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Abstract

This thesis presents experimental investigations into the underlying mechanisms limiting the
spin state longevity of III-V InGaAs/GaAs self-assembled quantum dots (QDs), a key step
towards realising QDs as a viable quantum computing resource. We investigate the coupled
electron and nuclear spin system within the QD using a range of optical and nuclear mag-
netic resonance techniques to provide an in-depth understanding of the sources causing spin

relaxation and decoherence.

Several InGaAs charge-tuneable structures were investigated with varying Fermi reservoir
tunnel coupling. We present a comprehensive study of the spin lifetimes, 77, for the electron
and nuclear spin systems for a range of magnetic fields, charge states and tunnel couplings.
We combine previously observed mechanisms affecting T; to estimate the fundamental lim-
its of the spin lifetimes, in addition to demonstrating measurement of the longest observed

InGaAs QD electron spin lifetime of ~ 1 s.

Existing work suggested nuclear spin ensemble coherence time 75y is strongly affected by
the presence of an electron, limiting the prospects of QD qubits. We reveal a 75 on the
scale of milliseconds in a charged QD, in addition to developing a spectral diffusion model to
explain nuclear spin decoherence in the presence of a fluctuating electron spin. We show that
the nuclear spin bath can be used as an electron spin state sensor with a readout fidelity of

F > 99.8%, improving on state of the art spin sensing techniques.

In addition to the studies on QDs, we present results from the testing of recently developed
keyhole resonators to be used for fast coherent control of electron spins using magnetic
resonance techniques. We demonstrate the ability of keyhole resonator to coherently control
electron spins in diamond with high power microwave pulses and pulse lengths on the scale

of tens of nanoseconds.
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Introduction

Quantum mechanics has been at the heart of developing our fundamental understanding of
the universe since its inception a century ago, in addition to being the driving force behind
many technological innovations. Its counter-intuitive properties have challenged some of
the greatest scientists of the 20th century, and further deepened our understanding of the
world around us. Despite complex theoretical and computational techniques available to
us, fundamental quantum mechanical systems are both challenging and resource-intensive to
simulate.

Several separate publications by Feynmann, Deutsch and Benioff in the early 1980’s came
to the conclusion that simulating quantum mechanical systems would ultimately require a
computer that relied on quantum mechanical properties instead of classical techniques [1-5].
Phenomena such as entanglement and superposition are extremely computationally intense
to simulate in a typical computer using binary states (0 or 1). A system built to exploit
quantum mechanics would require a fundamental change to the states used. The new states
are known as qubits - states that themselves exhibit the quantum mechanical phenomena.
The qubits are not pure binary, 0 or 1, instead possessing a wavefunction that can be an
arbitrary superposition of the two-level system basis states 0 and 1. The two-level system

wavefunction can be more accurately described by a simple equation,
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W) = 0) + B]1) (1.1)

where |W) is the wavefunction of the qubit state, a and /3 are probability amplitudes describ-
ing the likelihood of the system collapsing to that state and |0), |1) represent the two basis
states of the qubit. Here we can see that the state can be in either the |0) or |1) states, or
occupy a superposition state defined by the probability amplitudes. Multiple qubit states
can be entangled, allowing shared information transfer across a quantum network which can
form the basis of a quantum computer.

Quantum algorithms were developed proving the significant impact quantum computing
could have on non-trivial computational problems, such as the Deustch-Jozsa’s algorithm
[6], Grover’s list search [7], and Shor’s prime factorization [8]. They all theoretically demon-
strated faster computation times when compared to classical computers solving the problem,
a milestone that came to be referred to as quantum supremacy. Physical realisation of the
quantum computer involves overcoming a plethora of physics and engineering challenges,
with quantum supremacy only being demonstrated for the first time as recently as 2019 by
Google’s 53-qubit superconducting quantum processor called Sycamore [9].

The criteria for implementation of quantum computing were laid out in a paper by David
P. DiVincenzo [10], describing the properties required for creation of a useful qubit system.

The criteria are as follows:

e A scalable physical system. The physical system possessing the potential qubits must
be able to be scaled up, allowing for N qubits to be used during computation. In
addition to the physical system, the supporting hardware such as lasers, cryostats and

other control hardware must also be scalable.

e Qubit state initialisation. All computational operations require the states involved

to start in a known configuration (e.g Initial state: |0))

e Ability to manipulate qubit state through application of quantum gates. The state
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must be able to be changed arbitrarily by an externally controlled source (e.g Change

state: |0) — [1)).

e Reliable readout of the qubit state. It must be possible to read the information stored

within the system at a given time.

e Long-lasting states. The qubit state will irretrievably lose information over time due
to interactions with the environment, and as such, it is critical to ensure this time is

much longer than the time over which computations are performed.

In addition to the requirements highlighted above, we must also be able to transmit and
store quantum information through the interchanging of information between a “stationary”
qubit at a fixed location and a “flying” qubit allowing transfer of the information to another
location.

A photon is generally used as a “flying” qubit, as useful information can be stored in the
polarisation of light. Travelling at the speed of light has a clear advantage for information
transfer, however, there is no way to store a photon at a single location. Properties such as
charge and spin can be found in particles, which can be spatially trapped to allow information
storage. There are a large number of candidates for “stationary” qubits that fulfill the stated
requirements, such as superconducting qubits [9, 11-13], trapped ions [14-16], donors in
silicon [17] and defects in crystals [18-20]. Particular interest was placed on solid state based
platforms as this could operate in parallel with classical computing platforms running on
silicon computing chips. One suggestion for a solid state computer was made by DiVincenzo
and Loss [21], where they provide theoretical schematics for a two qubit quantum gate based
upon the spin properties of electrons trapped within semiconductor quantum dots.

The quantum dot is an ideal candidate to fulfil the criteria laid out thus far. The majority
of self-assembled quantum work in the literature is carried out on InGaAs quantum dots due
to their excellent optical properties, displaying strong optical signals due to the large optical

dipole moment [22]. Optical emission has narrow linewidths with high photon indistinguisha-
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bility, making them ideal candidates for solid state single photon sources and fulfulling the
requirement to produce “flying” qubits [23-25]. Quantum dots are formed within a semi-
conductor matrix, making them not only scalable through having multiple QD qubits on the
same chip, but allow integration with additional fabricated devices such as optical cavities
or diodes for charge tuning [26]. Charge-tuneable devices allow on-demand occupation of
the quantum dot with an electron, stably confining the electron at the quantum dot site and
allowing use as a “stationary” spin qubit.

One major challenge of the quantum dot qubit proposals is that the growth process
results in randomly positioned quantum dots, limiting the ability to create a regular array
of quantum dots on the same substrate. Additional challenges arise when considering the
electron spin qubit in a quantum dot, as the rich nuclear spin environment provides an
intrinsic and irremovable source of environmental interaction. Initial work into optimising
the spin qubit system framed the nuclear spin bath as a limiting property of the self assembled
quantum dot spin qubit [27, 28]. More recently, the nuclear spin bath has come to be studied
as a quantum resource itself owing to the large number of long lasting spin states [29, 30].
A hybrid electron-nuclear spin qubit system has been demonstrated by which the electron is
used as a fast qubit that can transfer information to longer lasting nuclear spin memory [31].

Study of spin qubits within the self assembled InGaAs/GaAs semiconductor quantum dot
system is the focus of the work presented within this thesis. We set out to demonstrate the
initialisation, manipulation and readout of spin qubits in quantum dots through the use of
optical and magnetic resonance techniques, with major focus on investigating the dynamic
interactions that drive the loss of coherence of both electron and nuclear spins. Complete
understanding of the various environmental interactions present in the quantum dot will
allow us to determine ideal operating conditions for a long lasting coherent spin qubit.

Long lasting states form one part of the two technical challenges for coherent control of
the electron spin through electron spin resonance (ESR) techniques, something that has been

only achieved once in the literature [32]. The second technical hurdle is the requirement to
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produce magnetic resonance pulses at GHz frequencies while minimising parasitic electric
fields that will negatively affect the electron spin state. Consequently, we also investigate
new experimental resonators capable of generating the required microwave pulses for the

coherent control the InGaAs QD electron spin state.

Contents of this thesis

Chapter 2 introduces the quantum dot system, discussing the hetereoepitaxial techniques
used in quantum dot growth. We review the band structure of the quantum dot under three
dimensional confinement and the implications this has on the optical properties. Exciton
structure is discussed, in addition to the exchange interaction and external field effects upon
the excitons. Additionally, we provide a summary of the quantum dot spin system, covering
both carrier and nuclear spins within the quantum dot and their hyperfine interaction. Fi-
nally, we discuss the theory behind initialising, manipulating and readout the quantum dot
spin qubit.

Chapter 3 provides an overview of the experimental apparatus used for investigations
in this thesis, primarily focusing on the liquid helium bath cryostat, optical excitation and
detection configuration. A detailed description of the techniques for both pulsed and broad-
band nuclear magnetic resonance methods is included, in addition to an explanation about
the process of measuring resonance fluorescence.

Chapter 4 presents a published paper on results from a study of electron and nuclear
lifetimes within multiple InGaAs/GaAs quantum dot structures. The structures were de-
signed to have a varying tunnel coupling from the doped layer to quantum dots and allowed
systematic measurement of spin lifetimes for a range of tunnel couplings, magnetic field and
charge states. We present fundamental limitations placed on the lifetimes within quantum
dots, in addition to never seen before electron spin lifetimes of =~ 1 s.

Chapter 5 is presented in the form of a preprint manuscript, which has been submitted
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to a journal for peer review. Here, we investigate the coherence times of the nuclear spin
ensemble within a charged quantum dot, providing insight into the effects of hyperfine in-
teraction on coherence. We present results providing a complete understanding of the effect
of the electron on nuclear spin coherence, in addition to a series of single shot nuclear spin
coherence measurements, which ultimately lead to development of a high fidelity (F > 99.7
%) electron spin readout technique exploiting the electron-nuclear interaction.

Chapter 6 discusses the testing of keyhole resonator designs under short 8 GHz mi-
crowave bursts, a key requirement for performing fast coherent control of the electron in
charged quantum dots. We present basic characterisation of improved designs of the recently
developed keyhole resonator [33], in addition to testing of the resonators on NV~ centres in
diamond. We demonstrate pulsed electron spin resonance of the NV~ centres in diamond
and compare the efficiency of the resonators to alternative designs in the literature.

Chapter 7 summarises the findings of the thesis and comments on the direction of future

research.



Background

2.1 Quantum dots

Quantum dots are nanostructures exploiting the confinement properties of semiconductor
materials. Early work into semiconductor epitaxial growth focused on attempting to create
new structures of heteroepitaxial materials. Heteroepitaxy is the process of layering materials
to integrate different types of crystalline structures into a single substrate. It was found that
by layering materials with differing bandgaps, a potential well could be formed, confining
carriers within a certain region of the sample. In the case of alternating layers of material,
single-dimensional confinement is found, preventing movement of charge carriers between the
layers but allowing movement in a two-dimensional plane, forming a structure known as a
Quantum Well [34]. Such a structure allowed the first study of confined charged carriers,
revealing effects such as the quantum Hall effect [35], and providing useful structures which
have been used for many applications such as quantum cascade lasers [36].

Further theoretical development endeavoured the search for higher-order confinement ef-
fects up to 3 dimensions, which would allow a particle to be confined in all spatial directions.
Such a system would act as an artificial atom, with discrete energy levels and a delta func-

tion density of states. Early work into quantum information processing realised the potential
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for such well-defined states, and confined atoms were being studied for qubit purposes [21].
With the semiconductor fabrication industry in full swing in the early 90s, it was recognised
that being able to fabricate artificial atoms on a crystal substrate would provide the robust-
ness of the atoms with the scalability of standard computing hardware [37]. Discovery of
structures with delta function density states occurred in the late 1980s by Goldstein et al.
[38], where imperfections in quantum well growth provided sharp lines in photoluminescent
studies. Further work into this demonstrated the imperfections could be reliably reproduced
through changing the rate of material deposition, opening up the possibility to deterministi-

cally create these artificial atoms which later became known as quantum dots [39-41].

2.1.1 Quantum dot growth

Several types of quantum dots exist, each with varying growth techniques and useful prop-
erties. The two primary growth methods are heteroepitaxy and wet chemical synthesis [39].
While the wet chemical synthesis provides interesting results, the work in this thesis focuses
on heteroepitaxial quantum dots, specifically InGaAs/GaAs self assembled quantum dots.

As mentioned previously, heteroepitaxy is the deposition of a material on to a substrate,
where the subtrate and deposition material are different. The structural and chemical dif-
ferences between the materials and other parameters such as temperature and deposition
rate determine how the deposited material “grows” on the substrate. During heteroeptiaxial
growth, there are three types of growth mode that can occur due to thermodynamics and
kinetics of the surfaces interacting. Control of these processes is determined by the interplay
of bond strength between a deposited atom and its surrounding deposited atoms, and the
bond strength of the deposited atom and the atoms forming the substrate [39].

The first case is known as the Frank-van der Merve (FvdM) growth mode and is where
deposited-substrate bonds are stronger than the bonds between deposited atoms, resulting
in perfect two dimensional layer growth [42]. The second case is known as Volmer-Weber

growth [43], and is the opposite extreme of the FvdM growth mode. Deposited-substrate
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Figure 2.1: Different growth modes in heteroepitaxial growth. Adapted from [39]

atomic bonding is weaker than inter-deposited material bonding in this scenario, resulting
in islands forming on the surface of the substrate. The third and final case is a compromise
between the two previous scenarios, and is called Stranski-Krastanow (SK) growth [44].
Here, a two dimensional layer forms followed by the nucleation of islands on this new surface.
Visualisation of these three growth modes can be seen in Fig 2.1.

Self-assembled quantum dots are grown through the SK growth mode. Deposition of the
QD material first forms a two dimension layer referred to as the wetting layer (WL), followed
by nucleation of islands which form the quantum dots. The islands form as a relaxation of the
strain built up due to the difference in lattice constants between the substrate and deposited
material. The presence of a lattice mismatch is an underlying requirement for both the VW
and SK growth modes. Careful selection of the lattice mismatch allows a range of energies
and sizes of quantum dot to be formed [45].

For the InGaAs quantum dots discussed in this thesis, InAs is deposited upon a GaAs
substrate until a wetting layer of sufficient thickness is created, at which point the relaxation
of the 7% strain mismatch between InAs and GaAs causes formation of the islands that
become quantum dots [46]. The critical thickness of the wetting layer for InGaAs dots
formation is approximately ~ 1.7 monolayers (ML) [47-49]. Ideally, there would be no
wetting layer in order to minimise the interaction of wetting layer states with the QD states,

which causes broadening of PL linewidths and increasing sources of decoherence [50, 51].
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There has been some successful work into growing quantum dots without a wetting layer
through overgrowth of the InAs QD layer with AlAs [52].

Once the dot layer has formed on the wetting layer, it is necessary to apply another layer
of material in order to improve confinement effects [45]. QDs with this additional layer are
referred to as capped QDs. Capping of the QD changes the morphology of the quantum dot
as material from the cap can alloy with the QD, creating imperfections in the shape due to
strain decrease [53-55]. The change in morphology in the case of In(Ga)As dots introduces
Ga atoms to the QD, hence the dots being referred to as In(Ga)As QDs instead of just the
deposited dot layer InAs [45].

Formation of SK quantum dots occurs in a random manner, resulting in a layer of quantum
dots on top of the wetting layer with a range of positions and sizes. As we will see when
studying the confinement effects within the SK QDs, size has a strong effect on the emission
energy of the quantum dot. Variation in dot size across the substrate results in a broad
distribution of dot energies across the sample [39)].

Density of quantum dots is an important quantity to control as a high density will not
allow optical interaction with a single quantum dot. This can be controlled by using a
low deposition rate of InAs and monitoring the surface patterns with reflection high energy
electron diffraction (RHEED), allowing the deposition of material to be halted at the desired
time during dot formation. Deposition can be halted as soon as the change starts to occur
providing a low density of self-assembled quantum dots [49].

Random formation of the dots in self-assembled growth is undesirable as the positions
of the dots cannot be reliably predicted. The majority of current research on self-assembled
dots involves searching the surface of a sample in order to find dots with desirable properties.
For a solid-state matrix of quantum dots to be used together as the basis for a quantum
computer, reliable site control of dot formation is required for precise device fabrication and
targeted control. Some success has been found in using pre-patterned substrates [56, 57],

with the drawback of poor optical linewidths of the quantum dots. Improvements have been
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made over the years, from ~ 100s peV [58] down to more recent linewidths of ~ 30ueV [59].
While hopeful, site controlled dots still do not match the optical quality of self assembled

quantum dots with transform-limited linewidths (FWHM =~ 1peV) [60, 61].

2.1.2 Band structure of quantum dots

Materials used for ITI-V semiconductor quantum dots, such as InAs or GaAs, have a zincblende
crystal structure. Bulk semiconductor crystals with a zincblende structure have parabolic
band structures for the conduction (CB) and valence (VB) band near the centre of the Bril-
louin zone, as seen in Fig 2.2a [39]. Parabolic band structure of the CB and VB allows
expression of the energy dispersion relation E(k) as a second-order Taylor expansion. As the
bands are centred at k = 0, the energy of both the CB and VB be described by the following
equation [62],

R R

[0}

E.(k) ~ Eg + (2.1)

*
2ms,

*
(0%

where E.(k) and E, (k) are the energy dispersion relations of the CB and VB respectively, m
is the relevant charge carrier effective mass and k is the crystal momentum. As seen in Eqn 2.1
and Fig 2.2a, the conduction and valence bands are separated by the bandgap E¢, which is
determined by the material forming the semiconductor. Minimum (maximum) energy points
for the conduction (valence) band occur at I' for GaAs and InAs, allowing interband transfer
of carriers via optical excitation with no additional momentum k from phonons required.
Promotion of electrons from the valence band to the conduction band allows the electrons
to move freely within the crystal [62]. While useful for many applications such as diodes
and detectors, a freely moving electron is both difficult to control and experiences rapid spin
relaxation due to spin-orbit effects, preventing use in quantum information protocols.

To understand the band structure of a confined system, a picture of the bulk semiconduc-
tor band structure should first be considered. First, the conduction band states have s-like

atomic shell orbitals, and as a result, it can be inferred that they have an orbital angular
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Figure 2.2: Band structure diagrams of a) zincblende crystal semiconductor in the absence
of strain b) zincblende crystal semiconductor in the presence of uniaxial strain. Similar to
bulk zincblende crystals in the presence of uniaxial strain shown in b), QDs also experience
a heavy-hole light-hole splitting quantified by Ap,_;,. The splitting is induced by large
confinement resulting in heavy holes becoming the lowest-lying v-band states. Both bulk
materials and QD structures experience large splitting between hole states and the split-off
(SO) band with an approximate strength of Ago ~ 300 meV [63]. Figure adapted from [39]

momentum of L = 0, thus only spin angular momentum states S need to be considered. If
the system is quantized along the +z axis, the CB electron state can be defined by the spin
projection in the +z axis, S. = £3 [39].

The valence band states have p-like symmetry, meaning that angular momentum is L = 1.
Due to the presence of both spin angular moment S and orbital angular momentum j),
consideration of the spin-orbit interaction is required for a full description of the states within
the VB. The spin orbit interaction couples the § and L momentum together, resulting in
total angular momentum J=1L+S as the only possible description of momentum within

the VB. As a consequence, a more complex set of states are available to the carriers within
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the VB.

While under ideal conditions the VB will be completely filled with electrons, interesting
physics generally occurs once an electron has been excited to the conduction band, leaving
behind a positively charged absence of charge referred to as a hole. Due to this, the VB
states are usually described using holes with spin Jj, and are formed of three distinct bands.

For J, = % there are two possible states J, = i%, which forms the split-off (SO) band.

3
2

Jp = % has four states, J, = — —%, —I—%, —1—%, which can be split into two more sub-bands.
The J. = £3 forms the heavy hole (hh) and the J. = +5 forms the light hole (lh) band,
named for the different effective masses of holes within each band. Typical direct bandgap
ITI-V semiconductors have degenerate hh and 1h states at k = 0, while the SO band is offset
by some energy Ago [39, 62]. Bulk semiconductor band structure is visualised in Fig 2.2a.
One of the defining characteristic of a quantum dot is the strong confinement in all three
spatial dimensions [45]. Confinement creates quantized energy states, providing atom-like
energy structures and delta-function density of states. The strong confinement provides a
potential well in which freely moving carriers generated in the bulk crystal due to thermal
or optical excitation can become trapped. There are two key features of the quantum dot
band structure when discussing spins. Firstly, degeneracy of the hh and lh states is removed
through a combination of confinement effects and uniaxial strain [39], with hh becoming
the lowest lying VB state [64]. A second point to consider is the large energy difference
between the lh, hh bands and the SO band (Bulk InAs: Agp ~ 370 - 410 meV, Bulk GaAs:
Agso ~ 340 meV [63]), such that effects from the SO band are generally not considered. A
visual representation of a bulk semiconductor under uniaxial strain is shown in Fig 2.2b and
demonstrates the effect of splitting between the hh, Ih and SO states. Calculation of the

states found in a quantum dot can be modelled using potential well solutions to a high level

of accuracy.
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2.1.3 Quantum dot confinement energy states

The simplest model of a quantum dot is the spherical quantum dot. Complete confinement in
all three dimensions provides clear and discrete energy levels which can be modelled with a 3D
finite potential well. While this model is relevant for spherical dots such as collidial quantum
dots [65], the quantum dots studied in this thesis are self assembled InGaAs/GaAs QDs. The
dots grown in the SK growth mode are not spherical in nature, but instead are anisotropic,
with a small height in the 4z direction and a wider base in the z-y plane [38, 44, 47]. As a
result, confinement cannot be simply described by a spherical model. Approximations can be
made for the +2z direction, treating the system as a 1D finite potential well. This is effective
in providing a fully quantized system defined in the 4z direction. Similar confinement lengths
in the +z and +y direction means the confinement in these dimensions can described by a 2D
parabolic potential. In reality, the relatively weak confinement of the +x and y dimensions
means the confinement is not perfectly parabolic, which can be further exacerbated by growth
anisotropy resulting in an elliptical potential. The +z 1D finite potential well and z-y
parabolic potential approximations can be considered separately [39].

Strong confinement in the +2z direction results in large energy gaps between +z states in
both the conduction and valence band. The gaps are large enough that any states higher
than the ground state are not seen in experiments, as they lie above the wetting layer band,
resulting in any carriers absorbing the required energy to reach these states being removed
from the potential well rather than occupy the higher +z state. Instead, the +2 confinement
can be approximated as an offset E, o to the bandgap of the bulk crystal Eg.

Bulk InGaAs has a bandgap which depends strongly on the ratio of In to Ga [68]. Mea-
surement of In content within self assembled quantum dots via NMR techniques has given
an estimate of ~ 20% In composition [69], which for bulk Ing,GaggAs gives a bandgap of
approximately ~ 1 eV at cryogenic temperatures 7' = 4 K [63, 70, 71]. Self assembled InGaAs
quantum dots emit in the range ~ 1.3 eV [41, 64], giving an approximate value for E, o ~ 300

meV [72]. The offset E,( is equal to the sum of the energy offset of the +2z ground state of
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Figure 2.3: Energy level diagram of an InGaAs quantum dot. The QD acts as a potential well
due to the lower bandgap compared to the surrounding bulk material (EG*4* ~ 1 eV) from
the wetting and capping layers of GaAs. Confinement effects result in an energy increase to
the lowest energy transition of magnitude E. o = E¢ + EM ~ 300 meV, increasing transition

energy from the bulk InGaAs EZGaAs ~ 1 eV to B ~ 1.3 eV. Higher level states form
similar to atomic orbitals s-, p-, d-, with equal energy spacings within the ¢ and v band.
Experimental measurement of the shell spacings are Ef; ~ 30 meV and EZh? ~ 15 meV
[66, 67]
both the electron E¢ and hole E"¢ from the conduction and valence band respectively, see
Fig 2.3.

Now considering the in-plane x-y confinement, we can safely assume that higher level

states in +z do not need to be considered. The two dimensional confinement can be modelled

accurately using the parabolic potential described by,

L,
Viw,y) = smiwa(s + ) (2:2)
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where « represents either an electron (e) or hole (hh), m? is the carrier effective mass, w, is

the separation frequency. This potential then provides the energy eigenvalue solutions,

By = hwa(m+n+1) (2.3)

Under the assumption of a perfectly cylindric confining potential x = y and taking the +z
confining potenial as an energy offset E7,, we can consider the quantum dot energy states
as atom like shell states s-, p-, d- shells for [ = 0, 1,2, where [ = m + n. Each shell has an
increasing number of degenerate state pairs, for example, the s-shell has 1 pair, the p-shell

has 2 pairs and so on. Spacing between the shells is described by energy Ei* ; = hwy' ;, where

i—3)
i, j is the shell state s-, p-, d-. The spacing between states is different for the CB and VB due
to differing charge carriers, but remain constant within the band. Typical values for these
are Ef ; ~ 30 meV and E"; ~ 15meV [66, 67]. The current model only considers pure hh

states due to the Apy,_y, splitting, but mixing of these states can occur due to anisotropy of

the quantum dot, which results in a more complex system [73-75].

2.2 Optical properties

Discrete energy levels within the quantum dot system mean that energetic transitions be-
tween the states are also discrete. As mentioned previously, InGaAs/GaAs quantum dots
are formed of direct band gap semiconductors, meaning that interband transitions can occur
purely through optical (photon) energy input/output. This is in contrast to indirect bandgap
materials that may require input of crystal momentum k via phonon processes. The purely
optical addressing of states in quantum dots is one of their primary advantages.

For applications requiring low noise such as quantum information protocols, minimising
background interactions is key. Thermal energy within crystal lattice is represented by the
presence of phonons, and at room temperature the population of phonon modes is significant,

broadening and preventing potential optical transitions. Room temperature thermal energy



CHAPTER 2. Background 17

(E = kgT =~ 26 meV) is greater than the spacing between electron energy states, allowing
thermal excitation to promote electrons to higher energy states within the CB. This can
remove electrons from the QD before optical recombination, limiting optical transitions in
the low lying CB states. At low cryogenic temperatures, the population of phonon modes
is small enough such that the CB states experience minimal thermal excitation, allowing
reliable and regular promotion of carriers to the lowest lying CB state. The temperature
at which quantized energy levels can be accessed occurs when the energy spacing between
states is larger than kT [39]. As a consequence, all the work in this thesis is carried out at
cryogenic temperatures of 7'~ 4.5 K unless stated otherwise.

