generated with a 0, 1.5, 3 and 4.5 ns
delay. As the phase velocity is constant in this frequency range, this delay remains constant
throughout the propagation.

Due to the poor coherence time of GaAs, the focus of the semiconductor quantum circuits
community is now evolving towards Si-based samples, which present key advantages in
terms of scalability. In particular, recent qubit demonstrations using Si-MOS transistors
have been provided.[Mau16; Urd19] The type of electron shuttling used in this thesis
could be adapted to this technology, providing a few adjustments. First, as Silicon is
not piezoelectric, one would need to either deposit a piezoelectric material on top of
the substrate (which steers away from the transistor industry protocols), or mimic the
propagating electrical potential by using metallic gates. This last technique is presented
in Fig. 6.8., where an artistic view illustrates the spin-shuttling protocol. This type of
samples have already been fabricated, and will soon be measured as a continuation of the
work presented in this thesis.

Using a Si substrate will also be beneficial in terms of coherence time, as we saw
that the poor coherence time of GaAs (𝑇 *

2 = 12 ns) limits our qubit control. Using
isotopically purified 28Si, coherence times several orders of magnitude higher can be
achieved. Moreover, electrons in bulk Si have a weak spin-orbit coupling, limiting their
susceptibility to electrostatic noise during the electron transport. However, recent results
point at a strong increase of the spin-orbit coupling as the electron wavefunction is pushed
towards an interface, which is particularly the case in Si-MOS devices. Therefore, surface
roughness and other potential inhomogeneities may still play an important role in the
decoherence along the electron path, and will need to be accounted for. It thus appears
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critical to manage the electron path and confinement in order to perform a reproducible
and controlled coherent electron spin transfer protocol.

Figure 6.8: Si-MOS sample. Artistic view of a Si-MOS based electron transfer experiment,
where metallic gates are used to generate the propagating electrical potential.
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APPENDIX A

Spin evolution during the transport

A.1 Single-spin rotation

We consider an arbitrary single-spin rotation whose Hamiltonian is:

H = ~𝜔𝑥

2 𝜎𝑥 + ~𝜔𝑦

2 𝜎𝑦 + ~𝜔𝑧

2 𝜎𝑧 (A.1)

Applying this Hamiltonian for a duration 𝜏 is equivalent to the unitary transformation:

U = exp
(︂

− 𝑖H𝜏
~

)︂
= cos

(︁𝜔tot𝜏

2

)︁
I2 − 𝑖

[︂
𝜔𝑥

𝜔tot
𝜎𝑥 + 𝜔𝑦

𝜔tot
𝜎𝑦 + 𝜔𝑧

𝜔tot
𝜎𝑧

]︂
sin
(︁𝜔tot𝜏

2

)︁
with 𝜔tot =

√︁
𝜔2

𝑥 + 𝜔2
𝑦 + 𝜔2

𝑧

(A.2)

which is a rotation by an angle 𝜃 = 𝜔tot𝜏 around the axis �⃗� = 1
𝜔tot

(𝜔𝑥, 𝜔𝑦,𝜔𝑧).

For the particular case �⃗� = 1√
2(1,0,1) and 𝜃 = 𝜋, we obtain an Hadamard gate:

UHd = −𝑖√
2

(𝜎𝑥 + 𝜎𝑧)

= −𝑖√
2

⎛⎝1 1

1 −1

⎞⎠ (A.3)

In the most general case, we note this single-spin rotation in a abbreviated form to
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simplify the derivation:

U =

⎛⎝ 𝐴 −𝑖𝐵

−𝑖�̄� 𝐴

⎞⎠
with 𝐴 = cos

(︁𝜔tot𝜏

2

)︁
− 𝑖

𝜔𝑧

𝜔tot
sin
(︁𝜔tot𝜏

2

)︁
and 𝐵 =

(︂
𝜔𝑥

𝜔tot
− 𝑖

𝜔𝑦

𝜔tot

)︂
sin
(︁𝜔tot𝜏

2

)︁
(A.4)

In addition, we mention that because U is unitary, |𝐴|2 + |𝐵|2 = 1.