The quantum dot system can absorb photons with energy equal to the quantum dot
interband transition energies, which is determined by the bandgap of the quantum dot EgD
and the energy states of the hole Fj; and electron E. for the conduction and valence band

respectively,

ho = EZ° + E, + By, (2.4)

Absorption of a photon allows promotion of an electron from the valence band to the con-
duction band, leaving a hole in the valence band. The hole can be considered to be a
positively charged particle within the quantum dot valence band. The electron and hole
confined within the dot form a bound state referred to as an exciton. Excitons are formed
through the Coulomb interaction of opposing charges in bulk semiconductor, with a binding
energy equal to the strength of Coulomb interaction. Within a confined structure, confine-
ment effects also increases the binding energy between charges. The quantum dots we study
are generally in the strong confinement regime, where confinement energy is greater than
Coulomb energy [39]. As seen in Section 2.1.2, E¢, and E! have energies of ~ 100 meV
and ~ 25 meV, which is large compared to the measured Coulomb interaction energy for two
carriers of ~ 20 meV [76]. As a consequence of the confinement being the dominant energy,

it is clear that the optical spectrum will be primarily determined by confinement length, and
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thus dependant on dot size. However, the Coulomb effect is still necessary to consider as the
attractive energy will weaken the overall binding energy created by confinement [77].

Optical selection rules determine the allowed transitions that can occur through the ab-
sorption/emission of energy. Quantum dots typically interact with photons via electron-
dipole transitions. Photons possess an angular momentum of [ = +1 and parity of —1. From
this we consider the states that are present from our previous discussion of states in both
the conduction and valence bands. Parity alternates between states (s-, p-, d-...) within a
band, and the CB and VB have opposite parities. In order to conserve parity, only interband
transitions between same sub-levels can occur, for example s, — s, [45]. Angular momentum
conservation requires a change in momentum for an interband transition. Momentum change
is determined by the polarisation of the absorbed photon (o+), resulting in different states
being occupied under perpendicular polarisation states. Spin is conserved through optical
transitions [39].

There are two distinct categories of optical excitation. The first, resonant excitation, is
the simplest to consider from a theoretical standpoint. Photons of Aiw = EgD + E. + By can
promote electrons via an interband transition to the low lying s-shell CB state, leaving a heavy
hole and creating the bound state of a neutral exciton, X°. After a short time, characterised
by the radiative lifetime 7z of the exciton, the state recombines and emits a photon of the
exact same energy hw, and results in the electron returning to the VB (Fig 2.4a). Direct
transitions preserve the coherence of the system, and reduce broadening effects, allowing the
true spectrum of the two level system to be revealed [39]. While resonant transitions provide
a coherent state, they are not experimentally trivial to measure due to the emitted photons
having the same energy as the excitation, resulting in any luminescence signal being lost in
scattered excitation signal. This can be circumvented through cross-polarisation techinques
[78], which will be discussed further in Chapter 3. The direct absorptions are not limited
to the low lying s-shell states, it is possible to excite the p- or d- shell transitions with a

higher energy photon. This process is known as quasi-resonant excitation, and follows the
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Figure 2.4: A schematic of off-resonant and resonant excitation. a) Optical excitation reso-
nant with the X° transition will coherently create an X° exciton that will shortly recombine,
the time-scale of which is defined by the radiative lifetime which for InGaAs QDs is 7 ~ 1
ns. b) Off-resonant excitation is an incoherent process that promotes an electron to the wet-
ting layer, creating a bound exciton that will become confined by the nearby QD potential
well. The exciton relaxes through intraband non-radiative processes to the low lying s-state,
allowing radiative recombination at ESPS

previously mentioned requirement for interband transitions preserving angular momentum
[ = +1 and parity.

The second type of excitation is nonresonant excitation, where photons with energy higher
than the bandgap of the wetting layer, iw > E}Y'" excite carriers into the wetting layer con-
duction band as seen in Fig 2.4a. The formed exciton is quickly confined by the nearby
quantum dot, where the energy relaxes to the s-shell state via intraband non-radiative pro-
cesses. The exciton can then optically recombine, releasing a photon of energy E?_E. Non-
resonant excitation is not a coherent process, and so is not ideal for precise optical control
of the states within the dot. Effects such as time jitter or the trapping of charges from the
wetting layer can affect the indistinguishably of emitted photons [79, 80]. However, it is ex-
perimentally trivial, as scattered excitation will be at a different wavelength to the excitonic

recombinations observed from the quantum dot, in contrast to resonant excitation.
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2.2.1 Charged excitons

The bound electron-hole pair previously introduced is not the only form of exciton that can
be created. Additional carriers can also become bound, forming a charged exciton. An extra
electron will result in a negatively charged exciton X, whereas a hole results in a positively
charged exciton X . Charged excitons are not limited to singly charged states, as additional
charges can also become bound in the states such as, X?* X3* . [26, 81-84]. One other
configuration is the biexciton, where two electrons and two holes form a bound state, and is
generally labelled 2X° [67]. The four most common charge configurations studied are shown
in Fig 2.5.

For the quantum dot system, there are two methods for generating additional charges.
High power optical excitation with energy greater than the wetting layer band gap can gen-
erate many conduction band electrons, which can in turn become trapped within a quantum
dot. Optical excitation can populate the QD with valence band holes, which are generated
by promotion of electrons through photon absorption. Differing tunnelling rates for electrons
and holes can create a preferential charging of the system as one carrier is removed faster than
the other. Probability of charged states occuring is reduced compared to the simplest system
of the neutral exciton, which can be seen when studying photolumiscence measurements of
the quantum dot. The brightest peaks will indicate the neutral exciton, and charged excitons
will appear offset in wavelength due to change in bandgap as a result of Coulomb effects of
the additional charges [39].

Coulomb interaction adjusts the total binding energy of the exciton. For the neutral
complex there is an attraction due to the opposing charge states of the electron and hole,
reducing overall energy released in a radiative recombination. Addition of more charges
further modifies the total Coulomb interaction, providing different energy transitions for
different charged excitons.

It is also possible to create devices that will allow selective charge control over the quantum

dot. Diode structures allow tunnelling of charges from a doped layer through application of
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Figure 2.5: Charged excitonic carrier configurations for the most common excitons: positively
charged, neutral, negatively charged and the biexciton (from left to right). Two excitonic
states are available for each exciton depending on spin orientation of carriers. Specific con-
figurations can be accessed with circularly polarised excitation.

an electric field. Either holes or electrons can be used to fill the quantum dot, depending
on the type of doped layer (p- or n-). In the case of a charge controlled structure the
probability of observing charged excitons can be increased. For example, in the case of a
singly charged quantum dot, any exciton formed in the dot will likely include the resident
electron forming a negative trion. As a result, photoluminescence will reveal a much larger
intensity at the trion energy in contrast to an uncontrolled sample [26]. The bias to generate
a stable resident charge in the quantum dot (e.g Vi.) and the bias which the equivalently
charged exciton is stable and observed in PL (Vx-) are not always the same. The difference

in charging conditions for the two states is a non-trivial relationship [85].

2.2.2 Exciton fine structure

We have discussed the neutral exciton and the potential other types of charged exciton that
can exist within the quantum dot. We can now focus on the smaller effects present within

the exciton, which add further depth to the spectral profile of the quantum dot under optical
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excitation.
Considering the neutral exciton X we can determine how the fine structure due to spin

arises. Combination of the heavy hole spin J, = %, Jh. = j:% and electron spin S, = %,

Se, = :t% allows us to define the total spin of the exciton as M = J;, ., + S, ., which gives
possible spin projections of the neutral exciton as M = +1,+2. Spin projection magnitude
determines the coupling between the exciton and a photon. The |M| = 1 states allow photonic
coupling and |M| = 2 has no coupling to incoming photons due to the optical selection rule
AM =1, leading to the names bright and dark excitons for the respective states [39, 72].
The fine structure of the exciton arises from the interaction of the electron and hole spins,
and is commonly referred to as the exchange interaction. Without the exchange interaction,
all four spin states of the neutral exciton X are degenerate. The exchange interaction can be
split into two components, isotropic and anisotropic exchange interaction. Isotropic exchange
interaction is always present, while anisotropic interaction relies on asymmetry within the
quantum dot. The general spin Hamiltonian for electron-hole spin-spin interaction is given

by,

HEmchange = - Z (aiJh,iSe,i + biJ]iiSe,i> (25)

i=z,y,z
where Jj,; is the spin projection in the ¢ direction for the hole, and S ; is the same for the
electron and a; and b; are spin-spin coupling constants [39, 86, 88]. We only consider the
heavy hole here as a result of the previously mentioned large lh-hh splitting. FExpressing
the exchange interaction in the basis of the four exciton states introduced previously, M =

+1,£2, the following matrix representation is generated,

+6p +01 O 0

1| +01 +do 0 0
HEzchange = 5 (26>
0 0 —d0g +02

0 0 402 —do

Here 0y terms are simplifications of matrix elements that correspond to physical splitting
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Figure 2.6: Energy levels for neutral exciton X° in a asymmetric quantum dot. Coulomb
interaction between the hole and electron reduces energy of exciton recombination by V,_p,.
Isotropic exchange introduces splitting between dark and bright excitons dy. Splitting of dark
states 0o also occurs due to isotropic exchange interaction. Anisotropic exchange arises from
dot asymmetry and splits the bright exciton states by d;. Values from [86, 87]

parameters, and are dependent on the spin-spin coupling constants a;, b;. Splitting between
the bright and dark exciton is represented by dg = 1.5(a, + 2.25b,). Experimental values
of dp have been shown to be §y ~ 100 - 400 eV in InGaAs QDs, with an inverse relation
between dot size and 0y [86]. For the scenario with only isotropic exchange interaction (i.e
no asymmetry in the dot, b, = b,), the two bright exciton states are degenerate. The dark
excitons always hybridise and are no longer degenerate, the splitting of which is described
by 6 = 0.75(b, + b,) [86]. The splitting terms dy and do are symmetry independant, and as
a consequence will be present in any shape quantum dot. Splitting - is too small to resolve
in photoluminscent spectra [86, 89], but recent theoretical estimates give a rough value of

9y < 1 peV [87].
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State Energy

M ==+1 300+ 30
M =42 36 % 36,

Table 2.1: Energy levels of bright and dark excitons for B, = 0 T in an asymmetric quantum
dot (by # by). Derivations from [86]

The anisotropic exchange interaction further modifies the exciton states, splitting the
bright exciton states by 61 = 0.75(b, —b,). It is clear from the definition of ¢, that asymmetry
(b, # by) is required for a non-zero d;. In the presence of asymmetry, the bright exciton
states are no longer pure spin states of M = +1, but a linear combination of both states
which prevents circularly polarised transitions. Instead, the bright exciton states can only be
accessed by linearly polarised transitions [86]. Typical values for ¢; are found to be ~ 0—100
peV. A summary of the different splittings arising from the exchange interactions is shown
in Table 2.1 with an energy level diagram in Fig 2.6.

Charged exciton states such as the negatively charged trion X~ do not experience ex-
change interaction fine structure as a consequence of Kramer’s degeneracy theorem [90].
Using X~ as an example, there are two electrons and a hole present within the state, which
can be viewed as a hole spin interacting with a single electron spin doublet. As a result, the
energy levels of the charged exciton take the form of a degenerate Zeeman doublet, which
will break with the addition of magnetic field. There is only one unpaired spin, and therefore
no exchange interaction to create fine structure. This has the additional effect of the charged
excition X~ states coupling to circularly polarised transitions, in contrast to the linear po-
larisation transitions found in the neutral exciton X°. Presence (absence) of fine structure
splitting in the neutral (charged) excitons is particularly useful when identifying components

of quantum dot photoluminescent spectra [86, 90].
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2.2.3 External fields

Now that we have considered quantum dots and the excitons that can be created, we can
discuss the effect of external influences on the quantum dot and any excitons created within.
Both magnetic and electric fields provide unique effects that need to be considered when
working with the quantum dot system. In addition to allowing selective tunnelling of charge
carriers at particular electric field strengths, the strength of the magnetic and electric fields
also affect the energy levels of the excitons formed within the quantum dot. This is true for

all charge states of the exciton, and so is important to consider.

Electric field

The effect of electric field on quantum dots can be used to control the charge state of the
quantum dot via semiconductor diode structures, as briefly introduced in Section 2.2.1, in
addition to allowing selective tuning of the transition energy of excitons via the Quantum
Confined Stark Effect (QCSE).

Diode structures allow tunnelling of charges from a doped layer in a structure through
application of an electric field [26]. The strength of the coupling between the doped layer
and the quantum dots is determined by the thickness of the barrier, ¢, separating the two
layers, and is referred to as the tunnelling barrier. By applying an electric field, the lowest
lying energy state of the quantum dot can be brought into resonance with the Fermi Level
er of the Fermi resevoir, allowing a charge carrier to tunnel into the quantum dot. The
voltage required to generate this electric field we label Vi.. Further charges that tunnel into
the dot are highly likely to remain under low temperature conditions due to the Coulomb
interaction between the charge within the dot and the Fermi reservoir charge carriers. Under
the low temperature conditions, the energy difference between a single charge and two charges
occupying the quantum dot results in a plateauing effect by which a range of biases allow a
singly charged quantum dot to be held in stable operating conditions. This effect is referred

to as the Coulomb blockade and allows us to create a spin qubit on demand [26, 91, 92]. This
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Figure 2.7: a) Energy level diagram of Schottky diode charge control strucutre. Variation of
the gate voltage applied to the diode Vzae can bring occupation levels in resonance with the
Fermi energy of the n-doped layer, overcoming the Coulomb blockade and allowing additional
charges to occupy the QD. b) Energy of neutral exciton X° (upward triangles) and biexciton
2XY (downward triangles) PL signal with varying electric field F from GaAs island QDs
at T = 4 K. Solid lines are fitted with equation E = Eg + AEqcsg to give a value for
po ~ 4.5 x 1072 C m. Figure from Ghali et al. [93] licensed under CC BY-NC-SA 3.0

effect can apply to both electrons (n-doped reservoir) and holes (p-doped reservoir) to allow
either to be used as a spin qubit. A diagram of a Schottky diode is shown in Fig 2.7a.

The Quantum Confined Stark Effect describes the response of a quantum state to a linear
electric field F' [39, 94]. Here we focus on the DC Stark effect that occurs from electric field
applied via charge controlled structures. The AC Stark effect also exists, and is an optical
phenemona by which the oscillating electric field from many photons at high power can induce
the Stark shift [95].

As introduced previously, an exciton is formed of an electron and hole with opposing
charges. The bound charges can form an electric dipole through a small displacement. The
shift of exciton energy due to this interaction with the dipole depends on the strength of the
dipole and the external field,

AEgcsgp = —p - F (2.7)

where F' is the static electric field, and p is the exciton dipole moment. It is clear from this


https://creativecommons.org/licenses/by-nc-sa/3.0/

CHAPTER 2. Background 27

equation that external electric field will change the energy of transitions within the QD. It is
important to consider that within a QD the electron and hole already undergo a small degree
of separation without the influence of external electric field due to confinement effects. As
a result, there is zero-field dipole moment characterised by the displacement of the electron
and hole sg. This splits the exciton dipole moment into two parts, one intrinsic dipole pg
and one externally controlled moment p.,;. The externally controlled moment depends on
the external field, F', and the polarisability, 3, which is a measure of how easily the electron

and hole can be separated. This gives us a new expression for the dipole moment p,

P = Pext +Po = SF + po (2.8)

which when substituted into our Stark shift equation (Eqn. 2.7) gives us,

AEqcsg = —p - F = —(poF + BF?) (2.9)

Using this equation it is possible to fit the PL spectra of self-assembled quantum dots within
diode structures for varying electric field, as shown for GaAs island QDs in Fig 2.7b. Fitting
allows estimation of the strength of py, which for InGaAs/InAs quantum dots used within
this thesis is ~ 7 x 1072 C m [96]. From the simple relation of distance between charges
and dipole strength p = er, electron-hole seperation can be estimated to be ~ 4 A [96, 97].
Altering the direction of the applied F electric field revealed that the electron wavefunction
is localised to the base of the dot, and the hole wavefunction localized at the top [96]. This is
a result of the increased indium content at the peak of the dot, which increases biaxial strain
and strongly localises the hole wavefunction due to the higher effective mass of holes [39].
Understanding the shift caused by the Stark effect also provides another useful appli-
cation, the tuning of the energy of emitted photons from the QD. The random nature of
self-assembled growth adds limitations to the ability to grow dots emitting at a desired wave-

length. The QCSE allows fine tuning of the QD optical resonances to bring two dots of
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similar wavelength into resonance with each other [98] or an optical cavity [99].

Magnetic field

Introduction of an external magnetic field B causes additional effects due to interaction
between the field and the electron, S,, and hole, J,, spins. Magnetic field is generally applied
either parallel to the optical excitation axis z, or perpendicular to the optical excitation axis
in the xy-plane. We refer to fields in these geometries as either Faraday configuration, B, or
Voigt configuration, B,, B, for parallel and perpendicular geometries respectively. Magnetic
field parallel to the optical axis results in spin degeneracy being lifted to provide distinct spin
states, while field perpendicular to the optical axis results in mixing of heavy hole and light
hole spin states. Optical excitation is applied parallel to the growth direction of the quantum
dot +z for all experiments within this thesis. In addition to this, all experiments are carried
out with magnetic field applied parallel to the growth and optical axis, which shall be the
focus of our discussion in this section.

Considering a general Hamiltonian for spin interaction with an external magnetic field, we

can derive an expression for the specific scenario of field applied in the z-direction [72, 88, 100],

HZeeman(B) = —UB Z(+ge,ise,i - gh,iJh,i)Bi (210>

7

Applying field in the z-direction results in simplification of Eqn. 2.10 due to B = (0,0, B,),
giving us an expression for magnetic field interaction strength for magnetic field parallel to

the growth axis,

HZeeman(B) = _MB(+ge,zSe,z - gh7th7z)Bz (211)

where g ., gen are the g-factors for the electron and hole respectively. The Zeeman Hamil-
tonian in Faraday geometry is a diagonal matrix comprised of two terms which we call
f1 = up(ge + gn) B, and By = —up(ge — gn)B. [86]. As expected for Zeeman splitting, we see

a linear dependence of interaction strength with magnetic field. We can combine Hzeeman(B)
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Figure 2.8: Energy of bright and dark excitons from a) InGaAs/GaAs and b) GaAs/AlGaAs
QDs in Faraday magnetic field B,, demonstrating the effect of the Zeeman splitting and
diamagnetic shift experienced by the excitons. Solid lines are fits from the energy equations
described in Table 2.3, providing estimates of 75 and g. for a) InGaAs QDs: v = 7 peV
T2 g. = —0.35 and g, = 1.9 b) GaAs QDs: v, = 10 peV T72 g, = 0.3 and g, = 1.8.
Reprinted figure with permission from [89]. Copyright (2021) by the American Physical
Society. doi:10.1103/PhysRevB.88.045306

and Hpxchange (Eqn 2.6) and diagonalise the total Hamiltonian H = Hzeeman + Hexchange tO
calculate the effect of exchange and Zeeman interaction on the energy levels of the exciton
states, as shown in Table 2.2.

The /dx + By term results in a quadratic splitting of exciton states for low B,, which
transitions to a linear dependence for Sy > dy. Strong magnetic field also results in coupling
of bright exciton states to circularly polarised light, breaking the linear polarisation basis
created by exchange interaction [39, 86].

Considering experimental measurement of photoluminescence over a range of magnetic
fields, such as the results from Puebla et al. [89] shown in Fig 2.8, we can observe that there
is a shift in the centre of mass of the Zeeman split bright exciton states. This is caused by a

diamagnetic shift characterised by 5, which is quadratically dependant on the field, leading
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State Energy

M =41 +1d+3+/01+ 5%
M=+2 -5+l /%45

Table 2.2: Energy shift of bright (M = £1) and dark (M = £2) excitons calculated from
H = Hzeeman + Hexchange, 1o quantify shifts of exciton energy as a result of exchange and
Zeeman interaction for magnetic fields B, > 0 T in Faraday geometry [86, 89].

to the average energy of the Zeeman doublet increasing with magnetic field. The diamagnetic
shift vo arises from the strong confinement squeezing the exciton wavefunction.

Fitting the trend line for exciton energies over magnetic field allows measurement of both
the electron and hole g-factors, as well as the diamagnetic parameter 7,. For the InGaAs
quantum dots shown in Fig 2.8, values for these parameters are g. = —0.35, g, = 1.9 and
2 = 7 peV T72 [89]. Energy levels for an anisotropic quantum dot in a Faraday-geometry
magnetic field are displayed in Table 2.3 using a combination of parameters discussed here

and the exchange interaction parameters introduced in Section 2.2.2.

State Energy

M =+1 Ey+7B2+ 30+ 351/ + 5
M =42 Ey+7vB2— 160+ 3/03 + 33

Table 2.3: Total energy levels of bright (M = +1) and dark (M = 42) excitons in Faraday
configuration external magnetic field B, > 0 T, combining the QD band-gap energy Fj,
diamagnetic shift, exchange interaction Hpyxchange and Zeeman interaction Hzeeman [86, 89)].

2.3 Spin system of a quantum dot

We have so far considered the growth of quantum dots, in addition to the band structure
and exciton properties of quantum dots. Quantum dot applications in quantum computing
requires use of the available spin states within the dot as a basis for a spin qubit. For
use in any quantum information protocol, we need to be able to achieve reliable spin state

preparation, coherent control and fast readout in order to store, process and read information
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as described in Chapter 1. A further underlying requirement is long lasting spin states to
prevent loss of information to the environment.

Spins within the quantum dot come in two forms, carrier spin (electron S, or hole J;)
and the nuclear spin system formed of 103 - 10° nuclear spins, I. The two systems are
inherently coupled together, and as such can be studied under the framework of the central
spin model, where a single carrier spin interacts with a fluctuating bath of spins. It is critical
to understand the mechanisms affecting both spin systems in order to optimize the quantum
dot for long lasting qubit states. In this section we will discuss the complete spin system
found within a quantum dot, followed by a discussion on the ways to interact with the spin

states.

2.3.1 Carrier spins

We can first consider the spin system that describes the carrier spin within a quantum
dot. As mentioned previously (Section 2.2.3), stable charge states can be created through
the use of diodes. In this section we will consider a quantum dot charged with a single
carrier, as even-numbered carriers cannot change spin state within the s-shell due to Pauli’s
exclusion principle, and higher energy states in other shells such as the p-shell add unnecessary
complexity to the system.

Considering an electron charge first, we have a quantum dot charged with a carrier S, =
1. We call the two spin states m, = =+1 the spin-up state (my; = +4 = [1)) and the
spin-down state (m, = —% = |})), where spin-up and spin-down refers to the direction of
the spin component in the +z-axis. In the absence of magnetic field B = 0 T, the spin-
up and spin-down states are degenerate, causing rapid loss of quantum information due to
energy conserving spin-flips with the nuclear environment allowed via Fermi contact hyperfine
interaction [39]. This results in flucations of the electron spin occurs on a timescale of ~ 1

ns for the electron at B = 0 T [101]. Addition of a magnetic field, B > 0 T, breaks the

degeneracy, providing energetically distinct spin levels and adding a energy requirement to
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Figure 2.9: Energy level diagram of the carrier spins S, or Jp;, in Faraday (left) or Voigt
(right) geometry along the growth/optical axis basis +z.

electron-nuclear spin flips [28, 101, 102].

For the electron, the spin states now form a two level system that can be used as a qubit
basis. As for excitons, direction of the magnetic field is important to consider relative to
the optical axis. Considering the states in the growth axis basis +z, Faraday geometry,
B = (0,0, B,), results in pure splitting of the states |1), |}). If carrier states are initialised
orthogonal to the magnetic field, as described by the Voigt geometry, B = (B,, B,,0) the
states will create of superpositions between the two states, described by \%(m +[)), which
causes a precession of spins of frequency Q = g.upB [45].

Carrier holes can also be used to charge the quantum dot and provide a spin basis. As
previously mentioned (Section 2.1.2), the heavy-hole light-hole splitting is non-zero due to
the in-built strain of the quantum dot. Consequently, the lowest-lying hole states are heavy
hole in nature (J, = :t%) but due to asymmetry in the quantum dot, the heavy hole state

undergoes mixing with the light hole state (J;, = :l:%) and can be treated as a pseudo spin—%
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with states,

1) = 13/2) + Bl-1/2)

) =1-3/2) = Bl+1/2)

(2.12)

where [ is the valence band mixing parameter [103, 104]. In applied magnetic field B > 0
T, the holes pseudo-state can then form two stable spin states for Faraday geometry HLN>, A/>,
while for Voigt geometry, the two level system is defined by superposition states similar to
that found for the electron \%(HT} + m) [46, 105, 106].

The most interesting difference between the electron and hole is that the hole state is pri-
marily p-like, which has no overlap with the nuclear spin sites, resulting in minimal coupling
to the nuclear spin bath via Fermi-contact hyperfine interaction (see Section 2.3.3). Initial
research into hole spins suggested that there would be no coupling to the nuclear sites at all,
making the hole spin an ideal spin qubit candidate. However, further investigation revealed
the hole spin couples to the nuclear spin sites through the dipolar interaction, with the hole
hyperfine coupling being a factor of 10 lower than the electron hyperfine coupling [103, 107].
Further hole decoherence mechanisms also arise from an admixture of p-shell and d-shell
orbit states, with a ~ 20% contribution from the d-shell, allowing hole spin flips without
exchange of spins with nuclei [108]. Despite these interaction mechanisms, optical hole spin
state preparation schemes have been created at B = 0 T using the fluctuation of the electron

spin in a positively charged exciton X to preferentially shelve hole spins into a desired state

103, 109].

2.3.2 Nuclear spins

While the carrier spin may be the best way to have a controllable spin qubit, it is important
to consider the second type of spin within the system, the bath of nuclear spins I; that form
the quantum dot. All of the nuclei present within the dot possess magnetic moments g in

InGaAs systems, with nuclear spins of I > 3/2, illustrated in Fig 2.10. A list of nuclear spin
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Figure 2.10: Nuclear spin bath in an InGaAs quantum dot structure. Nuclear spins I with
magnetic moment p; = vhI form an overall magnetization M. In the case of a fully polarised
spin bath, maximum magnetization is achieved in the direction of the spin projection M =
+M. Nuclear dipole-dipole interaction can induce transfer of spin across the dot through
spin flips flops illustrated by the Hyy interaction.

properties of different isotopes in InGaAs QDs is found in Table 2.4.
The effect of a large quantity of spins is an overall magnetization M generated by the

nuclear spin bath, which is defined by,

M = Z 1 (2.13)

where p; is the magnetic moment generated by the i-th nuclear spin. In thermal equilibrium,
p is randomly distributed among the spin states of the nuclei I, ;, which for infinite nuclear
spins would cause the effect of the nuclear spin bath to average out and M = 0. However,
the finite number of spins ~ 10% results in statistical fluctuations becoming an important
consideration. Input of energy via optical pulses can alter this state to provide a non-zero
magnetization. Nuclear spins can interact with other nuclear spins and also interact with the
carrier spins in the QD via the hyperfine interaction, which we discuss in Section 2.3.3. In
this section, we consider the internal dynamics of a rich nuclear spin bath found within the

InGaAs QD system.
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Nuclear dipolar interaction

The nuclear spin bath is a complex system of spins which can interact among the constituent
nuclei within the nuclear spin bath and nearby nuclei in the wetting layer. For GaAs and
InAs, this manifests primarily in the form of nuclei dipole-dipole interaction, Hyy. In the
simple case of two nuclear spins I;, I separated by a distance 7;; can be considered for the

whole system as such,

2
1% gig; (Iﬂ“i ‘)(I‘Ti )
Hy = 7]\’ E r; (IZ-Ij — 3—]7”2' Y ) (2.14)

it Y i
where oy is the nuclear magneton, and g; ; is the g-factor of the nuclear isotope at site 1, j.
The dipole-dipole interaction allows spin-flips with other nuclei of the same isotope within
the quantum dot, allowing spin polarisation to be transferred (shown in Fig 2.10). Spreading
of the spin polarisation is called spin diffusion, and can result in loss of spin polarisation to
the material surrounding the quantum dot [110]. Overall spin is lost to the crystal due to the
nonsecular part of the equation at magnetic fields lower or similar to the dipolar field ~ 0.1
T [104, 111]. Each nuclei interacts with an effective field generated by the summation of the
dipole-dipole interaction with every other nuclei. Dipole-dipole nuclear interaction can cause
significant loss of spin polarisation through diffusion in bulk crystal semiconductors, however,
quantum dots experience strong Knight fields and quadrupole effects which overcome the
effects of the dipole-dipole interaction induced spin diffusion. While these effects limit dipole-
dipole interaction, nuclear spin-flip flops within the quantum dot still occur and can become

a limitation in maintaining coherence of a nuclear spin bath [112].

Nuclear electric quadrupolar effects

Atomic nuclei do not possess an electric dipole moment, resulting in no interaction with static
electric fields. However, any nuclei with I > 1/2 do posses an electric quadrupolar moment,

arising from a non-spherical distribution of charges within the nucleus. Quadrupolar moments
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do not interact with static electric fields but instead interact with electric field gradients
arising from local stain variations at each crystal lattice site [111]. Cubic structures such as
bulk InAs or GaAs possess no electric field gradient, but the presence of strain and defects
created by QD formation can break local symmetry and result in quadrupolar coupling of
the nuclei near the electric field gradient. To quantify the effect of strain on electric field
gradients, a gradient field tensor is introduced S;ji;, such that the electric field gradient is

described by,

Vij = Z Sijki€xl (2.15)
kol

where ¢ is the symmetric strain tensor. In the principle axis reference frame +z, nuclear
quadrupole coupling to the electric field gradient V;; can be described by the Hamiltonian

Hq [111],
eQ

Ho =
CT 42— 1)

(Ve 3L = 1) + (Vaw = Vi (I — I))) (2.16)

where () is the quadrupolar moment for a particular nucleus. Quadrupolar moment for the
relevant nuclei can be found in Table 2.4. We can simplify the electric field gradient terms
into two expressions, an asymmetry parameter n = (V,, — V,,)/V.. and the field gradient
parameter ¢, where eq = V.. Often the axial symmetry assumption is made, resulting in
Vzz = Vi and therefore 7 = 0. The overall Hamiltonian for the principal axis frame +z can

then simplified to,
*qQ

0= m(zﬂj —I? (2.17)

The general Hamiltonian for nuclear spin states in a magnetic field considering the Zeeman

effect and quadrupolar coupling can be written as such:
H=Hz;+ Hg (2.18)

For the majority of experiments in this thesis, we operate at high magnetic field in the Faraday

geometry. We can assume that the magnetic interaction is stronger than the quadrupolar
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coupling (Hz > Hg), allowing a treatment of the quadrupolar effect with perturbation
theory [113]. Considering a simple scenario where there are no quadrupolar effects Hy = 0.
We can see in Fig 2.11 that all nuclear spin states for a particular nuclei would have equal
energy splitting due to the Zeeman effect H; = hwrI, where wy, is the Larmor precession
frequency of the nuclei. Now considering the presence of the quadrupolar effects, we can
define a new set of axes with the electric field gradient principal axis along z’. The angle
between the electric field gradient axis 2’ and the static magnetic field axis z is defined as 6.
The angular momentum projection on to the principle axis of the electric field gradient can
be defined as ... It is possible to use the assumption I, = I, cos(0) + I, sin(#) without loss
of generality to give an expression for Hy in terms of the growth axis z [104, 111, 113]. The
energy levels of the Hamiltonian can then be expressed as the Zeeman effect with first and

second order perturbations due to the quadrupolar interaction.
E,=E9+ED+E® (2.19)

Transition energies from some spin state m to (m + 1) can then be calculated to varying

orders in terms of the Larmor precession frequency w; = —ynB., quadrupolar frequency
o 3¢%qQ

@ h2I(2I — 1)’
axis and static magnetic field [111].

and the angular displacement 6 of the electric field gradient principal

AE(O) :th
20—
AEMD — _ hwo (I, + %)?’COST“
2
w
AE® = — n—2 sin*(0)(61.(I, + 1) (2.20)
32(JJL

(1 —17cos*(6)) — 21(I +1)(1 — 9cos*(h))

+ 3(1 — 13 cos?(0))
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We now have a reasonable approximation to how the energy levels of the nuclear spin will
be affected by the quadrupolar effect. We can consider the effect of the perturbative terms

AE® on the resulting dipole transition frequencies using w® = AE® /h where 3 is the

3

5 under compressive

perturbation order. A visualisation of these effects for a nucleus of I =
strain is shown in Fig 2.11.

The next simplest scenario beyond Hg = 0 is the scenario with the electric field gradient
axis 2z’ being parallel to the growth axis z, such that § = 0. The second order term vanishes
due to the sin*(¢) term, and the first order term becomes —wq(I.+3). The resulting transition
frequencies will be equally shifted by wg. More generally, we can expect an offset between the
z axis and the electric field gradient principal axis z’, requiring consideration of the second
term. For the central transition —3 <+ 3, the (I, + 3) term becomes zero, indicating the first
order quadrupolar interaction has no effect on this transition. As a consquence the —% ~ %
transition energy becomes wy, + wg ),

For the satellite transitions (STs) we do however observe a shift in energies causing
an increase (decrease) in energy for the 3 «» 2 (=2 < —1) transitions for compressive
elastic strain. It is usually the case that AE® > AE® and so the satellite transitions are
unaffected by the second order term [113]. In the specific case of the self-assembled InGaAs
QDs studied within this thesis, there is large inhomogeneous strain arising from the self-
assembly process. Inhomogeneity of the strain causes local strain variations which results in
each nuclei experiencing a different AE(" | which causes significant broadening of the ST in
nuclear magnetic resonance studies [104, 114].

The presence of the quadrupolar effect ultimately results in distinct energies for transitions
between different spin states, lifting the single frequency transition found in the absence of
quadrupolar interaction Hg = 0, which provides two useful applications.

Firstly, the differing energy levels of nuclei spin states due to the presence of quadrupolar

interaction can suppress the dipole-dipole flip-flops introduced in Section 2.3.2. Mismatch in

energy levels between nuclear sites results in dipolar spin flip flops requiring energy input,
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Figure 2.11: Splitting of nuclear spin state energies of a I = 3/2 nucleus in the presence of
Zeeman and quadrupolar interaction. This schematic assumes compressive strain resulting
in a positive quadrupolar contribution +wg. Absence of quadrupolar interaction, Hg = 0,
results in identical transition energies for all spin states. Presence of quadrupolar effects Hg >
0 results in energetically distinct transitions. Central transition is unaffected as AE® = 0
for this transition, leaving only the second order term. The second order effect can also be
ignored for satellite transitions as generally AE® > AE®) [113].

effectively suppressing the interaction. Furthermore, this mechanism suppresses nuclear spin
diffusion with nuclei in the material surrounding the quantum dot. A highly strained dot
causes large energy mismatch when compared to the nuclei in the material surrounding,
preventing transfer of spin polarisation out of the QD [115]. Secondly, the unique transitions
for each spin allow each nuclear spin transition to be addressed induvidually, allowing full
control of the nuclear spin basis. This has been recently used to create a nuclear spin register
within a strain-free GaAs quantum dot [29].

It is also necessary to consider the scenario at lower magnetic field where Hy > Hy,
at which point the Zeeman effect is negligible. In this regime, the quadrupole splitting will

dominate separation between nuclear spin states, resulting in degenerate +m spin states,
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but an energy difference between (+m) and £(m+ 1) allowing nuclear quadrupole resonance
[113]. For InGaAs quantum dots, the quadrupolar shifts become comparable to the Zeeman
splitting at approximately B, = 1 T, indicating that fields below this threshold will observe

deviation from the described model of H; > H [112].

Isotope Nuclear Spin I  Hyperfine Constant A (ueV) Quadrupolar moment @ (b)

9Ga 3/2 43 +0.171
"Ga 3/2 54 +0.107
5 As 3/2 46 +0.314
151y, 9/2 56 +0.770

Table 2.4: List of nuclear spin properties for materials within InGaAs quantum dots. Hy-
perfine constants were taken from [104, 116]. Quadrupolar moments were taken from [117].

2.3.3 Hyperfine interaction

A perfect spin qubit would have no source of interaction to cause decoherence. An isolated
spin—% system is unfortunately not possible within the quantum dot system due to the nuclear
spin bath discussed in the last section. Estimates for the quantity of nuclear spins within a
typical InGaAs quantum dot suggests N ~ 10* - 10° [104]. Even with a factor of ~ 1000
difference between the carrier and nuclear magnetic moment, the large number of nuclear
spins results in strong interaction with the charge carrier residing in the quantum dot via
the hyperfine interaction, Hyp. Despite the adverse effect on carrier spin longevity, the
presence of a large nuclear spin bath provides a platform for creating quantum memory
storage due to the long lived nuclear spin states [115, 118]. Exploitation of the electron-
nuclear interactions also can allow the carrier to transfer information to a long lived spin
bath [31]. It is therefore important to understand the hyperfine interaction in order to
minimise unwanted interactions.

The hyperfine interaction is the interaction between a nuclear spin and the magnetic field
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produced by an electron, and is described by,

r(s-r) + §7r3(5(7’)) (2.21)

3
+ rd 3

l s

Hup =HG + HY? + HEC
l
HR =2ppyhl ()
r(s-r) s

Hyg =2pp7hI(3=—5— = =)

r3

8
HES =2 BT (Smsi(r)

where pp is the Bohr magneton, v is the nuclear gyromagnetic ratio, I and s are the orbital
and spin angular momentum operators respectively, I is the nuclear spin operator and 7 is the
distance between the electron and nucleus. The first term, H97 is the spin-orbit interaction.
The second term, H }jj;’, describes the dipolar interaction between carrier and nuclei over a
long distance. The final term, H5%, describes the Fermi-contact hyperfine interaction, arising

from the overlap of nuclear and electron wavefunctions [111].

Fermi-Contact hyperfine interaction

The Fermi-contact hyperfine interaction is the dominant process affecting the electron, owing
to its s-like state symmetry, enabling interaction through spatial overlap of the nuclear and
electron wavefunction. The electron envelope wavefunction spreads over the whole quantum
dot system, providing a channel to interact with the entire nuclear system of up to 10° spins
[27, 119, 120]. Holes are unaffected by this interaction as their p-like state symmetry results
in no spatial overlap with the nuclear lattice sites.

The Fermi-contact hyperfine interaction can also be expressed as:
Yo i Ge i 2 Ge 20 e
HEG = 057 A (Ro)PRSIE + (1152 + 187)) (222)

where v is the volume of the unit cell, S is the electron spin, |)(R;)|? is the electron density
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at the ith nuclear site, I' and R’ are the spin and coordinate of the ith nucleus and A’
is the hyperfine interaction constant. As we have a single carrier interacting with a large
nuclear spin bath, it is possible to approximate the nuclear interaction under the mean field
approximation. Here we now observe an overall effective magnetic field By, which interacts

with the electron as such:
1 . R
Hifp = 5A(L) 82 = () geS2 By (2.23)

where (I,) is the average nuclear spin, and A = ), A*. The value of A; varies for different
nuclear types, which directly determines the strength of interaction each isotope in the dot

contributes to the overall hyperfine interaction [121]. A; can be expressed as such:

po 8w

A = —4— : _’YS'YN,Z'|¢(O)|2 (2-24>
T 3

where 119 is the vacuum permeability, vg is the electron gyomagnetic ratio, vy, is the nuclear
gyromagnetic ratio of a given isotope and |1)(0)| represents the electron wavefunction overlap
with the nuclear site. A list of hyperfine constants for isotopes present in InGaAs QDs is
found in Table 2.4.

The effective field created by the polarisation of nuclear spins is known as the Overhauser
field, and its presence can induce further splitting of the spin states with the QD. Total
Zeeman splitting of the electron can be expressed as Hzeeman = MBYeBrot Where B, =
B.+ Bog. As such, we can directly measure the average polarisation of the nuclear spin bath
from measuring the change in Zeeman splitting in QD photoluminescence measurements due
to variations in the Overhauser field. A more technical description of how this is implemented
experimentally can be found in Chapter 3 .

As a consequence of the hyperfine interaction, the nuclei spins also experience an effective
field from the electron’s averaged spin projection known as the Knight field, By, which is

quantified by the following expression:
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where f, describes the occupation state of an electron within the quantum dot f, € [0, 1],
and <5‘e> is the electron spin polarisation. The instantaneous electron spin polarisation can
be used for scenarios where electron spin correlation time 7, is similar or greater than the
nuclear precession period 27/wy. For the scenario where the electron correlation time is
much faster than nuclear precession period 7. < 27/wy, electron spin polarisation can be
time-averaged.

The presence of an electron induces a Knight field on the nuclei, shifting the nuclear
Zeeman splitting, resulting in Hzceman = tngn Bro for a single nuclei, where Br,, = B,+ By.
The effect is complicated by the non-uniform distribution of the envelope of the electron
wavefunction density, resulting in nuclei in the centre of the dot being more strongly affected

than the nuclei on the edges [104, 122]. Further implications of the effect of the Knight field

are explored in Chapter 5.

Carrier-nuclei dipole interaction

After studying the Fermi-contact hyperfine interaction, there are two other terms in Eqn. 2.21.
These two terms become key when considering the hole spin hyperfine interaction with nuclear
spins. As mentioned in the previous section, p-like symmetry of the hole spin states result
in vanishing wavefunction overlap at the nuclear spin sites, resulting in no coupling of the
hole to the nuclei via Fermi-contact hyperfine interaction. Consequently, the most significant
hyperfine interaction affecting the carrier hole is a combination of the electro-nuclear dipole
interaction Hp,# and the nuclear-orbital interaction HG7.

Previous discussions of the carrier hole within a quantum dot has been limited to a simple
model considering only heavy hole states J, = :I:%. However, to consider the interactions of

the hole with nuclei via dipole interaction, it is important to include valence band mixing for

a full description. Dipole interaction results in a spin flip-flop between the carrier hole and a
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nuclei, with a required transfer of angular momentum AJ = +1. Finite heavy-hole light-hole
splitting causes the heavy-hole J, = 3/2 to be the lowest lying hole state separated from
the light-hole state by Ay, _nn. Transfer of spin to a nuclei from the heavy hole via spin flip-
flop would require energy input to overcome the splitting Aj;,_pn. The energy requirement
is circumvented through valence band mixing, where an admixture of the heavy and light
hole states occurs due to the anisotropic strain and shape of the QD. Valence band mixing
is quantified by the parameter 3, and is related to a term known as the anisotropy factor
o = 2|8|/v/3. Now that light hole states .J, = 1/2 may arise with no energy input, dipolar
flip flops of the hole and the nuclei can occur. By accounting for small valence band mixing

(B8 < 1), the following expression for hole-nuclei dipolar coupling is found [104]:

Hsz VOZ

where A is the dipole-dipole hyperfine constant. Due to the direct dependence on dot

() 2L T + %(zijﬁ +ILTM) (2.26)

anisotropy, the dipolar interaction can also be referred to as the anisotropic hyperfine inter-

action.

Nuclei-orbital interaction

The final contribution to hyperfine interaction is the coupling of the momentum of the carrier
to the field generated by the nuclear magnetic moments, and is known as the nuclei-orbital
interaction HGY. The effect is very relevant for holes as it has a large effect on bands of
non-zero angular momentum, such as the p-like band the carrier holes occupy. It is described
with the following expression

Orb I-L

HyF = geppynh 3

i

(2.27)

where L is the angular momentum of the carrier hole. Occurances of hole-nuclei spin flips

can arise from contribution of the d-shell orbitals which induce spin flip-flops. Inclusion of
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d-shell orbitals also reduces the symmetry of the system from spherical to the real crystal
symmetry, resulting in a hyperfine interaction that does not conserve angular momentum and
allows spin flips between the two heavy hole states [1}), [{}) [108]. Combination of these effects
results in a significant hole-nuclei hyperfine interaction A". Experimental measurement of A"
reveals that the hole spin states couple to the nuclei by a factor of 10 weaker than the electron
AMJA ~ 0.1 [107, 109, 123]. Considering both H9% and Hg;f completes the specific picture
of hole-nuclear hyperfine interaction, and provides a full description of hyperfine interaction

within a quantum dot [39, 104, 124].

2.4 Controlling spins within quantum dots

We now have a complete picture of the spins within the quantum dot system. It is now possi-
ble to discuss what implementation of quantum computing protocols would look like within a
quantum dot spin qubit. This is achieved in three key steps as described in Chapter 1, state
preparation, state manipulation and state readout. State preparation involves establishing
an initial spin condition which is a known state. State manipulation then can arbitrarily
rotate and control the spin to carry out computations using the spin qubit. Finally, a mea-
surement of the state needs to be made in order to extract information. A fourth underlying
key step is also required, long lasting quantum states such that information is not lost during
computation. In this section, we will discuss how this is achieved for both the electron and

nuclear spin system within an InGaAs quantum dot.

2.4.1 State preparation

Initialisation and readout of the both the electron and nuclear spin systems involve the input
of energy to the quantum dot via optical excitation. Any precise spin state measurement will
require some initialisation process first.

First, we can study the state preparation of carrier spins within a quantum dot. Generally
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we are most interested in the electron spin as this is the focus of experiments in this thesis,
but we shall also include brief discussion of hole spins for completeness. Consider the system
discussed in Section 2.3.1. We have two spin states |1) and |]) ( HT) and m) for the electron
(hole) spin. Both carriers experience state degeneracy at B, = 0 T, with the electron coher-
ence time being only ~ 1 ns due to Fermi-contact hyperfine interaction with the Overhauser
field. The addition of a magnetic field breaks the degeneracy, suppresses this decoherence
mechanism and provides two distinct electron spin states. The hole spin also experiences
fast decoherence on a timescale of ~ 14 ns [125] as a result of hyperfine hole-nuclei dipole
interaction, instead of the Fermi-contact hyperfine interaction as discussed in Section 2.3.3
[109, 125].

From these spin systems, we need to be able to quickly initialise the states into some
known initial conditions, for example, the spin-up |1) (|fv>) state. The energy level diagram
demonstrating the initialising of the electron spin state is illustrated in Fig 2.12a. To the
first order, there is no interaction between the two spin states once degeneracy is broken.
The spin will therefore be stable once initialised, and so we can use resonant excitation to
spin pump the state. Two distinct optical transitions occur in the presence of B, due to the
selection rules that arise from Faraday geometry, one for each of the spin states. Application
of a photon with frequency tuned to one of the transitions, for example |1), will result in
resonance fluorescence at a rate of I', where by the two level system will emit photons at the
same frequency as excitation in a scattering process [126].

Presence of a weakly allowed mechanism, v, allows relaxation of the trion state into the
opposing carrier spin state (|})). The ~ transition is forbidden via optical selection rules
but is weakly allowed due to misalignment of static magnetic field to confinement axis or
heavy-hole light-hole mixing [126]. The spin in the opposing state cannot trivially relax
into the original spin state through a spin-flip process €|, and it is now detuned from the

resonant optical excitation as a consequence of the magnetic field [126, 127]. This results

in the spin becoming “shelved” in the opposing spin state. The spin will eventually relax
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Figure 2.12: Optical spin initialisation techniques for both the carrier and nuclear spins. a)
Resonant optical spin pumping allows initialisation of a spin state to the spin down state |J)
by exciting the spin-up to trion transition I' until the weakly allowed recombination v occurs
b) High power circularly polarised excitation of a QD allows spin to be quickly transferred
to the nuclear spin bath (yellow) by hyperfine induced electro-nuclear spin flip-flops (green
arrows) mediated by the Fermi-contact hyperfine interaction H%S.

on the timescale of ¢, = 1/T} due to spin-flip processes such as cotunnelling or phonon
mediated transitions, further discussed in Section 2.4.4 and studied in detail in Chapter 4.
Repeated resonant excitation of the I' optical transition will eventually result in the weakly
allowed transition « occurring, successfully initialising the spin to a known state ||), allowing
computational operations to be performed.

A similar scheme can be used to initialise the hole spin state, but instead of utilising the
weakly allowed ~ transitions it is possible to take advantage of electron-nuclear hyperfine
interaction [103]. Generation of a trion via circularly polarised resonant optical excitation
of a hole |{}) creates a trion of [}, {). The most likely relaxation mechanism will release a
photon at the same energy as the excitation, as seen for the electron initialisation scheme.
However, a weakly allowed interaction between the electron in the trion and the in-plane
field of the nuclear spin bath Bé\g“c can occur. This results in electron precession of ~ 1 ns
and is the reason electron spin state are short-lived at B, = 0. The rotation of the electron

spin results in the recombination of the |{}) with the electron spin instead of the orignal |{}).
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As a result, the hole now occupies the opposing spin state and is shelved here, shielded from
optical excitation due to polarisation of the incoming excitation [103]. The scheme works
at B, = 0 T due to small hole-nuclear hyperfine interaction as discussed in 2.3.3 . Another
scheme has been developed by preferentially tunnelling carrier electrons from the QD while
forcing the hole to remain with a thick blocking barrier, allowing high fidelity (F > 99%)
and fast control (~ 30 ps) [105].

The nuclear spin system is somewhat different to the electron spin system owing to the
presence of many spins as opposed to one. Polarisation of the nuclear spin bath can be
achieved through both resonant and non-resonant excitation. Non-resonant excitation uses
circularly polarised light 0% to pump the electron spin. Electron-nuclear spin flips can then
occur via the hyperfine interaction, polarising a single nuclear spin in the bath [128]. High
power nonresonant excitation results in repeated spin polarisation transfer to the spin bath,
polarising the majority of the nuclear spins in short period of time. This is not completely
efficient however, as the hyperfine interaction can cause spin flips and reduce the overall spin
bath polarisation. Measurements of DNP via non-resonant excitation in III-V quantum dots
have shown consistent results above 50% [128-130] with the highest nuclear polarisation of
~ 80% [131].

Resonant excitation of the exciton states can also successfully induce significant DNP. One
techinque involves resonant excitation of the neutral exciton X° while operating a charge
controlled structure at a bias corresponding to fast electron tunnelling [132]. During the
radiative lifetime of the exciton X° exciton 7, ~ 1 ns, an additional electron tunnels on a
much shorter time scale of 7, ~ 35 ps creating a trion. The trion recombines leaving an
electron within the QD for a short period of time 7oyt ~ 5 ps, in which time the electron
can undergo a spin flip-flop with a nuclei via the Fermi-contact hyperfine interaction. After
a short time 7o, ~ 5 ps the electron leaves the dot, allowing resonant excitation to repeat
the cycle generating a build up of DNP to a maximum of ~ 13% [132].

Another resonant nuclear spin pumping technique is achieved through spin-forbidden



CHAPTER 2. Background 49

transitions [128]. Excitation of weakly allowed transitions v described earlier in this section
can induces a second order process that is allowed through the spin flip of an electron and
a nuclei. The weakly allowed transition is difficult to saturate as a consequence of the
weak coupling, allowing continuous excitation for transfer of spin to the nuclear spin bath.
This techinque can achieve DNP levels of ~ 65% [128] . Both resonant and non-resonant
excitation generate spin bath that are not fully polarised, which although not ideal, still

provides a substantial number of spins available for coherent manipulation.

2.4.2 Spin manipulation

Once the spin states are prepared, it is possible to start attempting to control them. Com-
bined with our previous discussions on spin interaction, we can now discuss the fundamentals
of coherent spin control, to allow arbitrary rotation of spins within the Bloch sphere, provid-
ing a spin qubit basis for use in a quantum computer.

Consider a simple system of a single spin with S = 1/2. When placed in some static
magnetic field By along the z axis, the degenerate spin states split via the Zeeman effect as
mentioned in previous sections. We then have a two-level system with states my = £1/2
where the splitting of the states is quantified by AE = guB,. In large enough B, the spins
will precess around the field at the Larmor frequency wy, [113]. Control over the spin state
can be achieved through the application of an oscillating magnetic field generally referred to
as B;. The field oscillates at a frequency of w,;, and when w,y = wyr, the system responds
resonantly to the field. The technique of applying an alternating magnetic field to spins in
some static field was originally developed to probe atomic nuclei, and is known as nuclear
magnetic resonance (NMR). However, the technique can be extended to control electron spins
through electron spin resonance (ESR) [32]. Both are powerful tools for manipulating spin
systems within quantum dots, as we will discuss below.