A.2 Two-spin operation
We now consider that this single-spin rotation is applied sequentially on each spin of a
two-qubit system with a given delay. During this delay, each spin precesses around a 𝑧
external magnetic field, accumulating a phase 𝜑. For the first (resp. second) spin this phase
is therefore accumulated after (resp. before) the single-spin rotation previously described.
The two-qubit transformation is thus:

Utot = Z𝜑 × U ⊗ U × Z𝜑

=

⎛⎝𝑒−𝑖 𝜑
2 0

0 𝑒+𝑖 𝜑
2

⎞⎠⎛⎝ 𝐴 −𝑖𝐵

−𝑖�̄� 𝐴

⎞⎠⊗

⎛⎝ 𝐴 −𝑖𝐵

−𝑖�̄� 𝐴

⎞⎠⎛⎝𝑒−𝑖 𝜑
2 0

0 𝑒+𝑖 𝜑
2

⎞⎠
=

⎛⎝ 𝐴𝑒−𝑖 𝜑
2 −𝑖𝐵𝑒−𝑖 𝜑

2

−𝑖�̄�𝑒+𝑖 𝜑
2 𝐴𝑒+𝑖 𝜑

2

⎞⎠⊗

⎛⎝ 𝐴𝑒−𝑖 𝜑
2 −𝑖𝐵𝑒+𝑖 𝜑

2

−𝑖�̄�𝑒−𝑖 𝜑
2 𝐴𝑒+𝑖 𝜑

2

⎞⎠
(A.5)

If we initially prepare the two spins in a singlet state |𝑆⟩ = 1√
2(|↑↓⟩ − |↓↑⟩), the probability

to measure a singlet spin state after this transformation is:

𝑃𝑆 = | ⟨𝑆| Utot |𝑆⟩ |2

=
⃒⃒⃒⃒
1
2 ⟨↓↑| Utot |↓↑⟩ + 1

2 ⟨↑↓| Utot |↑↓⟩ − 1
2 ⟨↓↑| Utot |↑↓⟩ − 1

2 ⟨↑↓| Utot |↓↑⟩
⃒⃒⃒⃒2

=
⃒⃒⃒⃒
|𝐴|2 + 𝑒+𝑖𝜑 + 𝑒−𝑖𝜑

2 |𝐵|2
⃒⃒⃒⃒2

=
⃒⃒
|𝐴|2 + |𝐵|2 cos (𝜑)

⃒⃒2
(A.6)

The singlet spin state probability therefore oscillates with the accumulated phase 𝜑
during the delay between the two single-spin operations. This probability has always a
maximum of 1 for 𝜑 = 0 [2𝜋], when constructive interferences bring the two-qubit system
back to a singlet state no matter what the unitary transformation U is.

However the oscillation contrast, given by 2|𝐵|2, depends on the axis and angle of the
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single spin rotation. It is equal to 1 for the condition:

|𝐵|2 =
𝜔2

𝑥 + 𝜔2
𝑦

𝜔2
tot

sin2
(︁𝜔tot𝜏

2

)︁
= 1

2

⇔ sin2
(︁𝜔tot𝜏

2

)︁
= 1

2

(︂
1 + 𝜔2

𝑧

𝜔2
𝑥 + 𝜔2

𝑦

)︂ (A.7)

A.3 Example for spin-orbit coupling

An electron propagating with a constant momentum �⃗� endures a single-spin rotation such
as the one described above. If the propagation is in the (x,y) plane, the electron spin
experiments an apparent magnetic field 𝐵SO in the (x,y) plane as well. Because this
magnetic field is proportional to the electron speed 𝑣, it is often convenient to define the
spin-orbit length as the distance needed to achieve a 𝜋 pulse in the absence of any other
external magnetic field:

𝑙SO = 𝜋𝑣

𝜔SO
= 𝜋~𝑣

|𝑔|𝜇B𝐵SO
(A.8)

In the presence of an additional orthogonal magnetic field 𝐵𝑧, the rotation axis is shifted
towards 𝑧 and the precession becomes faster, as illustrated figure A.1. The condition for
maximum contrast obtained in eq. A.7 is equivalent to:

Figure A.1: Spin trajectories. Evolution of a single spin initially in a |↑⟩ state for different
values of external magnetic field 𝐵𝑧. Here 𝐵SO = 25 mT, 𝑣 = 2.79 µm/ns and 𝑙 = 6 µm. For
𝐵𝑧 = 𝐵SO, the rotation maps the two poles |↑⟩ and |↓⟩ to opposite points in the equatorial
plane.
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sin2