The alternating field B, applied perpendicular to the system is described by a simple
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oscillating function,

B, (t) = By cos(wyst) (2.28)

where B, g is the perpendicular field amplitude. The easiest analysis of the effect of B, comes

from breaking it down into two opposite rotating components with amplitude B; [113],

Bpr = B (@ cos(w,st) + g sin(w,st)) (2.29)

By, = By (& cos(wyrt) — ysin(w,st))
One term will rotate in the same direction as precession of the spin, the other will rotate in
the opposite direction and are related to Eqn 2.28 through the expression B, = (Br+ Br)/2.
It is possible to neglect the opposing rotation under the conditions of resonance when the
static field is much stronger than the alternating field By > B;. This allows us to only
consider a single rotating field represented by By = By (& cos(w,st) + ysin(w,st)). It is now
possible to write an equation of motion describing the spin in the presence of both By and

B;. We write this in terms of the classical magnetic moment of the spin p,

W 2By + Bu) (2.30)

where By = Byz and 7 is the gyromagnetic ratio of the spin. Oscillation of B; creates a
time dependence of the field, which can be removed if we consider the spin system within the
rotating frame. The rotating frame coordinate system is defined such that the coordinates
rotate at angular frequency wy of precession around z. This causes B; to become static
when strictly resonant with wy. The static field in the laboratory frame, By, remains static
as the coordinates are rotating about its axis. Converting the equation of motion to a frame
of reference along the axis of B results in the following expression of the equation of motion

in terms of static fields By and B;.

d WL\ 4 .
d_l; =p X y((By — VL)Z + Bix) (2.31)
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This can also be expressed in terms of the effective magnetic field B,y felt by the moment.

dp

— =pu xvB,

dt VDeysy
wr,

B.j; = (B = Z)% + Bz

(2.32)

This equation demonstrates the effect of application of an oscillating field, as we would
expect the moment to precess around By by moving away from the static field 2 and
then return after some time defined by the frequency vB.sr. As we want to resonantly
excite the transition between spin states, it is important to consider what happens under
resonant conditions where w,; = wr. Here, w,y = 7B, resulting in the equation of motion
depending entirely upon the perpendicular field B;. Under these conditions, the nuclear
magnetic moment will precess perpendicular to the applied field in the yz plane, periodically
becoming parallel and antiparallel to the static field [113].

Selective application of B; allows control of the spin state of the system. Applying B
for a length of time ¢ will cause rotation of the spin by angle # = vB;t. This allows arbitrary
control of the spin projection by applying different length pulses. Common pulse lengths are
rotations of 7 and /2, referred to as 90 degree and 180 degree pulses, where tgg = 5 /(7 B1)
and t150 = 7/ (7By).

In the scenario described so far, the spin will precess infinitely under application of Bj.
However, this is not a realistic scenario, as we expect loss of energy to the lattice and interac-
tions with other spins nearby. The longitudinal spin-lattice decay 77, transverse decay due to
spin-spin interaction 75 and transverse decay due to field inhomogeneities 73 determine the
time scales of relaxation parallel and perpendicular to the static field. In the presence of the
static magnetic field By, any macroscopic magnetic moment will eventually become parallel
to the static field. Considering some magnetization M (t) = M, (t)x + M,(t)y + M,(t)2 in

the static field along 2, eventually M (t) = M,(t). To account for this relaxation towards
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the static field, we can write the equation of motion for the M, component.

dM, M, — M,
a T

(2.33)

From this equation we can see that the system will reach equilibrium once M, equals the
magnitude of the equilibrium magnetisation vector M,. If the magnetic moment is aligned

along the 2 axis in equilibrium, we require the M, , components to tend to zero.

M. M.

ddtx :7(M><B)m_?x

M M2 (2.34)
Y~ (M x B), — =~

dt ’7( X )y T2

The equations above (Eqn 2.34) are known as the Bloch equations and were first introduced
by Bloch in 1946 [133]. It is now possible to calculate the expressions for the magnetization
components and observe that we expect exponential decay of magnetisation on two separate
time scales 77 and T,. Consider a system in the rotating frame with no oscillating field.
The effective field in this scenario is therefore B = 0, resulting in simple linear differential
equations. Solving these provides the following solutions to the Bloch equations, which clearly
indicate the loss of magnetization in the x-y plane over time scale T, and complete alignment

to the thermal equilibrium magnetization M, over time scale 77.

M, = M,(0)e ¥/
M, = M,(0)e /" (2.35)

M, = My — (My — M_(0))e /1

The nuclear spins within a quantum dot require slight adjustment to the above model, as the
nuclear spin bath forms a total magnetization as a consequence of the sum of the magnetic
moments of all ¢ nuclei M = ). ;. An additional consideration also needs to be made for

the larger total spin for nuclei within InGaAs/GaAs quantum dots, where all nuclei have
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I > 3/2, which is accounted for by a generalisation of the above model.

Nuclear magnetic resonance within semiconductor quantum dots is a well researched field,
with much success in investigating the relaxation mechanisms within the nuclear spin system,
as well as the effect of the hyperfine interaction on the nuclear spin bath [114, 123, 134-136].

Electron spin resonance (ESR) in optically active quantum dots on the other hand has
only been achieved once using standard oscillating field techniques [32]. A major difference
between the nuclear and carrier spin system is the difference in splitting between spin states.
For a nuclear spin within an InGaAs quantum dot experincing a static magnetic field of 8T,
the NMR resonances are in the range w, s ~ 50 —120 MHz [123]. In contrast, an electron spin
in a self assembled QD, with typical g-factors of -0.7 to -0.35 [89, 137, 138], would require an
oscillating field of frequency w, s ~ 4 to 9 GHz at a field of 1 T, which proves challenging to
generate without significant technical difficulties. High frequency resonators generate high
fluctuating electric field which will interact with the spin states within the QD. Recent work
on keyhole resonators have given some hope to generating the required fields from resonators
off chip [33], but the majority of work on coherent control of electrons in InGaAs QDs so far
has been carried out under Voigt geometry using optical control of the spin [31]. We explore

microwave resonator designs for ESR applications in more detail in Chapter 6.

2.4.3 State readout

Once we have prepared and applied the desired manipulation to the spin states, optical
readout can be achieved for both the carrier and nuclear spin systems. Readout of the carrier
spin system can be achieved using resonant optical pulses to detect the presence (or absence)
of optical emission from a specific spin state, indicating which state the carrier was in the
time of measurement [126]. Nuclear spin readout uses the Overhauser field generated by a
polarised nuclear spin bath. The additional shift in Zeeman splitting can be measured through

photoluminescence, giving a direct measurement of the ensemble polarisation [128, 139].
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Further details on these techniques will be discussed Chapter 3.

2.4.4 Spin relaxation

Long spin lifetimes, T} and coherence times 75 are desirable if quantum dots are to be
used in spin qubit applications. The primary findings of this thesis investigate the various
mechanisms affecting 77 in both the electron and nuclei, in addition to coherence times of the
nuclei 75 n, and as such we will limit discussion here to a brief overview of the mechanisms
affecting these parameters.

We shall quickly reconsider the physical meaning of T} and 7. Consider a spin initialised
into the spin-up state |1), parallel to some static magnetic field (By) along the quantization
axis (+z). The relaxation of the spin magnetization can be described by two parameters.
The first, longitudinal relaxation T}, describes loss of energy from the spin to the surrounding
environment. This manifests as a loss of the magnetization towards the thermal equilibrium
state of magnetization as shown in Fig 2.13. Once the spin system has fully relaxed longi-
tudinally, it has returned to its equilibrium state, and will require re-initialising before more
operations can be carried out. As a result, longitudinal relaxation 7T} is often referred to as
lifetime of the spin.

The second, transverse relaxation 75, describes the loss of magnetization in the z-y plane,
and is essentially a loss of phase information over time. Transversal relaxation can occur
without energy transfer, resulting in 75 being faster than 77 in dipolar rigid solids where
spins are located at a fixed point. Loss of phase can occur by random spin-spin interactions
which over time will result in total loss of magnetization and the information stored within
the phases of the spins. This can also be described as decoherence and as such T5 is often
referred to as coherence time.

Additional loss of transverse magnetization can occur through inhomogeneities in the
magnetic field. Local fluctuations in field cause different spins to precess at marginally dif-

ferent rates, resulting in the spin precession becoming out of phase. This process is known
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Figure 2.13: Relaxation times 77, T, and dephasing time 73 of a spin in the rotating frame.
Graphical projection of a pure two level spin state in the rotating frame as shown in the
figures provides visualisation of the spin state space and is known as a Bloch sphere. a)
Longitudinal relaxation (pink) returns the systems magnetization to the thermal equilibrium
state over time T}, represented by a loss of magnitude of magnetization vector over time M (t)
in Bloch sphere. b) Transversal relaxation (orange) of the magnetization vector occurs on
time scale T due to spin-spin interactions, resulting in irretrievable loss of phase information.
c¢) Pure dephasing (blue) results in a loss of phase information due to inhomogeneities in the
magnetic field which can be visualised as a spreading out of the magnetization vector of the
spin, and as a consequence losing spin state information over time 7. Dephasing can be
refocused through the technique of spin echoes as discussed in Section 2.4.2.

as dephasing and is quantified by the dephasing time 7. Loss of energy to the environ-
ment through longitudinal relaxation will eventually cause a loss in phase information. The

magnitude of the effect of 77 on T is given as such:

1 1 1
T = o + T_Q* (2.36)

Measurement of 77 and 75 for both the electron and nuclear subsystems will provide
a complete understanding of the timescales available for quantum computing algorithms.
The mechanisms affecting the relaxation/coherence terms need to be understood in order
to mitigate or remove their effect, prolonging spin states and allowing more computational
operations to be performed in a single initialisation sequence.

Nuclear spin relaxation T} y can be measured through the observation of loss of dynamic

nuclear polarisation. Extremely long 77 xy > 10000 s observed for uncharged self assembled
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InGaAs dots in the literature [139-141] indicate that nuclear spin diffusion is not a dominant
source of relaxation. This is explained due to nuclear spin diffusion being suppressed by the
quadrupolar freezing [128, 140, 142] of nuclear spin flip flops, as discussed in Section 2.3.2.
The primary contributor to loss of nuclear polarisation in charged InGaAs QDs is the electron-
nuclear spin flip-flops caused by the hyperfine interaction, allowing the electron to act as a
mediator to transfer the spin polarisation to another system such as phonon modes or the
Fermi sea. This has been clearly observed both in the literature and in our work shown
in Chapter 4 as a reduction in 77 x for a singly charged quantum dot when compared to
uncharged/doubly charged quantum dots.

Electron spin lifetime 77 . is affected by two key processes, phonon mediated spin flip
interaction and cotunnelling effects. Spin orbit interaction creates an admixture between
opposing spin states in the electron, allowing transitions to occur via phonon related effects.
This dependance has a strong relationship with magnetic field, T}, oc B~®, which was pre-
dicted [143] and experimentally measured [144]. Cotunnelling is an exchange of electron spin
with the Fermi resevoir and has no field dependence, instead depending on the strength of
coupling between the dot and the Fermi resevoir [145]. A full description of spin relaxation
of quantum dots is considered in Chapter 4.

Coherence time of the electron 75 . is usually approached using the Merkulov-Efros-Rosen
(MER) model [28], considering an electron in the absence of magnetic field. Here we define
three distinct time scales to describe interactions between the electron and the nuclei causing
decoherence of the electron. The first describes electron precession around nuclear field
fluctuations and causes dephasing of ~ 1 ns. The second is the nuclear precession around the
Knight field, limiting coherence to ~ 1 us. Dipole-dipole nuclear flip flops near the electron
can also reduce coherence, placing a limit of ~ 100 us on coherence time [28, 104]. Application
of a magnetic field to split the spin states was predicted and proven experimentally to remove
the first effect by stabilising the electron spin along the static field axis [28, 101]. The effects

of the electron precession around nuclear field fluctuations are suppressed for fields as small
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as B ~ 10 mT. As the majority of experiments in this thesis are carried out with a static
magnetic field B ~ 0.5 - 8 T, only the second and third processes would need to be considered
for investigations into 75.. Longest reported coherence times for the electron are T, ~ 4
us, utilising spin echo techniques to suppress nuclear field fluctuations and prolong electron
coherence time [104, 146]

Nuclear coherence times in InGaAs dots are measured through pulsed NMR techniques
such as Hahn echo. Pure dephasing 77 results in loss of phase over a short time for transverse
magnetization in the z-y plane. It was shown by Hahn in 1950 that the application of resonant
RF pulse of length t,39 would rotate the in-plane magnetisation and cause the magnetization
to refocus [147]. The technique of applying refocusing pulses was named spin-echoes and
provides direct measurement of true 75 through the elimination of the trivial inhomogeneous
broadening caused by dephasing 73. Further discussion of spin echo techniques is carried out
in Chapter 5.

Measurement of T,y for the various isotopes within an uncharged InGaAs dots gives
Ton ~ 0.5 - 10 ms depending on the isotope [112]. Decoherence is attributed to nuclear
dipole-dipole interaction, which can be suppressed through the use of dynamical decoupling
sequences such as Carr-Purcell (CP), Carr-Purcell-Meibloom-Gills (CPMG) or the more re-
cently developed CHASE sequence [114]. Dynamical decoupling techinques allow further
prolonging of nuclear coherence times with up to a factor of 5 improvement [114]. Addition
of an electron to charge the quantum dot was thought to provide a source of fast nuclear
decoherence via the hyperfine interaction, with nuclear coherence times reduced by a factor
of 100 [136]. In fact, we have shown millisecond length nuclear coherence times 75 n, which

is discussed in further detail in Chapter 5.
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Experimental techniques

3.1 Samples

The quantum dot structures studied in this thesis are a series of charge-tuneable InGaAs/GaAs
samples grown using MBE. The SK growth mode allows the formation of InAs quantum dots
as discussed in Section 2.1.1. All samples were grown at the National Epitaxy Facility in
Sheffield by E. Clarke. In order to create charge tunable structures, an n-doped layer is
grown and separated from the single InAs quantum dot layer by a GaAs tunnelling barrier
of thickness tg. The aim of this series of samples was to alter the thickness of the tunnelling
barrier tg in order to investigate the effect of QD coupling to the Fermi reservoir on the
longevity of the spin states within the QD.

A total of four samples were grown with tunnelling barrier thickness’s tg = 37, 42, 47, 52
nm. A full layer diagram of the charge-tuneable structures can be seen in Fig 3.1, which we
shall now describe in detail. The tunnelling barrier separating the dot layer from the doped
layer were grown in a two-step process, first a 15 nm layer of GaAs at 470 °C and then a
(tg — 15) nm layer at 580 °C. Starting with cold growth of the tunnelling barrier limits Si
segregation and diffusion from the doped layer.

In addition to the layer required for charge controlled structures, an asymmetric DBR

29
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cavity was grown. Fewer layers are used above the QD layer to enhance optical emission in
the 4z axis for photoluminescent studies. The DBR is formed of alternating GaAs/AlAs
layers, with 15 repeats below the dot layer and 2 repeats above. The cavity is centred at
~ 950 nm for cryogenic temperatures, enhancing the larger quantum dots emitting at a longer
wavelength. Focusing on longer wavelength dots in the tail of the broad QD PL distribution
allows for spectrally isolated quantum dots to be measured, limiting inter-QD interaction for
experiments. The samples grown were also designed to have a low density of QDs to further
limit inter-QD interaction, achieved through low InAs deposition rates during growth of the

dot layer (Section 2.1.1).

Top contact
DBR x2

InAs Dot Layer
Tunnelling barrier

Si doped n-layer

DBR x15

GaAs Buffer

Figure 3.1: Layer diagram of the charge-tuneable InGaAs quantum dot structure with a DBR
cavity centred at A = 950 nm. Asymmetric DBR enhances optical emission in +z direction.
Bonded gold wiring connects the top and back contact to allow electric field F' to be applied
across the n-doped and QD layers for charge tuning. QD layer is separated from the Si doped
n-layer by a tunnelling barrier of thickness .

Charge control is achieved by fabricating a Schottky diode structure after MBE growth is
completed. Fabrication of the diode structures on the samples used in this thesis was carried
out by I. M. Griffiths. A gold back contact is deposited first, and can be seen in Fig 3.2 as

a gold strip surrounding the dark area with 4 diodes. The sample is then annealed to allow
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Figure 3.2: a) Microscope image of tg = 37 and 52 nm processed samples. Rows of 4 diodes
are cleaved near the edge of diode to allow close proximity of sample to RF coil. b) Closer
zoom image of tg = 52 nm sample. Bond pads have gold wire bonded to the surface allow
application of bias. Below the bond pads is an unmasked region allowing optical access and
to dots within the diode, with gold markers deposited on the unmasked region to use as
positional reference when moving across the sample. An RF coil sits close to the sample
below the view of the image, discussed further in Section 3.2.

gold diffusion down to the n-doped layer to create the back contact. A thin titanium (T1i)
layer of thickness ~ 5 nm is deposited in 4 locations as the base of the Schottky diode top
contacts. Careful calibration of the Ti layer thickness is required as too much Ti severely
limits optical transmission from the QDs, but a layer too thin does not allow for a high
quality electrical contact. Gold bond pads and markers are then deposited on top of the Ti
layer. A 10 x 10 square of markers with labels for each column and row allows more reliable
location and relocation of desirable QDs for experimental study. Samples are cleaved close
to the bottom of a row of diodes in order to maximise proximity to the RF coil. The sample
is then mounted on to a copper block with indium epoxy. Ball bonding is used to bond a
thin gold wire to the bond pad and connect the sample to a printed circuit board (PCB)
(seen in top of Fig 3.2a), which can be connected to any desired circuit for external control
of applied voltage to the diodes.

Photoluminescence spectra of the quantum dots present in both tg = 37 and 52 nm

samples were carried out for optical characterisation, as shown in Fig 3.3. PL was carried
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Figure 3.3: PL spectra at T' = 4.5 K for the tg = 52 and 37 nm samples at an arbitrary
position on each sample. Optical excitation was performed using a A = 850 nm diode laser
with an optical power of Pg,. = 1 uW. A distribution of QDs are visible at 1.4 eV, but bright
dots are found at longer wavelengths as emission is enhanced by DBR cavity.

out at &~ 4.5 K in the bath cryostat described in Section 3.2, using optical excitation from an
850 nm diode laser with an excitation power of Pg.. = 1 uW. Bulk GaAs can be observed
at ~ 870 nm, next to a broad spectrum of QD signals observed at 900 nm. The broad
distribution of dots is optically active but not individually resolvable. The effect of the DBR
cavity can be seen as longer wavelength dots are bright compared to the broad distribution,
which is a direct consequence of the cavity being centred at 950 nm. The long tail of the
QD distribution demonstrates the desired low density of long wavelength quantum dots was

achieved.

3.2 Bath cryostat set-up

All experimental work in this thesis has been carried out at T" = 4.5 K unless specified

otherwise. To achieve stable cryogenic temperatures at all times for the quantum dot samples
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Figure 3.4: Schematic of Attocube bath cryostat set up. The cryostat is filled with liquid
helium to keep samples at temperatures of T" ~ 4.5 K. Optical excitation passes through
a window into the sealed insert and through a lens to focus on the sample. RF pulses are
transmitted and measured by copper coils connected to BNC cables at the top of the cryostat.
12-pin connectors allow control of the piezo stages and readout of the temperature sensor
below the sample. A BNC connector at the top of the insert allows application of bias to the
sample in order to provide charge control of diode samples.

studied, we use an Attocube bath cryostat set-up. Liquid helium is stored within the cryostat
with a long metal insert submerged inside it. The quantum dot samples are stored inside the
insert, which has a small amount of helium exchange gas added after vacuum pumping. A
full schematic of the bath cryostat set-up is shown in Fig 3.4.

At the base of the cryostat there is a superconducting ring magnet surrounding the
insert, allowing generation of static magnetic fields parallel to the insert axis. The magnet
is controlled via a Mercury iPS control unit and allows largely homogeneous static magnetic

fields of up to B = 8 T to be generated.
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Within the metal insert, a cage system holds 3 nanopositioner stages to allow translation
in z-, y- and z-directions, allowing accurate alignment of optical signal. A small window sits
at the top of the insert to allow optical excitation to enter the insert and excite the sample.
The optical excitation is focused by a lens near the sample and collimates any emission from
the sample.

At the top of the insert, there are several BNC connections in addition to two 12-pin
connectors. Two of the BNC connectors are for application and detection of radio-frequency
(RF) pulses. A non-magnetic coaxial cable is routed from the “RF In” port at top of the
insert (Fig 3.4) down to the sample, which allows attachment of a small copper coil used to
generate oscillating magnetic fields for NMR experiments. The RF coil can be positioned
an arbitrary distance from the sample in order to strengthen applied B; fields. Ideally, the
sample needs to reside as close as possible to the coil for maximum B; for a given power
(see Section 3.6.5 for more detail). Minimising proximity of the sample and coil needs to be
balanced with ensuring there is no contact between the coil and sample due to the heating
effects that arise from high power RF. Additionally, we require enough room for movement
of the piezo stages, providing a usable area of the sample to allow search for QDs. On the
opposite side of the RF coil there is a pickup coil that can detect emitted RF signal and
transmits it back up the insert to the “RF Out” BNC connector. This can then be connected
to a spectral analyzer to allow information about the applied fields to be monitored.

The remaining BNC connectors are connected to the diodes of charged-tuneable samples.
Bias can be applied from a generator to allow arbitrary control of sample charge. This is
critical when running measurements investigating charged quantum dots. Cables are con-
nected to the sample by soldering wiring between the insert cabling and the PCB sample
mount (Section 3.1.)

One of the 12-pin connectors links the Attocube ANC150 piezo control unit with the
stages underneath the sample, allowing translation of the sample in the z-y plane. The

movement of the sample in the z-y plane allows different parts of the sample to be excited
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and therefore different quantum dots to be investigated. This is significantly easier than
moving the optical beam. The ANC150 allows control of the step size and frequency of each
piezo stage, providing the ability for broad movement around the sample and fine-tuning of
single quantum dot excitation. An additional piezo stage allows movement of the sample in
the z-plane, adjusting the distance between the sample and the lens focusing on the optical
excitation. Most efficient optical excitation occurs when the beam focuses on the surface of
the sample, which can be easily tuned with the z-direction piezo stage.

The other 12-pin connector links with a resistive temperature sensor underneath the
sample in the cryostat, allowing a CryoCon 1200 cryogenic temperature monitor to provide
readout of sample temperature. Application of high power optical or RF excitation can
cause heating and as a result damage the diode structure or quantum dot and so monitoring
temperature allows all experiments to be tuned to run at safe power levels without damage
to the sample. In addition to the sensor, there is a heater placed underneath the sample
allowing deliberate increase in sample temperature for temperature dependant investigations

(see Chapter 4).

3.3 Optical spectroscopy

Optical excitation of quantum dot samples is the most common form of investigation into
quantum dots. Microphotoluminesence (u-PL) techniques are well reported in the literature
as it provides insight into the states within the QD system, and is relatively simple to imple-
ment. Here we provide a full description of the optical set-up to accompany the schematic in
Fig 3.5, allowing photoluminescence investigations of quantum dot samples within the bath
cryostat.

Optical excitation is sent to the sample via a window in the top of the sample insert
described in the previous section. For the InGaAs quantum dots studied within this thesis,

optical excitation is generated by various lasers ranging from 600 - 950 nm in wavelength.
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An optical breadboard resides on top of the insert with a central aperture allowing optical
beams to be directed towards the sample through the insert window. The lens above the
sample (Fig 3.4) is aspheric to allow focusing and collection of large aperture beams to areas
of ~ 1 um?, providing optical resolution which enables precise excitation of a single quantum
dot. Optical emission from the QD is collimated by the same aspheric lens and transmitted
back out of the insert window.

There are two primary configurations of the optical breadboard used in the work con-
ducted throughout this thesis. The first is configured to allow transmission of pulses of both
the high power pump laser and the below-saturation power probe, which allows us to pump
and readout the state of nuclear spins within the quantum dot. Tuning of the laser pow-
ers allows either the pump or probe laser to be used for standard p-PL or more complex
pump-probe measurements. The second configuration is for resonance fluorescence investi-
gations, where the excitation wavelength matches the signal wavelength, requiring polarisers
and waveplates to create a cross-polarised signal arm to compensate for the large background.

Both configurations are displayed in Fig 3.5.

3.3.1 Photoluminescence configuration

The majority of experiments within this thesis use an optical pump-probe scheme to study
QDs. Optics involved in pump-probe measurements are displayed in Fig 3.5 in red, with
each component labelled for ease of reference. In order to perform pump-probe measurement
schemes, two arms of the set-up exist, the primary arm referred to as the “pump” arm,
and the secondary “probe” arm. Two fibre couplers allow the two separate laser excitation
sources to be input in to one of the two arms.

For pump-probe measurements, a high power pump laser and a low power probe laser
are used. Both lasers are set up separately from the optical breadboard and coupled into
a fibre leading to the pump (1) and probe (2) arm out couplers shown in Fig 3.5. For

the work carried out in this thesis, a 850 nm Thorlabs diode laser (250 mW) was used for
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optical pumping, and a 850 nm Roithner diode laser (30 mW) was used for optical probing,
providing non-resonant excitation for efficient polarisation generation and optical emission.
Laser excitation passes through half-wave plates (HWPs) (3) after the outcouplers to allow
rotation of the laser polarisation for maximum laser power.

The pump arm excitation (1) enters a linear polariser (4) to ensure the excitation is po-
larised. A motorised HWP (5) follows the linear polariser providing control of polarisation
during automated measurements. The beam is then routed through a 90:10 pellicle beam-
splitter (6) and into the 50:50 broadband beamsplitter (BS) (8) situated above the input
window of the sample insert. The 50:50 BS can also be replaced with a dichroic mirror that
reflects wavelength excitation at ~ 800 - 900 nm and transmits longer wavelength QD emis-
sion at ~ 920 - 960 nm instead of splitting the beam in half, avoiding the 50% loss in signal
present with the beamsplitter.

The probe arm (2) is routed into the 90:10 BS (6) to add the probe beam to the main
optical pathway. The asymmetry in the BS allows high pump power to be transmitted while
attenuating the probe beam. This is an acceptable attenuation as the probe pulse is only
required to be low power (Pgx. < 20 W) to acquire PL spectra of the QDs.

Once either beam has entered the 50:50 BS (8), the beams are directed down towards a
quarter waveplate (QWP). Both beams pass through the QWP (9) which linearly polarises
the probe beam and transforms the pump beam from linearly to circularly polarised light.
The QWP is also motorised, allowing changing of circularly polarised basis for pump exci-
tation to allow access to different spin states (see Section 2.1.2). After this, light is directed
down to the sample (10) where it is is focused on to the sample by an aspheric lens and is
either absorbed or reflected.

Returning light from the sample will pass through the 50:50 BS upwards towards a mirror
which then couples the optical signal into a fibre to be sent to a detector (15). A second
pellicle BS (11) on a flipper mount can be added/removed as needed before the fibre to divert

some laser power towards a Thorlabs CCD detector (12). The camera can provide imaging
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Figure 3.5: Schematic of the optical configuration above the cryostat to provide both pump-
probe (red components) and resonance fluorescence (orange components). Pump/Probe sig-
nal enters the central 50:50 beamsplitter and is directed down towards the sample. For the
nuclear Pump-Probe configuration, a combination of a half wave plate (HWP) (5) and a
quarter wave plate (QWP) (6) allow control of pump laser circular polarisation (o%). Res-
onance fluorescence measurements rely on a linear polariser (13) and a variable waveplate
(compensator) (14) to minimise reflected excitation laser through cross-polarisation (see Sec-
tion 3.4). Optical excitation power of pump and probe is monitored using a powermeter (7)
sampling the beam at the pellicle beamsplitter (6).

of the sample surface, aiding focusing of the lasers and identification of key features on the
sample (e.g markers) during QD searches.

Optical excitation is coupled to the breadboard via optical fibre out couplers owing to a
lack of space on the breadboard. Consequently, lasers are set up on a separate optical table
which allows a variety of different laser types to be trivially coupled into the probe and pump
arms and directed towards the set-up on top of the bath cryostat. A variety of static and
tunable neutral density filters can be placed in the laser beam path for investigations into

optical excitation power Pg... Both arms have shutters allowing fast modulation of laser
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pulses with resolution of 1 ms and ensures essentially infinite on/off ratio. Shutters are the
preferable method of optical modulation, as the alternative is switching the laser current on
and off which results in reduced stability of the diodes.

Once signal has been emitted from the sample and coupled into the signal out fibre, the
signal is outcoupled at a separate location where it is routed through a lens to focus the light
onto a double grating spectrometer (U1000 Jobyn Yvon), which is then projected on to a
CCD camera for measurement. The exposure time of the CCD can be arbitrarily set and the
acquisition window triggered automatically. Short constant exposure times can be used for a
live spectrum of the quantum dot sample allowing precise alignment of optical signal through
changing the sample position. Long exposures can be used in conjunction with automated
experiments and a shutter in front of the spectrometer to set one acquisition for several cycles

of pump-probe measurements.

3.3.2 Resonance fluorescence configuration

In addition to high power optical pump-probe measurements, we also carry out resonance
fluorescence (ResF1) studies through low power resonant excitation of QDs. ResF1 measure-
ments require a cross-polarised detection scheme in order to separate the spectrally similar
laser reflection and optical ResF1 signal. Implementation of a cross-polarisation scheme re-
quires modification to the set-up described previously, using the second configuration of optics
shown in yellow in Fig 3.5. The motorised waveplates (5, 9) used in pump-probe schemes
are removed, leaving a half waveplate (3) and linear polariser (4) in the pump arm, to en-
sure excitation is a single polarisation. The excitation laser is a tunable single-mode diode
laser with a spectral range of 920 - 960 nm, as precise matching of laser excitation to dot
transition energy is required. The condition for resonance fluorescence is that the excitation
linewidth should be much less than the optical transition rate (=~ 2 GHz) of the InGaAs QDs,
and therefore we use a laser with narrow optical linewidth (<100 MHz). Linear polarised

resonant light is then sent down the bath cryostat to the sample where it is either absorbed
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and re-emitted or scattered from the surface of the sample.

Both signal and scattered light is sent back up to the beamsplitter, where it is then
passed through a compensator (13) which acts as a tunable waveplate. The compensator
has two degrees of freedom; the compensator retardation and the orientation of the fast axis.
Alteration of the fast axis orientation allows broad suppression for maximum signal to noise
ratio of resonant signal. Signal and scatter then pass through a linear polariser (14), which
allows further tuning of cross-polarisation through rotation of the polariser angle. Finally, the
compensator retardation can be adjusted for fine tuning of laser suppression. Suppression is
strong enough once ResF1 signal is observable against the background of the scattered laser.
Ratio of ResF1 signal to laser background is easily measured by turning the relevant exciton
transmission on and off with sample bias. The suppression of the described configuration
provides an extinction ratio of laser scatter up to 10%.

Signal from resonant excitation can be routed into the spectrometer, as seen for other
experiments. However, signal from resonant excitation is relatively low, and as such we use an
avalanche photo diode (APD) to provide single photon detection in addition to time-resolved
detection. The APD will measure all incoming photons regardless of spectral properties,
giving a measure of the total photons emitted in a certain time window. It is important to
use differential measurements to remove any background from either scattered laser signal or
background light.

The simplest method for a differential measurement would be to turn the laser on and
off. This would provide a measurement of the background signal compared to the measured
signal of the quantum dot. However, this would not account for the detected scattered laser.
Changing the wavelength of the laser from resonant to off-resonant of the QD transition would
remove the QD signal and somewhat account for laser scatter. This also has issues as the
suppression of the scatter signal can be wavelength dependant. The most accurate method
of measuring differential resonant measurements takes advantage of the charge controlled

samples used in this thesis. The resonant laser can be kept at a specific wavelength while
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the quantum dot charge state can be modulated to provide QD On/Off signal, accounting
for all background and scattered laser signal and providing an accurate measurement of the

QD system.

3.4 Resonance fluorescence

Resonant optical excitation measurements allow coherent excitation of the excitonic states
within a quantum dot, and are a key step in controlling carrier charges within the QD.
Subsequent readout of the states can be achieved through the measurement of resonance
fluorescence signal. As introduced previously in Section 2.4.2; the identical energies of ex-
citation and emission adds the challenge of seperating the fluorescence from the reflected
laser. Some success has been found with collecting signal in an orthogonal orientation to the
excitation [148]. However, due to the spatial limitations within the bath cryostat system,
it is considerably easier to implement a cross-polarisation set-up [78]. As discussed in the
previous section, we filter out the reflected excitation with polarisation orthogonal to the

ResF1 signal, leaving only the signal to pass through the detectors.

3.4.1 Resonance fluorescence excitation spectroscopy

In order to characterise the QD transitions under resonant excitation, we need to first find the
transition energy of a desired exciton state. The experiments within this thesis are generally
focused on the single electron regime, and as such we will focus discussion on the negatively
charged trion state in this section.

The basic premise of measuring the resonant frequency fres of the trion involves taking
exposures with an APD at different frequencies of excitation fgy.. By scanning the laser fre-
quency over the frequency of the trion transition estimated from PL, an excitation spectrum

can be measured based on the number of counts measured for each laser excitation frequency

fExc-
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Despite the cross-polarisation set-up used to remove scatted laser excitation, there will
still be a non-negligible quantity of scattered laser detected by the APD, which changes as the
excitation frequency fgy. is altered. This can be accounted for by carrying out a differential
ResF1l measurement. The measurement is made differential through switching the QD trion
transition “On” and “Off” by modulating sample bias between V;. and V.. In the “Oft”
state, we directly measure the laser scatter signal Iog at a given fgy., while the “On” state
measures both ResF1 signal from the QD and laser scatter Ip,. ResFl signal is calculated by
taking the difference between Io, and Iog, removing the scattered laser at the current freg
and giving an direct measurement of ResF1 signal Irespr = (Ion — log)-

The resonant laser frequency is finely tuned via a piezo and allows automated tuning
through a range of approximately 20 GHz. Coarse tuning through a micrometer screw is
possible but does not reliably produce stable laser modes, and as such can not reliably be
tuned through the narrow resonance of the QD (~ 2 GHz). As a consequence, we find a
stable laser mode as close to the QD resonance as possible and then use fine piezo tuning
to run the measurements. Due to the hysteresis present in tuning the piezo controls, the
same voltage will not always correspond to the same laser frequency. To ensure reliable
recording of counts for a given laser frequency fgy., we pass the resonant laser through a
90:10 beamsplitter and couple the low power arm into a wavelength meter. The high power
arm continues to a single-mode fibre connected to the pump arm of the optical breadboard
seen in Fig 3.5. Laser frequency is measured synchronously with the APD acquisition to give
the most accurate spectrum, an example of which is shown in Fig 3.6.

Continuous wave resonance fluorescence measurements are the simplest to run, where
resonant light excites the sample for a fixed exposure time-window, allowing collection of
RF signal. There are no shutters required and acquisition time can be arbitrarily set for
the APD. However, continuous resonant excitation of the quantum dot can induce dynamic
nuclear polarisation build up in the nuclear spin bath through transfer of angular momentum

of light to the nuclei (See Section 3.5). Presence of DNP will alter the transition energy of the
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Figure 3.6: An example of typical resonance fluorescence excitation spectroscopy. A tuneable
laser steps the excitation frequency fgry. across one of the states in an X~ Zeeman doublet,
emitting ResF1 photons at the frequency of the transition fres. A pulsed excitation scheme
is used to prevent DNP build up, as demonstrated in the inset. Short laser pulses limit spin
transfer to the nuclei, and each pulse is followed by a flush of DNP by setting the bias to
a resonant tunnelling bias Vg, where fast electron tunnelling depolarises the nuclear spin
bath. Additional accuracy is achieved by using a differential measurement that measures
emission from the transmission with the dot turned “On” and “Off”. Measurement of the
“Off” signal for a given laser frequency accounts for any variation in laser power or suppression
strength of reflected laser.

trion, changing the required excitation frequency. The dynamics of this effect are described
by a dragging effect [149, 150], and effectively broadens the measured resonance fluorescence
spectrum.

To counteract this effect, we use pulsed resonance fluorescence measurements where the
quantum dot is exposed to laser light for a short period of time at the desired bias, followed by
a period of bias in a region of fast electron tunnelling. Switching the quantum dot to the flush

bias Viysn allows fast transfer of spin from the nuclear spin bath to the Fermi reservoir via
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the tunnelling electron, effectively resetting DNP and therefore the QD resonance frequency.
Combination of short optical pulses (Topt =~ 1 - 10us) and flushing the QD (Tfsh ~ 50 ps)
after each cycle results in reliable excitation of the QD resonance. An example of a resonance

fluorescence spectra is shown in Fig 3.6.

3.4.2 Time-resolved resonance fluorescence

We have previously introduced the use of resonant excitation as a means to prepare and
readout the spin state of an electron residing within a quantum dot (see Section 2.4.1). To
quickly summarise electron spin state preparation, we reintroduce the system of a negatively
charged quantum dot placed in an external magnetic field, where we have two energetically
distinct optical transitions for the spin-up and spin-down states. Resonant excitation of the
spin-down state |]) creates a trion that can either recombine to the spin down state |J),
or relax to the opposing spin up state |1) through a weakly coupled relaxation enabled via
admixture of spin states caused by the spin-orbit interaction. Relaxation results in a shelved
electron spin that on short time scales is stable.

To observe the dynamics of the spin state preparation we can use time-resolved resonance
fluorescence (TRRF). Photon signals are time binned and stored while the system under-
goes many cycles of resonant optical excitation. By monitoring the detected signal during
an optical pulse, we will initially see a strong resonance fluorescence signal as the transition
matching the laser frequency emits photons at the same frequency as resonant excitation.
ResF1 signal will drop as the electron is shelved to the opposing spin state through a weakly
coupled transition, effectively blocking further resonant excitations. Individual decays of
electron spin state will be abrupt, which when averaged over many repeats gives an expo-
nential decay in signal (Fig 3.7) that can be used to estimate the typical time for the spin
to be shelved, referred to as the spin build-up time. Typical values for spin build-up time
are ~ 0.5 - 1 ps. A resonant optical pulse longer than the spin build-up time can act as the

initialisation stage of any measurement involving the electron spin directly, such as electron
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Figure 3.7: Illustration of time-resolved resonance fluorescence measurement scheme. a) The
timing diagram demonstrates how the laser pulses are synchronised with activation of the
single charged dot at Vp, to allow optical access to the trion transitions. In between the
pump and probe pulses the dot is left in the dark for some time under arbitrary charging
conditions Vp.,k to allow the electron spin state to evolve or undergo coherent control. After
each cycle, the dot is flushed at Viy,sn, where fast electron tunnelling occurs removing any
DNP build up. b) Time trace of ResFl signal, acquisition of photo counts at the APD
are time binned to give full dynamics of the QD spin state. Optical signal indicates the
electron resides in the spin state resonant with excitation. Reduction in amplitude represents
the shelving of the electron in the opposing spin state. Polarisation of the electron spin
after the probe pulse can be calculated through the difference in pump and probe signals

(S2)/S0 = (Apump — Aprrove) | ApPump-
spin resonance or measurement of electron lifetimes.

For the time resolved measurements, we run a pump-probe scheme to initialise (pump)
and readout (probe) the electron spin state. After initialising (shelving) the spin into a
known state, the readout pulse provides a direct measurement of the electron spin state after
a certain period of time Tp,. If a peak in the time binned signal is observed, the electron
has returned either through coherent control or has decayed back to the pre-initialisation

state, and thus can be excited by resonant excitation. If there is no optical signal, the
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Figure 3.8: A simplified schematic of the pulsed resonant laser set-up. A tuneable laser
is passed through an electro-optical modulator (EOM) and two acousto-optical modulators
(AOMs) to provide high On/Off ratio for transmittion of photons to the sample. Gating of
the EOM/AOMs is controlled by a signal generator and synchronised with the rest of the
set-up as shown in the timing diagrams for Fig 3.6 and Fig 3.7. A 90:10 beamsplitter provides
enough light for the laser wavelength to be recorded throughout the measurement and allows
monitoring of shifts in wavelength due to ambient temperature or optical misalignment.

electron has remained shelved. An illustration of this can be seen in the TRRF traces seen
in Fig 3.7. By measuring repeats of the pump-probe cycle, we can approximate the average
electron spin projection (S,) at the probe pulse. An unpolarised electron (S,) = 0 signal
is demonstrated in the pump pulse with amplitude Apy,,,. By calculating the difference in
amplitudes of TRRF peaks in the pump and probe, we obtain the average spin projection
(S2)/S0 = (Apump — Aprrobe) /Apump, Where Sy is the initial state of the electron spin. This
enables measurement of the electron spin after any desired manipulation steps have been
performed.

Time binning of ResFI requires many repeats of the sample cycle to collect enough signal.
Resonant optical pulses are generally 1 - 10 us long, allowing the full pulse to be acquired

within a single trace on the oscilloscope. Once spacing between the pump and probe pulse
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becomes large, both pulses cannot be acquired at the same time, and so pump and probe
pulses are acquired in separate trace acquisitions with different trigger times to account for
the temporal offset, illustrated in Fig 3.7.

Control over the bias of the quantum dot is critical to effective repeat measurements of the
electron spin. Pump and probe pulses are set to the same bias corresponding to the centre
of the single-electron charging plateau, resulting in a charged quantum dot and allowing
trion creation. Between the pump and probe pulses, a dark bias can be set to investigate
changes in electron dynamics with different biases Vpay, as demonstrated in Fig 3.7 (also see
Chapter 4). After a pump-probe cycle, a flush bias is applied for ~ 500 - 1000 us, and set to
a bias level corresponding to fast electron tunnelling between the Oe and le state, efficiently
removing DNP as we also do for pulsed resonance fluorescence measurements.

The short optical pulse requirements of the time-resolved measurements require high-
quality modulation of the input laser signal. Mechanical shutters can only modulate light on
a time scale of ~ 1 ms, which is far too long for the required optical pulses of ~ 5 us. We
use a series of acousto-optical modulators (AOMs) and electro-optical modulators (EOMs)
that allow fast modulation of the optical excitation as seen in Fig 3.8. All the modulators
can provide optical pulses down to ~ 500 ns, and are all controlled by a single trigger from
a generator, allowing a short arbitrary length optical pulse to pass through to the sample.
One disadvantage of the modulators is they do not perfectly prevent light transmission, with
each AOM providing an optical power On/Off ratio of ~ 1100, and the EOM providing
~ 180. To completely remove any stray resonant photons being emitted during the dark
parts of the measurement, we combined two AOMs and a single EOM to provide an overall
On/Off Ratio of ~ 2.25 x 10%. As a result, long delays between pump and probe can be used
with minimal parasitic optical excitation during dark time-windows. This becomes critical
when performing experiments with long delays between the probe and pump pulse such as

in Chapter 4.
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3.5 Optimizing dynamic nuclear polarisation

Measurements of the nuclear spin bath are carried out through the study of the change in
Zeeman splitting of an exciton to determine the effective magnetic field generated by the
polarised nuclei. Introduced in Chapter 2, the effective magnetic field causes a shift in the
Zeeman splitting referred to as the Overhauser shift, and is a direct measure of the net
magnetization of the nuclear spins. An example of the effect of the Overhauser shift on a
Zeeman split doublet is shown in Fig 3.9. Circularly polarised light direction o* determines

whether the Overhauser shift increases or decrease the Zeeman splitting A Ezeeman £ AEoHS-
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Figure 3.9: PL spectra of QD Zeeman doublet in the absence (circles) and presence (squares)
of an Overhauser field. The Zeeman doublet is split by a static magnetic field B, giving
a splitting of Ezeeman. Changes in Zeeman splitting due to the Overhauser field is referred
to as Overhauser shift (OHS) AEops. Measurement of Overhauser shift AFong provides
an insight to the overall polarisation of the nuclear spin bath and forms the basis for all
measurements on the nuclear spin states within this thesis. PL Intensity for Eops = 0 is
multiplied by 5 for convenient comparison.

To measure the dynamics of the nuclear spins, it is first important to generate large levels
of nuclear polarisation. High power off-resonant optical excitation transfers momentum from
the photons in the circularly polarised light to electron spins, which in turn is transferred to
the nuclear spin bath via the hyperfine interaction. The polarisation generated during this

excitation is known as dynamic nuclear polarisation (DNP), and represents the number of
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nuclei polarised in the same direction. The highest values of DNP have been measured up
to ~ 80 % [131]. It is critical to maximise generation of DNP possible in order to provide a

larger observable change in Zeeman splitting and allow observation of smaller changes to the

spin bath polarisation.
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Figure 3.10: Pump and Probe Rise time calibration for opposing circular polarisations & of
optical excitation for optimal DNP generation. Calibrations were carried out at a magnetic
field B, as indicated in each figure. a) Measurement of variation in splitting of Zeeman
doublet energies due to changing Overhauser shift A Eogg for pump-probe cycle with varying
pump times T'pymp at Ppymp = 8 mW. A clear increase in Zeeman splitting for increased Tpym,
is observed. c) Same as a) for Tpope, showing a decrease in DNP as nuclei are depolarised for
longer probe pulses and high optical power. b, d) Differential version of a, ¢ showing the sum
of Overhauser shifts El%lq = AEZ s — AEZys further demonstrating the trends observed in
a and c. Symmetry of the 0% datasets allows El% to be used as a metric for efficiency DNP
generation, but could be meaningless in asymmetric data.

We use a well-known pump-probe measurement scheme to measure DNP [128, 139]. A
long high power pump laser polarises the nuclear spin bath, then after some time, a probe
pulse arrives to allow measurement of a PL spectrum. The Zeeman splitting of the quantum

dot can then be analysed to provide a value for DNP for the current measurement.
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Careful calibration of the parameters is required for efficient generation of DNP and mea-
surement of the Zeeman doublet in PL, which is signalled by the largest change in Zeeman
splitting A Ezeeman and strongest optical signal. Firstly, it is important to calibrate the length
of time of both the pump, Tpump, and probe, Tpyope. Signal generators control the length of
time for which the pump and probe shutters are open. A series of measurements on the quan-
tum dot with varying Tpump allows selection of a pump time that provides maximum DNP
while keeping experimental runtime relatively short. An example of pump time calibration
is shown in Fig 3.10a and b, in which we choose Tpym, = 8 s.

Calibrating probe time has the inverse timing requirements to the pump pulse, valuing
short pulses as optical excitation will quickly destroy built up DNP. It is important to balance
the destruction of DNP against receiving enough optical signal for accurate measurements. A
plot showing the results of a Tp,ope calibration is shown in Fig 3.10c. Probe times are usually
Tprobe = D - 40ms. A single spectral acquisition requires several cycles of pump-probe to
give a good amount of signal. Shorter probe pulses requires a higher number of pump-probe
cycles increasing experimental runtime.

In addition to investigating pulse lengths, we also need to optimise optical excitation
power Pg... Probe power requirements are sensitive as high probe power will be above QD
saturation and limit signal. We measure DNP vs Tp, 1. for different powers Ppope in Fig 3.10c,
and it is clear from this figure that more photons per unit time results in higher DNP loss.
However, taking a ratio of measured DNP against the magnitude of the optical signal provides
insight into the most efficient power for high signal and low DNP disruption. We find in the
samples studied that a probe pulse of Tpiope ~ 5 - 30 ms with power near optical saturation
of the QD, Pprope ~ 13 W, gives the highest signal with minimal disruption to DNP.

For charge-tuneable structures we also require calibrations that can be used to optimize
DNP generation in bias dependant measurements. The pump-probe measurement scheme
can be aligned with a cycle of diode bias states to optimize the necessary charging mechanisms

within the QD. By changing the bias during the pump or probe, we can measure the change
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Figure 3.11: Optimisation of pump pulse parameters for optimal DNP generation. Calibra-
tions were carried out at a magnetic field B, as indicated in each figure. a) Change in Zeeman
doublet splitting A Eyeeman due to varying Eons as the sample bias during the pump pulse
Vbump 18 changed, with optimal DNP at Vpym, = —0.6 V b) Optical pump pulse power Ppymp
dependence of Zeeman splitting A Fzeeman, Where a larger shift in splitting demonstrates ef-
ficient DNP generation at high power Ppyn, > 5 mW.

in DNP to determine the most effective biases for each pulse.

Pump pulse biases Vpym are calibrated for maximum DNP, with the results demonstrating
strongest DNP at Vpump above single electron QD charging plateau Vpyy,, > +1.0 V, or far
below, Vpump < 0 V, an example of which can be seen in Fig 3.11a. The change of bias alters
the charging environment allowing faster/slower transfer of spin via optical pulses depending
on the charges available.

Probe pulse bias Vp,ophe calibrations are primarily to ensure the maximum optical signal
of the desired exciton. In most scenarios we use the PL of the charged exciton to monitor
the state of the nuclear spin bath, where the optimal probe bias varies through the range
0.2 < Vprope < 0.8 V.

Finally, we must calibrate the optical powers of the optical excitation. Pump laser power,
Ppymp, is calibrated for maximum DNP generation for which an example calibration is shown
in Fig 3.11b. Similar results were found for all of the samples studied in this thesis. A high

power laser provides strong DNP with no evidence of saturation, and so we use the maximum
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power possible of Ppymp, =~ 8 - 12 mW. Probe pulse power, Ppyobe, is set for maximum optical
signal, which is usually comparable to optical saturation of the QDs resulting in Ppope ~ 1
- 10 uW

A combination of all the above calibration results allows an optimal pump-probe cycle to
be generated, in which maximum DNP is generated and the fastest readout can be achieved.
This provides a platform to reliably prepare the nuclear spin bath, perform studies upon the
bath and then read out the nuclear state, forming the basis of all nuclear spin work in this

thesis.

3.6 Nuclear magnetic resonance

Control over the nuclear spin bath within a quantum dot is possible through the use of nuclear
magnetic resonance. Radio frequency (RF) pulses applied to QDs within a static magnetic
field can induce rotations and allow control of the spin states. A detailed description of the
theory behind NMR was discussed in Section 2.4.2. We can now lay out the experimental

implementation of this technique.

3.6.1 Optically detected NMR

NMR experiments on quantum dot systems can be carried out by using optical signals to
provide a measure of the effect of NMR on the nuclear spins within the system, a technique
which is known as optically detected NMR (ODNMR). In Section 3.5 we briefly covered
the techniques used for pump-probe measurements of the nuclear spin bath via high power
optical pumping and fast optical probing of the system. Modifications to the pump-probe
scheme can be used to study the effects of NMR by introducing NMR pulses between the
pump and probe pulse.

To quickly recap, a high power circularly polarised (0=) optical excitation is applied to the

quantum dot to generate dynamic nuclear polarisation. Angular momentum is transferred
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from the light to the nuclear spins via electro-nuclear hyperfine interaction, creating DNP. The
DNP builds up parallel (anti-parallel) to the static magnetic field for o~ (¢7) polarised light,
increasing (decreasing) the Zeeman splitting by the strength of the Overhauser field Eops
[131, 151]. Optimal generation of DNP is carried out by altering a variety of experimental
parameters discussed in Section 3.5.

The application of radio frequency pulses can now be applied in order to coherently rotate
or depolarise spins within the nuclear bath. The NMR resonant frequency is determined
by the Zeeman splitting of the nuclear spin states, which varies depending on the nuclear
isotope and magnetic field. Within the InGaAs system, inhomogeneous strain results in a
strong broadening of satellite transitions. As a consequence, NMR experiments are usually
only carried out on the central transition —% — %

Once the desired manipulation of nuclear spin states has been applied, the resulting
state of the nuclear spin bath can be optically probed. A short linearly polarised optical
pulse produces PL of the QD, where the splitting of the Zeeman doublet can be measured to
observe the shift in Overhauser field AEpgs. Additional accuracy can be introduced through
the use of a differential measurement, by which two separate spectra are measured with RF
On/RF Off. The difference between the two Zeeman splitting provides a direct measurement
of NMR signal within the quantum dot system and is used in the majority of experiments

within this thesis.

3.6.2 Inverse NMR

The population of the spin states within the nuclei is an important consideration when
measuring NMR. Our previous discussion of optical spin pumping of the nuclear spin bath
described the polarising of the nuclear spins with o® polarised light, aligning nuclei parallel
or anti-parallel to the static magnetic field. As all nuclei within InGaAs QDs have I > 3/2,
there are multiple spin transitions and states to occupy. Pumping of the nuclear spins with

ot (07) excitation shifts the overall spin bath population towards I, = —3/2 (I, = +3/2)
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Figure 3.12: Ilustration of the change in nuclear spin populations for a I = 3/2 spin in an
InGaAs QD subject to an electric field gradient that lifts the degeneracy of dipolar tran-
sitions (see Section 2.3.2) a) Optical spin pumping with circularly polarised light ot (o7)
shifts the nuclei spin population towards the —3/2 (+3/2) spin state, leaving Boltzmann dis-
tribution of populations across the spin basis. Transitions between spin states are shown in
red and blue. b) Saturation NMR applies a band of frequencies, wganq, to full cover a specific
transition, depolarising the spins and therefore equalising the populations of the relevant
states. ¢) Demonstration of complete spin depolarisation through application of wide band
RF frequency excitation, equalising populations across all states. d) Inverse NMR applies
two wide bands of frequencies, wgang, With a gap in between, wgay, in order to fully depolarise
all nuclei except those with frequencies within the gap. This leaves the populations of the
relevant transitions unchanged, while depolarising the rest of the transitions, resulting in a
large reduction in AFons and thus large ODNMR signal.