⎛⎝
√︁
𝜔2

SO + 𝜔2
𝑧

2
𝑙

𝑣

⎞⎠ = 1
2

(︂
1 + 𝜔2

𝑧

𝜔2
SO

)︂

⇔ sin2

(︃
𝜋𝑙

2𝑙SO

√︃
1 + 𝜔2

𝑧

𝜔2
SO

)︃
= 1

2

(︂
1 + 𝜔2

𝑧

𝜔2
SO

)︂ (A.9)

For a propagation length 𝑙 ∈
[︁

𝑙SO
2 ; 3𝑙SO

2

]︁
, this equation always has one solution 𝜔𝑧,0 ∈

[0 ;𝜔SO], shown in Fig. A.2.

Figure A.2: Condition for maximum contrast oscillations. Necessary external mag-
netic field (in units of the spin-orbit equivalent magnetic field) to fulfill Eq. A.9, for different
propagation length. For 𝑙 < 𝑙SO

2 or 𝑙 ∈
]︀ 3𝑙SO

2 ; 2𝑙SO
[︀
, there is no solution. For 𝑙 > 2𝑙SO, there

can be more than one solution.

At this particular external magnetic field 𝐵𝑧,0, the operation felt by each electron is
analogous to an Hadamard gate, transforming the two basis state |↓⟩ and |↑⟩ into two state
located opposite to each other on the Bloch sphere equator:

U0 = 1√
2

⎛⎝1 𝑒𝑖𝜑0

1 −𝑒𝑖𝜑0

⎞⎠ (A.10)



APPENDIX B
Tunnel-selective readout contrast

In this thesis, the spin readout relies on a first conversion towards a charge configuration,
which is then read-out by the electrometer. We exploit the greater coupling towards the
reservoir of the triplet spin states to discriminate them by their faster tunnel-out rate
compared to a singlet spin state. Thus, we open the coupling towards the reservoir by
a voltage pulse applied on RH2, raising the dot chemical potential and kicking electrons
towards the reservoir. The system is then brought back to the isolated regime, allowing
for a 200 µs charge readout. This use of the isolated regime allows us to decouple the
spin-selective process duration and the electrometer bandwidth, as there is no more need
to observe electron jumps towards the reservoir in real time. In Chap. 4, the voltage pulse
used to perform spin-to charge conversion has a duration of 16 µs, the minimum duration
allowed by the DAC. However, it is interesting to check whether a physical limitation
prevents the realization of a tunnel-selective spin conversion on faster timescales.

Using an AWG connected to the fast RP1 gate, we can probe the spin-selectivity for
shorter pulses, down to a few nanoseconds. As presented in Fig. B.1, a shorter pulse
duration required a higher amplitude to observe the first electron tunnel-out, but the
contrast between a mostly singlet and mixed (50 % 𝑆−50 % 𝑇0) spin state remains constant
and close to 23 ± 1 % for the right side of the structure. This indicates that the spin-
to-charge conversion can be reduced to a few nanoseconds without affecting its fidelity.
In terms of timing, this sets the charge readout as the main bottleneck, with the best
electrometer bandwidths around a few MHz. This analysis completes the development of
sub-µs spin manipulation, together with the fast adiabatic singlet initialization presented
in Chap. 4.
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Figure B.1: Tunnel-selective readout contrast. Two electrons are prepared in a singlet
(solid) or mixed (dashed) spin state. A voltage pulse of duration 10 ns, 100 ns or 1 µs is applied,
temporarily bringing the quantum dot chemical potential closer to the Fermi reservoir. As this
pulse becomes shorter, its amplitude needs to increase to allow the tunnel-out process. We
observe a similar contrast between the two spin preparations for the different pulse duration,
indicating a constant tunnel-out ratio 𝛤𝑇 /𝛤𝑆 between triplet and singlet spin states.