[131, 151], creating a Boltzmann distribution across all spin states, as shown in Fig 3.12a.
Probing of nuclear resonances can be achieved simply by measuring the ODNMR signal
for a range of different continuous wave (CW) radio frequency excitations frr, providing an
NMR spectrum of one of the isotopes within the QD. Application of a continuous transverse
magnetic field with a band of frequencies of width wg.,q centred at an arbitrary frequency
frr will selectively depolarise nuclei with Larmor frequencies within the frequency range.
Depolarisation of nuclei reduces the magnitude of the Overhauser shift AFEong compared to

the fully polarised spin bath. It is this reduction that quantifies the ODNMR signal. The
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nuclear spin state populations of the transitions excited (e.g CT —1/2 <> +1/2) will equalise
through selective depolarisation as shown in Fig 3.12b. Full depolarisation of the nuclear
spin bath can be achieved through applying CW RF with a bandwidth much greater than
the frequency width of all nuclei spin states, driving all transitions and returning the system
to thermal equilibrium, illustrated in Fig 3.12c.

In order to improve the ODNMR signal amplitude of the measurement, we use a technique
known as Inverse NMR. Two broad RF bands of width, wga.ng, are created with a small gap
in between of width wg,p. Both bands are shifted relative to the central frequency in the gap,
frr, depolarising all nuclei within the quantum dot except those whose Larmor frequencies
lie within the gap. The result is the equalisation of all spin populations for transitions outside
of the gap, while preserving the populations of states in the transition lying within the gap.
Consequently, the difference in populations is larger, resulting in a greater ODNMR signal.
An illustration of the Inverse NMR technique is shown in Fig 3.12d. Selective depolarisa-
tion of all populations except the targeted transition gives a greater signal differential for
more accurate measurements. The effect of broad and low power frequency bands provides
additional utility in InGaAs dots as the strongly broadened satellite transitions require wide
bands of RF to fully depolarise, which with conventional NMR would require RF pulses with
~MHz bandwidths. In order to fully depolarise the broad nuclear frequency spectrum, the
RF bands are set to widths of 12 MHz each. Alteration of the gap width wgaa, can change the
balance of the measurement between the ODNMR signal amplitude and resolution, allowing

detailed measurement of the narrow CT (~ 2 - 100 kHz).

3.6.3 Pulsed NMR

Continuous wave NMR provides useful insight into the resonance frequencies of the quantum
dot, but does not allow coherent rotations of nuclear spins. To achieve coherent control of
nuclear spins, we use short pulse bursts of single-frequency high power RF to induce rotations

around a chosen equatorial axis on the Bloch sphere. Due to the broad STs in InGaAs dots,
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all pulsed NMR experiments are performed on the narrow CT transition for. As discussed
in Section 3.6, the angle of rotation of the spin projection in the Bloch sphere is controlled by
the length of the RF pulses, with 7/2- and 7-pulses corresponding to the times for rotation to
the equatorial plane or opposing spin state respectively. A combination of different pulses can
form complex spin-echo sequences used to dynamically decouple the system from decoherence
effects thus lengthening 75 times [114, 147]. A more detailed discussion of spin-echo schemes
is carried out in Chapter 5.

Pulsed NMR sequences are created using an arbitrary waveform generator, allowing us
to create sequences of RF pulse bursts with given burst lengths and amplitudes. Bursts
are a carrier sine signal of frequency frr which is amplitude modulated by a pulse. Pulse
burst length controls the angle of rotation in the Bloch sphere 6 with respect to the +z axis,
while the phase of the carrier sine signal ¢ controls the projection in the x-y plane. Larger
amplitudes increase the B; RF field and therefore the frequency of rotations, as described in
Section 2.4.2. Higher amplitude pulse bursts can shorten the amount of time the burst needs
to be applied for a given rotation angle 6.

An example pulse burst sequence (Hahn echo) is shown as an oscillogram in Fig 3.13.
Design of pulse burst sequences are limited by a minimum pulse burst length in addition
to a minimum delay between consecutive bursts due to hardware limitations. Slow rise and
fall of waveform amplitude of the bursts generated is required to avoid generating frequency
components that cannot be absorbed by the RF coil, resulting in potentially dangerous
reflection amplitudes that may damage the amplifier. The length of time needed for the slow
rising and falling of amplitude is carefully calibrated through monitoring reflections through
a bidirectional coupler and is set to TRiseran = 0.6 ps. The requirement of a rise and fall
section in the pulse limits the minimum pulse burst length to 27TRisepan = 1.2 ps.

The minimum delay Thvinpelay between consecutive bursts is due to the strong reflections
occurring at the end of the bursts that can constructively interfere with the forward voltages

in the amplifier transistors. This effect becomes very significant for pulses with opposing
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Figure 3.13: Oscilloscope measurement of a sample of the RF signal directed the RF coil in
pulsed NMR measurements, with sample coupling -50 dB. This pulse sequence is known as
Hahn Echo and is formed of a pulse train of 7/2, 7 and 7/2. The phase of the pulse bursts
relative to each other is critical to the proper rotation of nuclear spin states around the Bloch
sphere. We define pulses as X, -X, Y, -Y for pulse bursts with RF carrier phases of ¢ = 0, 7,
7/2, 37/2. Each burst has a rising and falling part of length Tgisepan to prevent sharp high
amplitude reflections to the amplifier.

phase and can result in excessively high voltage on the output of the amplifier, which can
damage the output stage transistors. In order to determine safe operating parameters, we
generated two opposing phase pulses (to maximise constructive interference) and gradually
decreased the delay Tpelay to observe when the amplifier mismatch fail-safe started to trigger.

Consequently we determined the minimum delay between pulses to be Thiinpelay = 0.45 ps.

3.6.4 Adiabatic sweep NMR

An additional step is required for pulsed NMR measurements on InGaAs QDs. Optical
pumping of a I > 3/2 nuclear spin bath creates a Boltzmann distribution of populations

as described in Section 3.6.2. Single-frequency pulsed NMR can be used to excite a specific
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transition, either of the STs or the CT, coherently rotating the spin state projection between
the relevant spin states. Strong broadening of the STs makes coherent control of satellite
transitions difficult as a broad range of frequencies would be required to rotate all nuclei.
This is in contrast to the spectrally narrow CT transition allowing rotation of most spins
in the I, = £1/2 states. As a result, we only apply single-frequency pulsed NMR to the
CT and observe population change between the CT states I, = +1/2 in ODNMR. In order
to improve the measurement signal, we use a technique known as adiabatic sweeps which
are used to shift the population to the two central states, increasing the number of nuclei
undergoing rotations and therefore increasing ODNMR signal [112].

Two single-frequency NMR signals are applied through the broadband cascade at fre-
quencies starting far from the CT, fop & f&¥ .. In order to transfer the population of all
I, > +1/2 states, we require the starting frequency to be larger than the largest nuclear spin
quadrupolar splitting | f§.| > for+ fo(I+3), where fo = wq/2m as defined in Section 2.3.2.
The pulses are swept in frequency towards the CT, stopping just before the CT at for & foy
to prevent population change between I, = +1/2, and is illustrated in Fig 3.14. The rate at
which the frequency is swept across the STs, fa¥., is carefully tuned in order to ensure the
conditions for adiabatic transfer is met. The result is the I, = 41 states transferring popu-
lation to the CT states, increasing the number of potential nuclei to be rotated and creating
a greater shift in the Overhauser field for pulsed NMR experiments. Typical values for the
frequency offsets and rates are starting frequencies of f&¥ . ~ 5 - 10 MHz, end frequencies of

S~ 20 - 100 kHz and rate of frequency change fR¥, ~ 1 - 15 MHz/s. The strength of the
adiabatic NMR magnetic field B; varied up to a maximum of ~ 1 mT to prevent excessive
heat generation. Sweeps are applied as an additional step after optical spin pumping and

before coherent nuclear spin rotation to enhance the signal for pulsed NMR measurements.
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Figure 3.14: ITllustration of adiabatic sweep NMR. a) An idealised NMR spectrum of a spin-
3/2 nuclei in InGaAs, with three distinct transitions. The CT (solid) is a spectrally narrow
transition A for &~ 1 - 10 kHz, in contrast to the broad STs (dashed). InGaAs ST's have broad
spectra on the scale of MHz due to quadrupolar interaction effects as seen in Section 2.3.2.
b) Adiabatic sweeps are carried out as two RF signals are swept from above/below the ST,
for £ f5¥.,, to just before the CT, £f5%,, at a rate of faZ, . c) Populations of I = 3/2
nuclear spin states before and after adiabatic sweeps. The nuclear spin population from
the ST states, I, = +£3/2, is transferred to the CT states I, = 4+1/2, increasing number of
available nuclei that can be rotated during the application of pulsed RF to the CT.

3.6.5 NMR set-up

Generation of a transverse radio frequency magnetic field is achieved through transmitting
an oscillating voltage to a copper coil. Strength of the magnetic field B; some distance x

along the central axis of the coil can be calculated using the following equation,

o 2nImR?

_ o 1
In (22 1 RO (3:1)

By (x)

where 11 is the permittivity of free space, R is the radius of the coil, I is the current through

the coil and n is the number of turns in the coil. From this equation, we can see that for
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the point in the centre of the coil x = 0, the smallest radius of the coil R, will generate the
largest By. In our experimental NMR set-up the centre of the coil is aligned perpendicular
to the sample and positioned to be in close proximity with the sample such that x ~ 0.5 mm
(Fig 3.4), resulting in an optimal radius of R ~ 0.65 mm. The small gap is required between
the sample and the coil in order to limit heating of the sample, in addition to reducing the
risk of collision of the sample and coil during translation of the piezo stages. The RF coil
used in experiments is made of enamelled copper wire with thickness 0.1 mm looped with a
radius of ~ 0.5 mm, with n = 10 turns for increased B;.

RF pulses are created by a signal generator and then passed through an amplifier in order
to achieve the desired strength of the transverse magnetic field B;. We use two primary types
of RF signal, precise single frequency NMR pulse bursts or broadband NMR signals. Pulsed
NMR can be used to coherently rotate the nuclear spins by applying a single frequency pulse
at high power. Probing the broad frequency distribution of nuclear resonances requires a
wide range of frequencies.

Pulsed NMR waveforms are generated by an arbitrary waveform generator as a pulse
burst train of different length sine waves in order to provide precise control of nuclear spin
state. The frequency of the sine waves corresponds to the resonant frequency of the desired
transition, which is typically the CT for the desired isotope within InGaAs quantum dots.
Amplitude of output waveforms can be set at a given value. Waveforms are then sent to
a 1 kW Tomco pulsed class-AB amplifier. Amplifier gain is constant so control over the
power of applied RF pulses is adjusted through the amplitude of the outputted waveform
from the generator. The strongest amplitude RF bursts can create rotating frame magnetic
fields of up to By ~ 10 mT. Applied RF amplitudes Prp are limited by the 1 kW amplifier
compression regime at which amplification of pulses becomes non-linear, Prr =~ 59 dBm,
increasing potentially damaging reflections due to amplification of higher order harmonics.
Efficiency of the RF coil can be defined by the ratio of rotating frame amplitude to the

amplitude of outputted RF from the amplifier, B;//Prr, giving a value of 0.35 x10™ T
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Figure 3.15: Schematic of NMR circuitry used for broadband (pink, solid) and pulsed (green,
wide dashed) NMR measurements. Both circuits have signals created by separate signal
generators. Carrier and envelope signals are passed through an RF mixer to create the
desired signal. High power pulsed RF pulses are monitored by an oscilloscope connected to
the forward and reverse channels of the bidirectional coupler in order to ensure no damage to
the sample or amplifier. The pickup coil can also be used for RF monitoring of both pulsed
and broadband signals. Variable cable lengths are indicated by dashed lines and allow tuning
of the impedance matching of each circuit to ensure efficient RF transmission from the coil.

W12,

High power RF pulses are passed through a bidirectional coupler and then are sent down
a 1.5 4+ [ BNC cable to be converted to By by the RF coil, where [ is the length of a “shunt
stub”. To ensure maximum power is delivered to the RF coil at the desired frequency frp, it is
important to consider the impedance matching of the load (RF coil) to the source (amplifier).
A mismatch of loads is present in the circuit by default due to the 50 2 impedance amplifier
sending signal to the the RF coil, which acts approximately as an inductor with a small series
resistance such that impedence Z is less than 50 2. Effective transmission of frp frequency
pulses can be enabled by the addition of a “shunt stub” cable of length [ to allow alteration of

the impedance of the cascade (see Fig 3.15). The shunt stub acts as a resonant transformer
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by which change in the shunt stub cable length [ achieves impedence matching at a fixed
frequency. A change in the desired frp requires alteration of the shunt stub length [. A
more detailed description of impedance matching and the use of shunt stubs can be found in

Chapter 5 of Microwave Engineering [152].
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Figure 3.16: a) Reflection spectrum of pulsed NMR cascade circuit optimized to transmit ~20
MHz RF. Reflection obtained from the reverse port of the directional coupler while applying
broadband white noise to the pulsed NMR circuit. Adjustment of shunt stub length [ will
alter the central frequency of reflection dip. Dip in reflection indicates successful absorption
of RF energy by the NMR coil, while high reflection sidebands are demonstrating impedance
mismatched frequencies. b) Detected RF signal on the pickup coil generated by broadband
white noise applied to the broadband NMR circuit and transmitted by the RF coil. Peak
at target ~20 MHz indicates efficient generation of RF magnetic field B; for CW NMR
applications.

Scattering parameters (S-parameters) between ports in a distributed network describe the
input-output relationship between each port. Outputted signal from port 1 (amplifier) to port
2 (RF Coil) is partially reflected back to port 1 and quantified by the S;; parameter. The Sy
parameter of the pulsed cascade network can be observed by applying low power broadband
white noise and monitoring the reflection on the reverse channel of the bidirectional coupler,
as shown in Fig 3.16a. Dips in Si; provide an indicator of frequencies absorbed by the RF

coil, and the width of the transmission spectrum gives a measure of the range of frequencies
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that can be applied, which for Fig 3.16a is ~ 0.8 MHz. This information is critical to
ensure most efficient generation of RF signals at frequency frr and to safely protect the 1
kW amplifier. Pulses sent at non-transmissive frequencies will reflect back to the amplifier,
causing a mismatch and potentially damaging the amplifier.

For measurements that require a wide range of frequencies, such as inverse NMR or
adiabatic sweeps, a different set-up is used. Broadband RF signal is transmitted to a Class-
A 30 W broadband amplifier, separate from the 1 kW pulsed amplifier. It is not possible to
create transmission profiles valid for the many required frequencies for the desired frequency
bands fp.nqg. We instead use a separate broadband matching circuit with no stub and simply
change the length of cable between the 30 W amplifier and a switching relay. As a consequence
of inefficient transmission over the wide range of desired frequencies for CW NMR, reflections
are inevitable when applying broadband RF. The 30 W amplifier used for broadband signals
is capable of withstanding full reflection of waveforms over a wide range of frequencies,
removing any concerns with potentially high power RF reflections.

To set up broadband matching over a wide range of frequencies, we use the detection
spectrum of broadband white noise measured by the pickup coil placed on the opposite side
of the RF coil to the sample (shown in Fig 3.15). A variation in the transmission profile
of the RF coil over broadband frequency ranges is observed. Adjustment of the broadband
matching circuit attempts to mitigate this variation in transmission through changing cable
length. It is usually possible to achieve a cascade where conversion of RF power to B
is sufficiently uniform (£5 dB) within the required frequency range of £5 - 10 MHz. An
example of detection of broadband white noise is shown in Fig 3.16b.

Broadband RF signals are created through mixing of a carrier and envelope signal allow-
ing creation of wide band CW RF. The inverse NMR technique introduced in Section 3.6.2
requires wide bandwidth CW RF. A full range of frequencies for the desired £12 MHz fre-
quency band would require sophisticated generators and would provide challenges in main-

taining consistent power across the spectrum. Instead we use a techinque called frequency



CHAPTER 3. Experimental techniques 94

combs, where many discrete frequencie modes of RF are generated with a small mode spac-
ing firs =~ 120 Hz. The frequency combs work approximately as a white noise continuum
of frequencies provided the mode spacing is less than the homogeneous NMR linewidth and
will efficiently depolarise the nuclei based on the strength of B; [153].

We cannot meet the requirements for the two types of RF signals in a single impedance
matched cascade, as it impossible to achieve perfect and broadband impedance matching
[152]. Consequently we create two separate cascades and combine the signal to allow both
broadband and pulsed NMR techniques to be used in a single experiment. In order to combine
both cascade set-ups for use during automated measurements, the cascades are input to a
fast mechanical switching relay. The switching relay multiplexes the two RF signals, the
broadband inverse NMR and the pulsed NMR bursts, into a single load. In the “Off” state
(0 V), the relay allows the signal from the broadband cascade to be transmitted to the sample.
When a voltage of 10 V is applied, the relay will switch to the “On” state, transmitting RF
from the pulsed cascade. Automated measurements synchronise relay switching and pulsed
NMR gating in order to create a short window for any pulsed NMR sequences that are to be

applied to the sample.



Fundamental limits of electron and
nuclear spin qubit lifetimes in an

isolated self-assembled quantum dot

We require any “stationary” qubit to possess long-lasting states to allow the initialisation,
manipulation and readout of the system, as introduced in Chapter 1. In order to improve
the overall quality of the quantum dot spin qubits, and to open up opportunities for us to
attempt electron spin resonance in QDs in the future, we must consider closely how design
and operating conditions of QD structures affect the lifetimes and coherence times of both
the electron and nuclear spins.

In this chapter, we focus on the spin lifetimes 77 within InGaAs/GaAs quantum dots.
Spin lifetimes define the timescale at which longitudinal magnetization is lost, and the spin
system returns to the thermal equilibrium magnetization, as described by the Bloch equa-
tions introduced in Section 2.4.2. Practically, for the electron lifetime 77 , this means that in
the case of a spin initialised to |1), relaxation to the |]) state will occur on a time scale of
T} . Similarly, in a nuclear spin bath optically polarised to achieve a spin polarisation degree

of ~ 60 - 80 %, nuclear spin lifetime 7 x is a measure of how long it takes the average nu-
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clear spin bath polarisation to return to its unpolarised thermal equilibrium. Understanding
the mechanisms limiting 77 is a critical component of selecting qubit candidates. Previous
independent studies of nuclear [140] and electron [144] lifetimes in InGaAs QDs have been
carried out with great success, but no systematic set of measurements for the electron 77 .
and the nuclear 77 x spin systems have been made.

Our first investigation into self-assembled quantum dots set out to fully characterise the
effect of magnetic field, charging bias and tunnelling coupling to the electron Fermi reservoir
on the lifetimes 77 of spins within the quantum dot. We study a series of InGaAs/GaAs QDs
Schottky diode structures with a varying tunnelling barrier thickness, tg = 37, 42, 52 nm,
intending to investigate the effect of tunnel coupling between the QD and the Fermi reser-
voir on spin lifetimes. Here, we used time-resolved resonance fluorescence and pump-probe
measurements to measure electron and nuclear lifetimes respectively. Fidelity of electron
spin initialisation is studied for varying tp, with a thicker barrier causing a reduction due to
Auger recombination effects. Bias dependant measurement of lifetimes reveals the expected
single charging plateau arising due to the Coulomb blockade, while magnetic field dependant
measurements allowed us to create a model for prediction of electron and nuclear T;. The
models ultimately lead to an estimate on the fundamental limits of spin lifetimes within the

quantum dot system, which applies universally to all self-assembled QDs.

The results in this chapter are presented in the form of a paper for which I am first author

and was published on 24th February 2021:

G. Gillard, I. M. Griffiths, G. Ragunathan, A. Ulhaq, C. McEwan, E. A. Chekhovich.
“Fundamental limits of electron and nuclear spin qubit lifetimes in an isolated self-assembled

quantum dot”. npj Quantum Information, 7, 43 (2021), doi:10.1038/s41534-021-00378-2.
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Fundamental limits of electron and nuclear spin qubit lifetimes
in an isolated self-assembled quantum dot
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Combining external control with long spin lifetime and coherence is a key challenge for solid state spin qubits. Tunnel coupling
with electron Fermi reservoir provides robust charge state control in semiconductor quantum dots, but results in undesired
relaxation of electron and nuclear spins through mechanisms that lack complete understanding. Here, we unravel the contributions
of tunnelling-assisted and phonon-assisted spin relaxation mechanisms by systematically adjusting the tunnelling coupling in a
wide range, including the limit of an isolated quantum dot. These experiments reveal fundamental limits and trade-offs of quantum
dot spin dynamics: while reduced tunnelling can be used to achieve electron spin qubit lifetimes exceeding 1, the optical spin
initialisation fidelity is reduced below 80%, limited by Auger recombination. Comprehensive understanding of electron-nuclear spin
relaxation attained here provides a roadmap for design of the optimal operating conditions in quantum dot spin qubits.

npj Quantum Information (2021)7:43; https://doi.org/10.1038/s41534-021-00378-2

INTRODUCTION

Semiconductor quantum dots (QDs) offer excellent quantum
optical properties and well-defined quantum states of individual
spins—an attractive combination for quantum information
processing devices'. Recent proof-of-concept demonstrations
with QDs include heralded entanglement of two remote spins?,
generation of photonic cluster states®, spin-controlled photon
switching® as well as implementation of electron-nuclear
quantum spin interfaces® and nuclear spin quantum computing®.
The stability of the spin states, measured by their lifetimes, is
crucial in all these applications.

Quantum dot is described by a central spin of a single charge
(electron or hole) coupled to N=10°-~10° nuclear spins via
hyperfine interaction’. The lack of translational motion combined
with the mismatch in electron and nuclear spin energies
suppresses relaxation®, providing long spin lifetimes required for
spin qubits. However, thorough understanding of spin relaxation
is complicated by the multitude and complexity of the residual
environment couplings, which include electron-phonon interac-
tions® 2, quadrupolar coupling of nuclear spins to strain'?,
nuclear spin diffusion, and electron cotunneling'*'” arising from
proximity of the Fermi reservoir. Moreover, impurity charge
traps'®'” adjacent to QDs degrade spin qubit lifetimes. Thus, it
remains an open question to establish the maximum (intrinsic)
spin lifetimes that can be achieved at any given magnetic field
and temperature, as opposed to spin relaxation arising from QD
device design and imperfections.

Phonon-assisted electron spin relaxation enabled by spin—orbit
interaction is a dominant mechanism®'%'® at high magnetic field
B,> 2T, but the limit to electron spin lifetime T;. at low fields
remains unexplored. In case of nuclear spins, cotunneling-
mediated relaxation was identified as dominant mechanism'>,
while direct verification is lacking, since bias control of cotunnel-
ing is restricted to a narrow range compatible with single-electron
QD state.

Here we study a series of structures where electron cotunneling
is controlled directly by the thickness tg of the tunnel barrier
separating the dot from the Fermi reservoir. We find that at B, >
2T and temperatures 6>4.2 K nuclear spin relaxation is domi-
nated by a higher-order process assisted by phonons'®*° and
noncollinear hyperfine interaction'?, rather than by cotunneling,
which is dominant only at low fields B,<2T. Electron spin
lifetimes exceeding T;.>1s are found at B,=04T, with a
fundamental maximum T,;.=20s estimated for an isolated dot
at 6 =4.2K, bounded by phonon relaxation and direct hyperfine
interaction at high and low magnetic fields, respectively. While
coupling to Fermi reservoir degrades T, it is shown to play a
crucial role in counteracting Auger recombination®' and enabling
electron spin initialisation with near-unity fidelity®2.

RESULTS
Quantum dot structures and experimental techniques

Figure 1a sketches conduction band energy profile which is
controlled with external bias Vs to tune an InAs QD into Coulomb
blockade regime, where it is charged deterministically?® with a
single electron (1e). The trion state with two electrons and one
hole can be accessed through resonant optical excitation, and
observed in resonance fluorescence (ResFl). Magnetic field B,
along the sample growth axis splits the electron spin-up |T) and
spin-down ||) energies (Fig. 1b), enabling selective excitation of
the optically allowed transition between |1) electron and the trion
[T1ft) with a spin-up hole |{}). Weak recombination enabled by
hyperfine and heavy-light hole mixing B< 1 can ‘shelve’ the
dot' into ||) state, quenching ResFl intensity /pesp until electron
returns to |T) through a spin flip with rate &;,. Such shelving
provides an efficient way both for initialisation and readout of the
electron spin'*?2, Furthermore, hyperfine interaction Hys o< (18) of
electron spin s with nuclear spins | enables electron-nuclear
flip—flops, so that repeated electron spin initialisation creates a net
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Fig. 1

Electron and nuclear spins in a quantum dot. a Schematic of an InAs quantum dot embedded in a n-i-Schottky diode structure.

Electron spin is coupled to nuclei via hyperfine interaction (Hr¢) and to phonons (ﬂe,ph). Tunnel barrier thickness tg controls the cotunneling

interaction (Hcown). Quantum dot charge state is controlled with bias Vs, which tunes the energies of one-electron (1e) and two-electron (2e)
states with respect to Fermi energy Eg. b Energy levels of an empty dot |0), electron with spin up (|T), s,= +1/2) or down (||}, s,=—1/2),and a
trion |T]1) with hole moment j, = +3/2, which has a small admixture 8 < 1 of a trion |1 |{}) with opposite hole moment j, = —3/2. Arrow labels
show the rates of radiative recombination yg, Auger recombination y,, recharging r, and electron spin flip &;,. Electron spin splitting is due to
Zeeman effect (UggeB,, Where g, is electron g-factor and ug is Bohr magneton) and nuclear hyperfine shift E,.s < AnPn. € Timing diagram of a
pump-delay-probe experiment where optical excitation is used to initialise and probe the spins of either the electron or nuclei. d Time-
resolved resonance fluorescence (ResFl) in a pump-probe experiment. Resonance fluorescence pulses of intensities /gesri,pump aNd Iresi,probe
indicate electron spin pumping and are used to calculate the residual (i.e. relative to initial) electron spin polarisation Pe = (/resri,pump — lResFI,
probe)/Iresri,pump after time Tp,n. e Electron spin decay measured in Coulomb blockade regime as P.(Tpar) in diode sample structures with
different tg (symbols). Lines show exponential (solid) or rate-equation (dashed) fitting. f Nuclear spin decay obtained by measuring hyperfine
shift E¢ as a function of dark time Tp, in @ pump-delay-probe experiment. Lines show fitting with stretched exponential function.

nuclear spin polarisation Py, which can be monitored through
optically measured hyperfine shifts E¢ in the splitting of the |T)
and ||) states”".