APPENDIX C
Excited orbital states

In the spin map presented in Chap. 4, we identified a weak interdot coupling regime
where a singlet spin state is preserved even at zero detuning, because the (1,1) charge
configuration is unaccessible within the 500 ns duration of the detuning pulse. Figure C.1.
presents a similar spin map, where the singlet spin probability is recorded after a 500 ns
AWG pulse on gates RP1 and RP2. At the bottom-right corner, we can identify the (2,0)
charge state where a singlet remains the ground spin state of the system. The detuning
axis 𝜀 = 𝛿𝑉RP1 − 𝛿𝑉RP2, is indicated by the black arrow. We observe parallel mixing lines,
attributed to excited |𝑆(1,1)⟩ states.

Since our quantum dots are weakly coupled, the detuning pulse is extremely non-adiabatic
with respect to the avoided crossings, and the relaxation mechanisms from (2,0) to (1,1)
occur on much longer timescales. Thus, our spin states can remain the |𝑆(2,0)⟩ state, even
when |𝑆(1,1)⟩ are lower in energy. Mixing only occurs when the detuning pulse brings the
system exactly at one avoided crossing, allowing hyperfine coupling to transform the spin
state into an excited |𝑇0 (1,1)⟩ state.

To probe the dynamics of these higher orbitals and their coupling to the ground |𝑆(2,0)⟩
state, we perform a Landau-Zener experiment where the detuning is ramped across the
avoided crossing, and the probability to end up in the excited state is recorded. For this,
we apply a 50 mV ramp on RP1 and RP2 of variable duration, followed by a non-adiabatic
return towards higher detuning. In order to only probe the Nth avoided crossing, the ramp
is started only after rapidly crossing N-1 mixing lines.

We observe a decay of the final singlet probability as the ramp duration increases, and
extract the amplitudes of the avoided crossings from the characteristic timescales of these
decays (Fig. C.1.bc.). We obtain a quadratic increase of the interdot coupling as higher
orbitals are involved, from 280 ± 25 MHz to 870 ± 25 MHz. This increase is expected from
the greater spatial extension of the higher (1,1) orbital states, increasing their overlap with
the ground (2,0) orbital.
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Figure C.1: Excited orbital states. a. Spin-map of the right double quantum dot in the
weak interdot coupling regime. We can see parallel mixing lines, attributed to avoided crossings
between |𝑆(2,0)⟩ and excited |𝑆(1,1)⟩ states. To probe the Nth avoided crossing, we jump over
the N-1 mixing lines and perform a Landau-Zener adiabatic ramp, immediately followed by a
fast return to the (2,0) configuration (A). b. Singlet probability as a function of the ramp-up
duration, for each four avoided-crossings. c. Amplitudes of each avoided crossing 𝑡𝑐, extracted
from the decays obtained in b. We observe a quadratic increase of the coupling as higher (1,1)
orbitals are involved, in agreement with their greater spatial extension.



APPENDIX D
Decoherence source at high magnetic field

Figure D.1: Decoherence at 𝛥𝑡 = 0. Singlet probability after recombination for 𝛥𝑡sending =
0 ns as a function of the external magnetic field. The oscillations are explained by the magnitude
of the single-spin rotations (see Chap. 5), and characteristic of the channel length, SAW velocity
and spin-orbit length. In particular, around |𝐵𝑧| ≈ 75 mT the electrons endure a 2𝜋 rotation
and the expected singlet probability after transfer is expected to be identical to the 𝐵𝑧 = 0 mT
case. This experimental data thus points at a decoherence mechanism proportional to 𝐵𝑧,
affecting the electron spins during their motion.

As discussed in the main text, the contrast of the coherent oscillations obtained in the
two-electron transfer experiment depends on the ratio of external magnetic field 𝐵𝑧 to the
spin-orbit equivalent magnetic field 𝐵SO. Figure D.1 presents a larger cut for a minimum
electron separation 𝛥𝑡sending = 0 ns, and allows us to probe this dependance. We observe
damped oscillations in the singlet probability after recombination, the position of the
local maxima being in good agreement with the expected parameters 𝑣SAW = 2700 m/s,
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𝑙SO = 8.5 µm and 𝑙 = 6 µm. However, the observed decoherence towards higher magnetic
field is not expected for a simple hyperfine coupling, as the electrons are never separated
more than a few nanoseconds. Instead, a mechanism involving potential inhomogeneities,
leading to a decoherence proportional to 𝐵𝑧, needs to be considered.[Hua13] In the main
text, we develop a numerical simulation to account for this phenomenon, which is in good
qualitative agreement with this experimental result.
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