Electron and nuclear spin dynamics are measured using a
pump-delay-probe protocol (Fig. 1c). The decay of optically
pumped electron [nuclear] spin polarisation over dark period
Toark is probed by measuring Igesp [Engl. Figure 1d shows an
example of time-resolved ResFl, which is used to derive the
residual electron spin polarisation P, after a delay Tpa« (see the
“Methods” section). Measurements of P, at different Tp, reveal
electron spin relaxation (symbols in Fig. 1e), while examples of
nuclear spin relaxation Eq¢«(Tpar) are shown in Fig. 1f. Fitting (lines
in Fig. 1e, f) is used to derive the intrinsic spin-relaxation rates of
electron e =1/T; o =2&;, and nuclei Ny = 1/Tq .

Effect of Auger recombination on spin initialisation

We make a systematic comparison of spin dynamics in a thin-
barrier sample (t =37 nm, Fig. 2a—c), similar to structures used
previously'®'*'®, and a thick-barrier structure (tg=52nm, Fig.
2d-f), approximating a QD isolated from the Fermi reservoir.
Examining the bias dependence of continuous excitation reso-
nance flourescence intensity lrese in a thin-barrier sample, we
observe a 1e plateau at B,= 0T (triangles in Fig. 2a), while at high
B, (circles and squares in Fig. 2a) ResFl is strongly suppressed,
indicating spin ‘shelving’®'*. A striking difference is observed in a
thick-barrier sample (Fig. 2d), where fluorescence intensity and
spin ‘shelving’ contrast are reduced (Fig. 2a), which may at first
suggest the lack of electron spin initialisation. However, this is

npj Quantum Information (2021) 43

ruled out by time-resolved ResFl (e.g. Fig. 1d), which reveals spin-
pumping fluorescence pulses of similar intensity for all tzg. We
ascribe the reduction in Igrese; @and the peculiar two-stage electron
spin decay in a thick-barrier sample (squares in Fig. 1e) to the
Auger process?'?*, where electron-hole recombination ejects the
second electron with a rate y, (Fig. 1b). Following the ejection, an
empty QD does not contribute to ResFl, hence P.=1 observed
initially. During Tpa an unpolarised electron can return from the
Fermi reservoir with recharging rate r, giving rise to the fast
component of the Pe(Tpak) decay (squares in Fig. 1e at Tpak <
100 ps), whereas the slow component corresponds to resident
electron spin relaxation with rate [%.

Using rate equation modelling (see details in the “Methods”
section) of the four-level system shown in Fig. 1b, we find good
description of the experiments (dashed line Fig. 1e) and derive r=
126x10°s™ ", [e = T; 1 ~ 3357 ". Importantly, the level P, = 0.77
reached after dot recharging (Tpau=100pus) gives a direct
measure of the electron spin initialisation fidelity in a thick-
barrier sample, revealing the fundamental limitations arising in an
isolated (tz — =) QD. In a thin-barrier sample, Auger recombina-
tion is counteracted by fast recharging: the resulting spin
initialisation fidelity is higher, but can never reach unity. The
maximum spin initialisation fidelity is an algebraic function of QD
properties such as relaxation rates and heavy-light hole mixing.
(The exact expression can be found in Supplementary Note 2.
Analysis shows that fidelity is improved for faster recharging r,
larger trion mixing B and slower spin flip &;,. Conversely, in the
limit of infinitely slow recharging r — 0 spin initialisation becomes

Published in partnership with The University of New South Wales
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Fig.2 Bias dependence of electron and nuclear spin dynamics. a

Sample bias, Vg (V)

Bias dependence of resonance fluorescence (ResFl) intensity /resri in @ QD

sample with tg =37 nm. At B,=0T (triangles) a clear Coulomb blockade (1e plateau) is observed, with Igesr decreasing when the dot is
emptied (Oe, Vs $0.1V) or filled with a second electron (2e, Vs > 0.33 V). At non-zero B, = 1T (circles) and B, = 8 T (squares) the centre of the 1e
plateau is suppressed due to spin ‘shelving, leaving two peaks arising from resonant tunnel coupling to the Fermi reservoir. b Bias
dependence of the electron spin relaxation rate measured at B,= 1T (circles) and B, = 8T (squares). ¢ Bias dependence of the nuclear spin
relaxation rate measured for the same QD as in a and b. Note the offset in the horizontal axis, which is likely due to additional electric fields
arising from the optically generated trapped charges near the QD. Vertical dashed lines separate different charge states Oe, 1e, 2e. d—f Same as
a-c but for a QD from a thick-barrier sample (tg =52 nm). All error bars are 95% confidence intervals.

impossible (P, — 0), imposing a practical lower limit on the tunnel
coupling with the Fermi reservoir.

Fundamental limits of electron spin lifetimes

Figure 2 shows that electron (Fig. 2b, e) and nuclear (Fig. 2c, f) spin
relaxation rates are reduced at the centre of the 1e plateau'>?.
This Coulomb blockade regime is of most interest, as it
corresponds to a stable electron spin qubit, and is examined in
more detail in Fig. 3. The dependence of I, on magnetic field is
well described (solid lines in Fig. 3a) by

k
/—e = re,cotun + reApthph (M

where for the field-dependent mechanism assisted by spin—orbit
interaction and phonons we find [epn = 2.27£0.485 T T—ken
and kpp=4.1+0.13 in both samples The exponent is in good
agreement with kyp, =4 predicted®® and observed experimentally®
for this mechanism in high-temperature regime ugge.B, < kgb,
where phonon thermal occupation factor gives rise to an
additional ocB; ' factor in I.. This condition is well satisfied for
our experlments at B,<8T, 6=4.5K and typical g-factor values
|gel = 0.4. By contrast, in previous studies at B,< 12T, 6=1K the
onset of low-temperature regime was observed®, where phonon
thermal occupation factor is =1, resulting in konh =5

Cotunneling involves virtual injection of a second electron into
the dot, followed by return of a spin-flipped electron to the Fermi
reservoir'*?’. The fitted cotunneling-induced relaxation rate in a
thin-barrier (tz = 37 nm) sample e corun =532+ 655~ = (0.0019 +
0.00025s)"" is larger than lcorun=(1.65+0.215)"" found for a

Published in partnership with The University of New South Wales

thicker tg = 52 nm. Since e corun is field independent, the increase
in [, at very low B,<0.2T (squares in Fig. 3a) is likely due to
energy-conserving electron-nuclear flip—flops, which become
allowed when electron Zeeman energy is comparable to nuclear
quadrupolar energy. By extrapolating the phonon (dotted line)
and hyperfine (dash-dotted line) mechanisms we roughly estimate
the fundamental minimum of the electron spin relaxation rate in
an isolated (tg — o) QD as ¢ min = (20 5)71, expected to occur at
B,=0.4T for 6=4.5 K. Similarly slow electron spin relaxation rates
were reported in strain-free Ill-V QDs?®, although at lower
temperatures 6 < 0.1 K.

Figure 3b shows I, measured in cotunneling-dominated low-
field regime in samples with different barriers. A considerable
variation between individual dots for the thin barrier tz =37 nm
can be due to random atomic-scale positioning of the individual
Si dopants®® and Si segregation®* at the interface between
tunnel barrier and Fermi reservoir. By contrast, in a thick-barrier
sample (tg =52 nm) the dot is coupled to a large number of
dopants, smoothing out atomic-scale variations and leading to
consistent [e.

In low-field regime the barrier thickness tz controls both the
electron spin relaxation rate I, and recharging rate r, but we find
that r exceeds I, by approximately five orders of magnitude, as
exemplified in Fig. 1e. The recharging of an empty QD is a first-
order tunnelling process, whereas cotunneling in a charged QD is
a second-order process®'??, which qualititatively explains the
difference in rates. Moreover, the charge state of the dot itself may
affect the conduction band energy profile, altering the tunnel

npj Quantum Information (2021) 43
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Fig. 3 Electron and nuclear spin dynamics in Coulomb blockade regime. a Magnetic field dependence of the electron (e, open symbols)
and nuclear (I, solid symbols) spin relaxation rates measured in a thin-barrier (triangles, tz = 37 nm) and thick-barrier (squares, tg =52 nm)
samples at base temperature 6~ 4.5 K. Tabulated experimental data can be found in Supplementary Note 3. Spin pumping time in nuclear
spin relaxation experiments is Tpump = 8 5. Modelling is shown by the solid (electron) and dashed (nuclei) thin (tg =37 nm) and thick (ts =
52 nm) lines. Dotted and dash-dotted lines show power-law extrapolations of the low-field and high-field regimes to estimate the minimum
electron spin relaxation rate ¢ min = (20 5)71. b I for several QDs in samples with tg = 37, 42 and 52 nm measured in low-field regime B,< 1T,
where spin relaxation is dominated by cotunneling. Small horizontal offsets are added to prevent points from overlapping. ¢ [y measured as a
function of the pump time in a thick-barrier sample at B,=0.63 T (diamonds) and B, =8 T (squares). d Iy measured as a function of sample
temperature in a thick-barrier sample at B,=8T (symbols). Line shows linear dependence. All error bars are 95% confidence intervals.
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Fig. 4 Ratio of nuclear and electron spin relaxation rates. /[ as
a function of magnetic field B, is plotted by taking linear
interpolations of the logarithms of experimentally measured nuclear
and electron spin relaxation rates. The results are shown for
individual quantum dots in three samples with different tunnel
barriers tg =37, 42 and 52 nm.

coupling. An accurate first-principle quantitative description of the
rates would require development of a detailed theoretical model.

Nuclear spin relaxation mechanisms

The marked difference in nuclear spin relaxation rate Iy (solid
symbols in Fig. 3a) of the two samples at low magnetic fields
suggest cotunneling as the dominant channel, whereas at B, > 2T
cotunneling is negligible. This is in contrast to previous studies
under similar conditions (tg =35 nm, B,=5T), which identified
cotunneling and nuclear spin diffusion’® as dominant mechan-
isms. We examine diffusion by varying the spin pumping time
(squares in Fig. 3c): Taking the difference in Ny at short and long
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pumping, the diffusion rate is estimated to be as small as 'y giff S
10~*s™ " (at B, = 8 T). Slow diffusion is due to quadrupolar freezing
of nuclear spin flip-flops'>"”. Moreover, optical pumping through
wetting layer states used in this work (as opposed to resonant
optical pumping in ref. '), is likely to polarise nuclear spins not
only in the dot but also in its vicinity, further suppressing the
diffusion. Thus cotunneling and spin diffusion alone do not
account for all the relevant nuclear spin relaxation mechanisms.
To explain the entire y(B,) dependence, we treat the average
spin of the QD electron as a random process. Uniquely for self-
assembled QDs, noncollinear hyperfine interaction permits
nuclear spin relaxation without electron spin flip'>*—this mechan-
ism is expected to be more efficient than direct electron-nuclear
spin flips'>. The transition rate Iy ; between states |i) and |j) of a
single nuclear spin is proportional to spectral power density®* of
the fluctuating electron spin s,(t) at the nuclear spin transition
frequency vj. Using first-order perturbation theory'® we have

ro_ () 2IMy e
N.g Nh 1+4n21§v,2j

where Ay is the hyperfine constant, M; = (ill,]j) is the matrix
element of the nuclear spin operator /,, and electron spin
correlation time is approximated by 7. = 1/I. This model describes
a higher-order nuclear spin relaxation process, mediating by
electron spin relaxation, which in turn is dominated by phonons at
high fields or cotunneling at low fields. In the high field limit
My|* o B,?, Te o< B} and v B2 (see the “Methods” section)
leading to Iy o const, which agrees with the weak field
dependence of y observed for both samples at B,> 4T (solid
symbols in Fig. 3a). Moreover, temperature dependence at high
field (Fig. 3d) is close to linear My« 6 at 8 < 15K, matching the
I. « 8 dependence®® of the underlying phonon-mediated electron
spin relaxation process. Superlinear growth of My at 6> 15K is
likely due to two-phonon processes®®>°, with scaling predicted to
range between x6? and x6°.

For quantitative description (see the “Methods” section) we use
experimentally measured . and estimate v; and M; from

)
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magnetic resonance spectra®®*’. The results (dashed lines in Fig.
3a) are in good agreement for the thin barrier (tz = 37 nm), where
electron correlation time is short. The discrepancy for the thick-
barrier sample (tg=52nm) is most prominent at B,<25T,
revealing the limitations of the electron-spin fluctuation model
(Eg. (2)) in the previously unexplored regime of a nearly isolated
long-lived electron spin. To examine the cause, we note that
T2v2 > 1 except for possible quadrupolar anti-crossings of the

e’ - .
nuclear spin levels®”3®, so that Eq. (2) can be rewritten as

2
AvelM::
I—N.ijTe = 7”‘ U| (3)
’ \/Enth,-j

The right side of this equation is a function of magnetic field and
quantum dot structural properties, such as chemical composition
and strain inhomogeneity, but it does not depend on tunnel
coupling to Fermi reservoir. If 7.= 1/, the equation predicts
independence of v/l on tunnel barrier. This is seen to be the
case in Fig. 4 for samples with tz =37 and 42 nm, whereas the
thick barrier sample (tg =52 nm) shows excessive Iy/le.

The exact reason for the increased y/le in the thick barrier
sample is not clear. One likely possibility is additional nuclear spin
relaxation mechanisms where hyperfine interaction fluctuates
without electron spin flips, resulting in 7.<1/l.. For example,
modulation of the hyperfine interaction can occur through
electron wavefunction density shifts, arising from fluctuating
electric fields of the itinerant carriers in the Fermi reservoir®>>°, or
charge traps'®. Charge noise in the studied structures is indeed
present and evidenced, e.g. by fluctuating electron spin relaxation
rates at the edges of le plateau (circles in Fig. 3e). Future
experiments using, e.g. bias modulation spectroscopy may
elucidate the roles of different nuclear spin relaxation mechanisms
and lead to more accurate theoretical models. Further improve-
ments to nuclear spin relaxation description can be sought
through a microscopic model that takes into account quadrupolar
anti-crossings of the individual nuclear spin levels*”8, which may
accelerate relaxation and reenable frozen spin diffusion. A
contribution of direct nuclear-phonon interaction®**° is also
possible, as its rate My=10"*—10"> s~' is comparable to the
lowest Iy observed here in electron-charged QDs.

DISCUSSION

Experiments presented here establish a comprehensive picture of
electron-nuclear spin relaxation in self-assembled QDs in a wide
range of practically accessible conditions. Present experiments
require B, > 0.15 T to initialise the spins?? and resolve the Zeeman-
split optical transitions for spin probing. Extension to lower fields
could shed light on the less explored regime where electron spin
relaxation abruptly slows down from I, =10°s™" at zero field®*’
tol.=1s ' observed here at 0.15 T. For the practically interesting
range B, > 0.15T, electron spin relaxation is fundamentally limited
by phonon coupling, which is similar in other types of QDs. Hence,
electron spin lifetimes exceeding 1 s should be achievable in GaAs
electrostatic®® and epitaxial*? QDs, as well as in 1I-VI QDs****, By
contrast, nuclear spin relaxation studied here is specific to self-
assembled llI-V QDs, and is governed by noncollinear hyperfine
interaction. All experiments here were conducted in Faraday
geometry, whereas noncollinear interaction is expected to be
even stronger for magnetic field tilted away from the sample
growth axis®’, which may lead to faster nuclear spin relaxation in
Voigt geometry. The techniques employed here, can also be
applied to establish the less explored fundamental limits of
nuclear spin dynamics in electron-charged strain-free QDs?®2,
where noncollinear interaction will be small, but nuclear spin
diffusion might be more prominent.
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METHODS
Samples and experimental techniques

The samples are low-density InAs self-assembled QDs (<1 QD per pum?)
grown on a GaAs substrate. The dot layer is positioned at the centre of a A/
2 optical cavity formed by a bottom Bragg mirror consisting of 15 GaAs/
AlAs pairs and a top reflector with 2 pairs (estimated quality factor Q = 60).
Cavity mode is centred at 950 nm, which matches the long-wavelength tail
of the QD wavelength distribution. The Fermi reservoir is formed by a
doped GaAs layer (Si concentration of 1.1 x 10" cm™3, thickness = 80 nm).
The doped layer is located beneath QDs and is separated by a GaAs layer
of thickness tg =37-52 nm, depending on the structure. Each sample is
processed into a Schottky diode structure with an Au/(In-Ge) ohmic back
contact® annealed from the top surface, and a 5 nm-thick semitransparent
Ti Schottky top contact. External bias is applied to the top contract and
controls the charge states of QDs. In order to form an electron spin qubit,
the dot is charged deterministically with one electron (1e). This is achieved
by tuning the energy of the 1e state to =10 meV below the Fermi energy E¢
(Fig. 1a), while the two-electron (2e) state remains depopulated, since its
energy exceeds Er by =10 meV, which is 220 times the thermal energy kg
at liquid helium temperature 6 =4.2 K (Boltzmann constant kg = 86.17 peV
K™"). The dot is then charged by an electron tunnelling from the Fermi
reservoir.

The sample is mounted in a bath cryostat equipped with a super-
conducting coil producing magnetic field up to 8T in Faraday geometry
(field parallel to sample growth direction and optical axis z). An aspheric
lens mounted near the sample is used for optical excitation of the QD and
for light collection. Photoluminescence (PL) spectroscopy (see Supple-
mentary Fig. 1) is used for initial QD characterisation. In nuclear spin
dynamics experiments the dot is excited using diode lasers operating at
850 nm (resonant with InGaAs wetting layer). Nuclear spin polarisation
(cooling) is achieved with a circularly polarised high power (=100 times the
power of ground state exciton saturation) laser, with typical pump pulse
duration of Tpymp=8s. A short (Tpope = 10 Ms) low power (approximately
corresponding to ground state exciton saturation) probe pulse is used to
excite PL, which is then analysed on a double grating spectrometer to
derive the hyperfine shifts Ey in the splitting of a QD Zeeman doublet. The
relaxation of the nuclear spin polarisation is derived by measuring Ey¢ in
the probe as a function of delay Tp, between the pump and the probe.
The resulting En(Tpark) dependencies (e.g. Fig. 1f) are fitted with stretched
or compressed exponentials oce~(Tosx/Tin)" where n is the parameter
describing stretching (n < 1) or compression (n > 1).

In ResFl experiments the dot is excited with a linearly polarised single-
mode tunable diode laser. The scattered laser is rejected using cross-
polarised detection®®, and the collected fluorescence is directed to an
avalanche photodiode detector, whose photon-counting pulses are
measured with a pulse counter and a digital oscilloscope. Typical
linewidths measured in continuous excitation ResFl spectra on a negatively
charged trion are =0.5GHz at low power (non-saturating excitation).
Electron spin initialisation at finite magnetic field is witnessed through
ResFl intensity Irese, Which is significantly reduced when electron is
initialised into the ||) state, taking the dot out of resonance with optical
driving of the |1) < |T|f}) transition (compare squares and circles with
triangles in Fig. 2a). Electron spin relaxation is accelerated and spin
shelving is destroyed when the bias is tuned to the level where Fermi
reservoir is resonantly tunnel-coupled with 1e (Vs=0.1V in Fig. 2a) or 2e
(Vs=0.33V in Fig. 2a) quantum dot state, resulting in two peaks in the
Iresri(Vs) dependence (squares and circles in Fig. 2a).

In electron spin dynamics measurements pulsing of the resonant laser is
achieved with acousto-optical modulators providing on/off ratio better
than 10”. The power of the pump and probe pulses is close to ResFl
saturation conditions and typical duration is Tpump = Tprobe = 5-10 ps, which
is significantly longer than the spin pumping time. As a result, time-
resolved ResFl exhibits short pulses (Fig. 1d) with amplitudes /gesri,pump and
IresFiprobe- At the start of each measurement cycle, and prior to optical
pump pulse, the bias is adjusted for resonant electron tunnelling in order
to counteract optical nuclear spin pumping and depolarise the electron
(see further details in Supplementary Note 1). The rising edge of the
fluorescence pulse corresponds to the rise time of the laser intensity in a
pulse that pumps the initially depolarised electron. The exponentially
decaying falling edge of the fluorescence pulse traces the gradual shelving
(initialisation) of the dot into the || ) electron spin state. The loss of electron
spin polarisation during the delay Tp,y results in partial recovery of the
fluorescence intensity measured in the probe pulse. The residual
polarisation P, (i.e. electron spin polarisation at the start of the probe
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normalised by polarisation at the end of the pump pulse) is then derived as
Pe = (IResFI,Pump - IResFI,Probe)/lResFI,Pump~ This way complete loss of electron
polarisation (P = 0) is observed as Igesriprobe = lresri,pumpr While lreski probe
=0 implies no loss (P, = 1) or Auger recombination that empties the dot.
By measuring P, at different Tp, the decay of electron spin polarisation is
obtained as shown in Fig. 1e by the symbols.

Unless stated otherwise, all error estimates in the text and error bars in
figures are 95% confidence intervals.

Modelling of the electron spin relaxation dynamics

We simulate the dynamics of the four-level system shown in Fig. 1b using a
simplified noncoherent rate equation model. The relaxation rates of all
possible transitions are shown in Fig. 1b, and when resonant optical
pumping is present we add a transition |T) — [T[{}) with rate P. We
assume symmetric rates in electron spin flips |1) < ||), which is justified
when electron Zeeman energy is smaller than the thermal energy kg6. The
system of first-order differential rate equations is

Pioy (1) pioy(t)
o Py pip (1)
e — (4)
ol Py Py ()
Py (t) Py (t)

—r 0 0 Ya

r/2 —P—
R= / & &y Yr 5)

/2 & —&n Byr

0 P 0 —(1+B)Yr—Va
In simulations we set yg = 10°s~", which is typical for InAs/GaAs QDs*". In

order to simulate the pump-delay-probe experiment we use initial
population probabilities (pjoy,pyy): Py, Pj11py) = (0,1/2,1/2,0), and pro-
pagate the equations numerically over pump pulse (with P 0), dark delay
(P=0), and probe (P#0). The values of ya, P, B, r, &, are used as fitting
parameters. The evolution of the trion state population pj; 4. (t)
reproduces the experimentally measured time-resolved ResFl (e.g. Fig.
1d). The simulated pmm(t) traces are integrated over pump and probe
intervals and are used to calculate the residual electron polarisation P, in
the same way Igesripump aNd Iresriprobe are used to calculate P. from
experimental data (e.g. Fig. 1e). The fitting parameters are adjusted to
achieve two-objective optimisation: one objective is to minimise the root
mean square difference between simulated and experimental Po(Tpark)
traces, the other objective is to match the characteristic exponential time
in the falling edge of the ResFl intensity produced by the pump pulse. An
example of the Pareto-optimal fitted Pe(Tpan) is shown by the dashed line
in Fig. 1e, in good agreement with experiment (squares). The calculated
falling edge time (87 ns) is also in good agreement with the experimental
value =91 ns.

From fitting we find r=1.26 x10°s ' (95% confidence interval [0.47 x
10°s7', 334x10°s ') and &,=165s ' [1.16s ', 234s '], which
correspond to the characteristic timescales of the fast and slow
components, respectively, in the two-stage decay (squares in Fig. Te).
For Auger rate we obtain ya=1.09x 107 s~ ' [0.66 x 10" s~ ',3.11x 10" s '].
This is approximately five times higher than y,=0.23x10” s ' reported
previously from time-resolved ResFl experiments?'. The discrepancy could
be due to the difference in QD structures, high optical pump power used
in our experiments, limitations of a non-coherent rate equation model, and
uncertainty in the fitted parameters. The uncertainty is increased by the
interdependence of the fitting parameters ya, P, B, r, &, which is inevitable
since five parameters are used to fit essentially four degrees of freedom
(fast and slow rates of the two stage Pu(Tpark) decay, P following fast decay
and the characteristic time of the falling edges in fluorescence pulses). This
uncertainty can also be understood to arise from the limited information
provided by the ResFl measurement, which does not distinguish between
spin shelving into the ||) state and Auger recombination into the |0) state,
restricting the ability to monitor the full dynamics of the four-level system.
The remaining best fit values are P=2.5x10°s ™' [0.34x10% s, 3.16 x
10°s "l and B=52x 10> [0.75% 103, 20.1x 1073].

Modelling of the nuclear spin relaxation rate

We start by noting that at all magnetic fields used in this study (B,=
0.15-8 T) nuclear spin relaxation in an empty dot (Oe) is at least an order of
magnitude slower than at the centre of the 1e charging plateau. (In Oe
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regime we measure [y=6.0x10"*s™' at B,=0.15T, which reduces at
higher fields below the minimum measurable level of Iy < 10~%s7") This
suggests that electron is the dominant mediator of nuclear spin relaxation
in a Coulomb blockade regime (1e). Electron-nuclear coupling is given by
the hyperfine Hamiltonian

Hi = ;Ahf‘k Gk + 31k + 82124), (6)

where the summation goes over all nuclei, An¢ is the hyperfine constant of
the kth nucleus, (5,5y,3;) are the components of the electron spin-1/2
operator and (lx, Iy, lzx) are the components of the spin operator of the
kth nucleus. The flip-flop term oc (5c/x + 3,/,) of this interaction permits
spin exchange between nuclear spin | and electron spin s, but at
sufficiently large magnetic field, where electron Zeeman energy signifi-
cantly exceeds nuclear Zeeman and quadrupolar spin splitting, such
flip—flops are strongly suppressed. For a depolarised nuclear spin ensemble
in an InAs QD, this threshold field would be on the order of 0.03T,
corresponding to statistical fluctuation o AhtkW of the nuclear hyperfine
field acting on the electron. However, in self-assembled QDs the principal
strain axis is generally misaligned®**” from the growth axis z resulting in
nuclear eigenstates which are superpositions of I, eigenstates. Under these
conditions nuclear spin states are mixed by the non-flip-flop part of the
hyperfine interaction Ap¢l,kS;. This noncollinear interaction enables
transitions between nuclear spin states |i) and |j) without transfer of spin
to the electron. Using first-order perturbation and Weisskopf-Wigner
approximation one arrives to Eq. (2) for nuclear spin relaxation rate
between the pair of states |i) and |j), where we have assumed the same
hyperfine constant Ay = An¢/N for all nuclei.

In order to calculate matrix element M; of [, we consider spin /= 3/2 and
assume that the principal component of electric field gradient is
characterised by quadrupolar shift frequency vq, and is tilted by angle a
from the z-axis. Using first-order perturbation approach we calculate M; in
the opposite limits of small magnetic field (ynB, < Vo, Where yy is the
nuclear gyromagnetic ratio) and high magnetic field (ynB,>> vq). For each
individual nucleus the pair (|i), |j)) with the largest off-diagonal matrix
element is then selected leading to:

3
M5, o = ‘—‘cos2 asin’a @)
3mvd
M5, o = 5o gz sin’ @, (®)
8YNBZ

For intermediate fields we interpolate the matrix element with a
monotonic function: [M(B,)|* = 1/(|M\;io + |M\gioc), and the nuclear

spin transition frequency is taken to be vZ = (yy/2m)* (B2 + BZ ), where
non-zero B, min reflects the fact that at B, =0 the spin states are split by
nuclear quadrupolar effects. This model is a simplification since nuclear
spin levels (anti)cross®® at B, = 27va/yn, Where nucleus experiences a nearly
zero effective magnetic field. The perturbative approach breaks down as
My is enhanced and v;;= 0 at these anticrossing points (typically occurring
at B,=1T)*, hence the introduction of B;min Which softens the
singularities in Eq. (2). While spin relaxation would be enhanced in such
resonant nuclei, it would also prevent their optical polarisation, thus we
effectively neglect their contribution to the overall measured nuclear spin
decay in our simplified model.

In order to calculate the nuclear spin decay rate according to Eq. (2), we
take 7, = I';", equivalent to assuming that electron spin flips are the only
source of noise acting on the nuclear spins. For [, we use Eq. (1) taking
best fit parameters for each QD sample. Based on NMR spectroscopy of
similar QDs>**”, we model strain inhomogeneity within the quantum dot
by considering a uniformly distributed quadrupolar shift vq € [0, 16] MHz
with principal axis uniformly distributed on a part of a sphere with a € [0°,
76°]. The large values of a=76° account for As nuclei, whose quadrupolar
shifts are dominated by atomic scale disorder, arising from Ga and In
alloying®®. The gyromagnetic ratio is also varied uniformly yn/2m € [7.4,9.2]
MHz T~ to account for five different isotopes*® present in the dot ('"3In,
"%In, %°Ga, "'Ga, "°As). We take B, min = 0.06 T and use an average value
Ang = 50 peV for all the isotopes*®. The number of nuclei is taken to be N =
4% 10%. The nuclear spin relaxation rate at a given magnetic field B, is then
calculated by averaging over all parameter distributions to take into
account the contributions of the individual nuclei in a QD.

Despite the simplifications, the model is in good agreement with
experimental dependence Iy(B,) in the tg =37 nm sample (thin dashed
line in Fig. 3a) and tg =42 nm sample (Supplementary Fig. 2). Qualitative
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comparison with Eq. (2) is possible in the high field limit where I, B;‘,
IMy|* o B;? and v2 x B2 leading to I'y o const, which agrees with the
weak field dependence observed for all samples at B, > 4 T. By contrast, at
fields B, $ 4T, nuclear spin relaxation rate is determined by a combination
of different factors prohibiting simple analytical description. Better
description of the y(B,) dependence, including the discrepancies with
the thick-barrier (tz =52 nm) sample experiments, would require a more
detailed model, which takes into account hyperfine fluctuations unrelated
to electron spin flips, contributions of both noncollinear and direct
hyperfine interaction, electron-nuclear spin feedback'’, quadrupolar
anticrossings®®®” of the individual nuclear spin levels and electron-
mediated nuclear-nuclear interactions'>.
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Supplementary Information: Fundamental limits of electron and nuclear spin

qubit lifetimes in an isolated self-assembled quantum dot
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Supplementary Figure 1. Photoluminescence (PL) spectroscopy of quantum dots. a, Photolumi-
nescence spectra of an individual quantum dot in a sample with tunnel barrier thickens tg = 37 nm. Color
plots show spectra measured at different values of sample bias Vg. b, Same for a sample with tg = 52 nm.
All spectra are taken at a temperature of # =~ 6 K using 850 nm laser excitation, resonant with the wetting
layer states. The neutral exciton X° and biexciton X X states are identified from the doublet structure
(visible in a) and additional measurements with linearly polarised luminescence detection. The emission of
a negatively charged trion X~ is redshifted from X" by ~ 7 meV, which is typical for InAs/GaAs dots’.
Note that stability conditions of a resident charge are generally different from stability conditions of the
corresponding exciton complex with an extra electron-hole pair!. As a result of this difference X~ PL is
observed in a wide range of biases (from Vg &~ —1.5 V to +1 V in a), while the single-electron state le is

stable in a narrower range (from Vg = +0.1 V to +0.3 V in Fig. 2a-c).
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Supplementary Figure 2. Magnetic field dependence of electron and nuclear spin dynamics in
Coulomb blockade regime. This figure reproduces Fig. 3a with the addition of the data for a sample
with an intermediate tunnel barrier tg = 42 nm (diamonds). Electron spin relaxation rate Iy is shown by
the open symbols (experiment) and solid lines (model fitting). Nuclear spin relaxation rate I'y is shown by
the solid symbols (experiment) and dashed lines (model fitting). For each sample I, and I'y are measured

on the same individual quantum dot at a base temperature 6 ~ 4.5 K.

Supplementary Note 1. DESIGN OF THE SPIN DYNAMICS EXPERIMENTS

A. Electron spin dynamics

In order to observe QD electron spin dynamics, we employ time-resolved resonance fluorescence.
Pump and probe laser pulses that produce fluorescence signal are synchronized with sample bias Vg
pulses, which control the state of the dot and the tunnel coupling to Fermi reservoir (Supplementary
Fig. 3a).

Between the measurement cycles the dot is ‘flushed’ under bias Viiusn over time Triuen = 2000 ps.

We choose Vgiush to match one of the resonance fluorescence intensity peaks at the edges of the
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Supplementary Figure 3. Design of the spin dynamics experiments. a, Timing diagram of one cycle
of the electron spin dynamics measurements. The lines show (from top to bottom): resonant laser pulses,
photon counting gating, sample bias V5. b, Cycle diagram in a nuclear spin decay experiment showing (from
top to bottom): nonresonant pump laser pulse, nonresonant probe laser pulse and PL gating, sample bias

Vs. See discussion in Supplementary Note 2

le plateau (e.g. Vg = 0.1 V or V5 = 0.32 V in Fig. 2a). Under these conditions fast resonant
tunneling of the electron depolarises the nuclear spin bath of the quantum dot and suppresses the
undesired fluctuations of the optical transition energy due to ‘dragging’ effects®. After flushing,
the bias is changed t0 Vpymp/probe, corresponding to the centre of the le plateau (eg. Vs=02V
in Fig. 2a), and kept for Tprepias = 300 s to ensure the dot achieves a steady-state charging with
one electron prior to optical spin pumping. After the resonant laser pump pulse with duration
in the range Tpump = 5 — 10 us, the bias is switched to Vpark, which can be stepped over the le
plateau in bias dependent experiments (e.g. Fig. 2b,e). Following the dark delay Tp., the bias
is once again switched t0 Vpymp/probe @and a probe laser pulse identical to the pump is applied.
Finally, after a short delay Tposthias = 10 ps, the bias is tuned to flush and experiment proceeds
to the next cycle. Photon counting pulses of the resonance fluorescence signal are recorded on a

digital oscilloscope and, when averaged, produce traces such as in Fig. 1d. Delays in the triggering



system of the oscilloscope mean that only a fraction of experimental cycles can be collected. For
that reason the pulses are additionally accumulated over the initial time windows Tpet = 0.5 us
of the pump and probe pulses using gated digital counters. While the counters do not provide
temporal resolution, the signal is collected in full, providing accurate measurement of the residual

electron spin polarisation P, (e.g. Fig. le).

B. Nuclear spin dynamics

The timing of a nuclear spin decay measurement cycle is shown in Supplementary Fig. 3b. The
sample bias is synchronized with pump and probe pulses. Nuclear spins are polarised with a high
power optical pump with duration in the range Tpymp = 3 —90 s. During the pump the bias Vpymp
is kept in the range from —1.0 V to +1.3 V, depending on the sample and individual QD. Vpymp
is chosen from additional calibration experiments to maximize the nuclear spin polarisation and in
some QDs corresponds to forward bias of the structure. Optical illumination under forward bias
generates trapped charges, which quench PL and may affect the spin dynamics. To avoid this,
the dot is flushed in the dark for Tgiush,1 = 0.1 s at Vesn = —1.5 V after each optical pump
to remove the charges. Nuclear spin relaxation is very slow at Vpusn = —1.5 V, so the flush has
minimal effect on the measured nuclear spin decay. After the flush, the bias is switched to the
desired level Vpai for time Tp,k. Before the optical probe, the sample is flushed once again for
Triush,2 = 0.02 s. The bias of the probe pulse Vprope = 0.6 — 0.65 V is chosen to maximize PL
intensity of the negatively charged trion X ~, and its duration Tpyope = 0.01 — 0.015 s coincides
with the time window for PL collection and spectral analysis. Between the measurement cycles the
dot is kept under flush bias for Txy,sn,0 = 0.015 s. Optical pump and probe pulses, as well as gating
of PL collection are implemented using mechanical shutters. To account for their finite switching
time, a short delay Tgy = 0.008 s is introduced between fast bias switching and electrical pulses

controlling the shutters.

Supplementary Note 2. FIDELITY OF ELECTRON SPIN INITIALISATION

We analyse the effect of Auger recombination and quantum dot recharging on the fidelity of
electron spin optical initialisation. To this end we derive an analytical steady-state solution of the
rate equation (Eq. 4 of the main text). The steady-state solution vector (p‘0>, PItys Py Pl lﬂ)) under

resonant optical excitation is found as a null space of the equation matrix (Eq. 5). Once optical



excitation is turned off, the probability p 4y will quickly decay to zero due to trion recombination.
This is taken into account by redistributing pj;4) into the remaining probabilities pjgy, pgy, p|)
with weights given by the rates of the corresponding processes va,Vr, 5Yr- After that, if the dot
is emptied by Auger recombination, recharging takes place, which corresponds to redistributing
ploy with equal weights into p4y and pjy. This completes the process of electron spin optical
initialisation, which leaves electron in either of the two spin states | 1) or | |). The fidelity of

initialisation is then given by the electron spin polarisation degree:

7P (= (va+2B8vr) (va + (B + 1)yr) — 2(8 — 1)é1VR)

Ya+ (B4 )vr) (va(P(2&, 4+ 1) +4&yr) + 2r (&P + yr(2(B + 1)&y + 612’)1))

Fe=pm =Py =1

The fidelity depends on different relaxation rates and the expression is somewhat bulky. How-
ever, by analyzing the derivatives it is possible to show that for all practically relevant cases faster
recharging rate r gives better fidelity (larger absolute value |P.|). Moreover, fidelity is generally
improved by slower electron spin relaxation & and larger trion state admixture parameter 5. On
the other hand, the effect of the Auger rate 5 depends on the values of other relaxation rates.
According to Eq. S1 spin initialisation becomes impossible (P, — 0) in the absence of reliable
recharging (r — 0): indeed, to form a qubit the QD needs to be charge with an electron in the

first place either from a Fermi reservoir or from a nearby semiconductor impurity.

Supplementary Note 3. TABULATED DATA

Here we present tabulated data, including the raw data used in the figures.

A. Electron spin lifetimes

Here we present electron spin lifetimes 77 . measured as a function of magnetic field B, in
quantum dot samples with different tunnel barriers tg. The numbers are obtained from exponential

fitting of the measured electron spin depolarisation. Error estimates are 95% confidence intervals.



Results for tg = 37 nm (open triangles in Supplementary Fig. 2):

B. (T)

Tl,e (S)
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Results for tg = 42 nm (open diamonds in Supplementary Fig. 2):

B. (T)

0.00189869 +£ 0.000151588
0.00195518 £ 0.000126302
0.00171756 £ 0.0000744649
0.00148989 + 0.00008131
0.00148683 £ 0.000053571
0.000916972 £ 0.0000599
0.000457006 £ 0.0000389
0.000262523 £ 0.0000115
0.00014334 £ 0.00000748
0.0000860168 £ 0.00000806

Tl,e (S)

0.15
0.25
0.4
0.63

o = W N

0.00309782 +£ 0.000640384
0.0041252 £+ 0.000722782
0.00389998 + 0.000614786
0.00355091 =+ 0.000362972
0.00475734 £ 0.000327926
0.00475795 £ 0.000590551
0.00218 £ 0.000377752
0.000864482 £+ 0.000131119
0.0000675538 £ 0.000009148

(S3)



Results for tg = 52 nm (open squares in Supplementary Fig. 2):

B. (T)

Tl,e (S)

0.12
0.16
0.22
0.33
0.43
0.6

L N o Ot ks W N

0.650457 £ 0.349529
1.79786 £ 0.623995
1.73346 £+ 0.350849
1.61519 £ 0.199896
1.25995 £ 0.186163
1.09469 £ 0.0987524
0.339526 £ 0.0952452
0.0273806 £ 0.00243508
0.00477182 £ 0.00021804
0.00138957 £ 0.00012975
0.000596735 £ 0.00008352
0.000282641 £ 0.00003359
0.000159886 £ 0.00001909

(54)

0.0000888053 £ 0.00000608

Nuclear spin lifetimes

Here we present nuclear spin lifetimes 71 ny measured as a function of magnetic field B, in quan-

tum dot samples with different tunnel barriers ¢tg. Error estimates are 95% confidence intervals.



Results for tg = 37 nm (solid triangles in Supplementary Fig. 2):
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Results for ¢tg = 42 nm (solid diamonds in Supplementary Fig. 2):

B. (T)

0.128887 £ 0.0200696
0.36857 £ 0.0559658
0.738735 £ 0.126206
2.01091 £ 0.320033
3.25741 £ 0.553301
8.28599 + 1.33143
20.4342 £+ 2.93934
79.1195 + 10.882
196.939 £ 23.6121
371.864 + 40.8411
550.259 + 61.2703
907.88 £+ 89.556
1226.49 £ 106.751
1405.36 £ 106.601
1620.3 + 122.295
1830.19 £ 130.303

Tl,N (S)

0.15

0.3

0.63

1.5

2.5

0.476704 £ 0.060443
2.60955 £ 0.328726
16.4288 £ 2.04592
54.6469 + 5.89249
162.594 £ 15.5768
296.841 £ 29.4867
390.403 + 62.7901
1012.91 £113.703
1689.63 £ 157.518

(S6)
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Results for tg = 52 nm (solid squares in Supplementary Fig. 2):

B. (T) Tin (s)
0.15 |89.4321 + 51.4728
0.21 | 128.526 & 54.506
0.29 |188.409 =+ 49.8251
0.4 | 227.143 & 37.287
0.63 |225.879 + 33.7603
1 [234.635 + 25.3402 (S7)
1.6 |351.177 + 44.1603
2.5 |468.241 +49.8137
3.5 |794.271 + 59.6212
5 | 1100.9 + 87.0357
7 1632.23 + 225.801
8 [2082.21 4+ 172.213

Here we present nuclear spin lifetimes 77 x measured as a function of sample temperature ¢ at
magnetic field B, = 8 T in a quantum dot sample with tunnel barrier thickness tg = 52 nm. Error
estimates of T x are 95% confidence intervals. The uncertainty in sample temperature is £0.5 K.

Results are shown by the symbols in Fig. 3d of the main text:

0 (K) Tin (s)
4.5£0.5 |1547.79 £ 123.901
8.17£0.5|947.942 £ 61.6851
12.3£0.5| 678.778 £+ 40.066
15.3 £ 0.5|433.259 + 25.4814
20.1£0.5|177.321 £9.73723

SUPPLEMENTARY REFERENCES
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lifetime and recombination energy. Phys. Rev. B 77, 245311 (2008).
2 Latta, C. et al. Confluence of resonant laser excitation and bidirectional quantum-dot nuclear-spin polar-

ization. Nat. Phys. 5, 758-763 (2009).



Using nuclear spins for millisecond
coherence storage and single-shot

readout of an electron spin qubit

So far we have studied the loss of energy of the spin states to the environment, quantified
by T71. Now we must consider the loss of phase information of a coherent state, defined by
the coherence time 75. To investigate T, we require the ability to coherently rotate the
spin projection into the equatorial plane of the Bloch sphere, allowing us to perform the
necessary spin echo sequences for measurement of 75. As highlighted previously, coherent
control of the electron can be carried out using either optical [31] or magnetic resonance [32]
techniques. The use of magnetic resonance techniques for coherent electron spin control has
proven challenging, however, there is extensive work on pulsed nuclear magnetic resonance
which allows us to investigate the coherence of the nuclear spin ensemble 75 . Understand-
ing the mechanisms limiting nuclear coherence will provide a more complete description of
the environment of the electron spin qubit, in addition to exploring the possibility of using
the nuclear spins as a quantum resource. We have briefly covered the limiting factors of

nuclear spin ensemble coherence 75y in Section 2.4.2. The constituent nuclei of the I > 3/2

97



CHAPTER 5. Millisecond nuclear spin ensemble coherence in a charged QD 98

nuclear spin bath within the InGaAs/GaAs QD system are coupled via dipole-dipole inter-
action, fundamentally limiting coherence time 75 ; to /=~ 1 - 10 ms in an uncharged QD [112].
Extension to T3 x through dynamical decoupling techniques is successful in uncharged QDs
[114], however, the charging of a QD with an electron complicates the nuclear spin bath
coherence as the system takes the form of the central spin model. Here, a central spin with a
large magnetic moment interacts with a bath of spins with comparatively smaller magnetic
moments, ultimately limiting the coherence of both systems. Previous investigations have
found that nuclear spin ensemble coherence time for a charged QD, T(}l\?), is dramatically
reduced to T2(,11\?) ~ 20 ps. The reduction was attributed to a hyperfine-mediated decoherence
mechanism [136], which would vary depending on both hyperfine coupling strength and mag-
netic field T2(,11\?) o BZA73. Ultimately, these results led to the conclusion that long nuclear
spin coherence in the presence of an electron would prove challenging.

The promising long lifetime results from Chapter 4 opened up a new opportunity to
investigate charged QD nuclear spin coherence in the limit of slow electron spin fluctuations
(Te = 1/Ty. ~ 1 s7'). Here, we investigate the dynamics of the nuclear spin ensemble
in the transverse plane using pulsed NMR. We measure pure dephasing T3y through free
induction decay measurements for both a charged and uncharged QD, in addition to the
coherence T5 x from Hahn echo pulse sequences. From the study of 75 x in a charged QD at
a variety of static magnetic fields B, we can develop a spectral diffusion model describing
the effect of a fluctuating electron spin on the nuclear spin ensemble. In addition to this,
we demonstrate for the first time that the recently developed CHASE dynamical decoupling
sequence [114] is successful in extending nuclear spin ensemble coherence in a charged QD.
Further investigation into the effect of the fluctuating electron spin enabled us to develop
a novel single-shot electron spin readout technique utilising the Knight shift to encode the
electron spin state onto the nuclear spin bath collective coherence.

The results in this chapter are presented in the form of a manuscript that has been

submitted for peer review.
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The original approach to quantum dot spin
qubits viewed the environment nuclear spins as
a decoherence source [1-3]. Recently, attention
shifted to hybrid approaches, where nuclear spins
are interfaced to the electron spin qubit [4, 5] and
used as quantum memory [6] or qubit registers
[7]. These approaches require long-term collec-
tive nuclear spin coherence, which proved to be
evasive due to the decoherence induced by the
electron spin [8]. Here we successfully address
this problem by demonstrating millisecond long
nuclear spin coherence in InGaAs semiconductor
quantum dots, which can be extended further us-
ing dynamical decoupling [9]. Similarly long co-
herence is achieved when quantum dot is empty
or charged with a single electron, which we ex-
plain in terms of spectral diffusion theory [10, 11].
These results provide understanding of the many-
body coherence in central spin systems, required
for development of electron-nuclear spin qubits —
as a demonstration, we implement here a condi-
tional gate that encodes electron spin state onto
collective nuclear spin coherence, and use it for
a single-shot readout of the electron spin qubit
with > 99.8% fidelity.

Central spin model describes a single electron spin
s whose hyperfine interaction with an ensemble of nu-
clear spins I; is characterized by coupling constants A;
(Fig. 1a). Magnetic interactions between the nuclei with
pairwise coupling constants b; j, together with inhomo-
geneity in A;, result in complex spin dynamics [3, 12].
This problem is of interest, as it describes solid-state
qubit systems developed for quantum information pro-
cessing. Nuclear spins offer uniquely long coherence stor-
age, making them attractive as buffer memories in pho-
tonic quantum information processing systems [13]. In
group IV materials, such as diamond and silicon, nuclear
spins can be diluted, allowing quantum states of individ-
ual nuclei to be addressed in point defects [14] and gate-
defined quantum dots (QDs) [4]. In the optically active
III-V @QDs all nuclei have spins — understanding their col-
lective dynamics, characterised by coherence time 75,
is crucial for the design of qubits.

In a typical epitaxial device (Fig. 1a) a Fermi reservoir
of electrons is introduced, and electric field is applied

* ggillard1@sheffield.ac.uk
t e.chekhovich@sheffield.ac.uk

through the gate voltage Vi, to control the charge state
of the QD. In an empty (0e) InGaAs QD the nuclear-
nuclear interactions limit the coherence time to a few
millisecond range [8, 9] (Tég\?) x 1/ max (h|b; x|), where
h is Planck’s constant). The spin of a single electron (1e)
induces hyperfine shifts in precession frequencies, ranging
from max (|A4;|)/h = 100 kHz for nuclei at the centre of
the QD to zero. These shifts, known as Knight shifts, re-

sult in short nuclear spin dephasing times T;y’lflle) ~ 3 ps.
Refocusing this inhomogeneity with spin echo [15] previ-
ously gave little improvement [8], with nuclear coherence
limited to T2(1§) ~ 20 ps. However, to fully understand

the QD coherence, one must take into account the effects
of the electron Fermi reservoir.

By minimizing the tunnel coupling between QD and
the Fermi reservoir, we achieve isolated-qubit regime,
with a two orders of magnitude improvement in collec-
tive nuclear spin coherence, exceeding milliseconds. For
a wide range of magnetic fields B, = 0.25 — 8 T, nuclear
spin coherence is well described as spectral diffusion in-
duced by a randomly fluctuating electron central spin.
Our results show that electron central spin is not an ob-
stacle for long nuclear spin ensemble coherence, enabling
a variety of nanoscale designs using quantum states of
electron and nuclear spins.

We study diode structures (Fig. 1a) with tunnel bar-
rier tg = 37 or 52 nm, thick enough to ensure long sin-
gle electron spin lifetimes 77, of ® 1 ms or = 1 s, re-
spectively [16]. We investigate spin-3/2 nuclei of "®As,
69Ga and "'Ga. With magnetic field B, applied along
the sample growth axis, nuclear states with spin projec-
tions I, = +1/2 form effective spin-1/2 ensembles that
we focus on. Hyperfine interaction between the electron
spin and nuclear spins (see Supplementary Note 1) pro-
vides a tool both for hyperpolarisation of the nuclei via
optical pumping, and for detection of the nuclear ensem-
ble polarisation via hyperfine shifts Ey; in the optical
emission spectra of the QD electrons [17]. The recipro-
cal hyperfine effect of the electron spin is characterised
by the Knight shifts in the nuclear magnetic resonance
(NMR) frequencies.

We examine the collective coherence of the QD nuclear
spins using optically detected NMR protocol (Fig. 1b).
Figure 1c shows the result of an NMR experiment, where
a single resonant radio-frequency (rf) burst of dura-
tion t,s induces coherent Rabi oscillations between the
I, = —1/2 and +1/2 nuclear spin states. The inhomo-
geneous Knight shifts v, ; oc A; induced by the electron
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FIG. 1. Coherent control of nuclear spins coupled to quantum dot electron spin qubit. a, Schematic of a conduction
band edge in an n-i-Schottky diode structure containing InGaAs QDs, separated from the electron Fermi reservoir by a tunnel
barrier of thickness tg. Gate voltage Vg is adjusted with respect to Fermi energy Ew to achieve single-electron (le) QD
charging. The electron spin s (ball and arrow) couples to the nuclear spin ensemble I; (small arrows) via inhomogeneous
hyperfine interaction. Relaxation between electron spin-up (1, s, = +1/2) and spin-down ({, s, = —1/2) states is characterized
by rate I.. b, NMR experiment timing diagram showing optical pump and probe pulses, used to polarise and measure
polarization of the nuclear spins, respectively. Radio frequency (rf) pulses implementing coherent nuclear spin control at an
arbitrary Vg are sketched for spin echo sequence (7/2)x — 70 — (m)x — 7 — (7/2)x. The electron spin s, undergoes random
transitions between its two states. ¢, Rabi oscillations of the ®®Ga nuclear spins induced by a resonant rf pulse of variable
duration ¢+ in an empty (Oe, circles) and charged (le, squares) QD in the tg = 52 nm sample at B, = 7.8 T. Lines are a guide
to the eye. d, Spin echo evolution as a function of the second delay 7 in the tg = 37 nm sample at B, = 7.8 T, revealing free
induction decay in Oe (circles, 7o = 150 us) and le states (squares, 7o = 7.5 us, data multiplied by 3). Lines show compressed
exponential fits used to derive the nuclear spin dephasing times 75 v. e, Fourier transform of d, showing spectral broadening
and the average Knight shift (v.) ~ —35 kHz induced by equilibrium electron spin polarisation. Data for le is multiplied by
10. f, Spin echo decay measured by varying the total free evolution times Tevol = 70 + 7 at 790 = 7. Lines show fitting used to
derive the nuclear spin coherence times 75 x.

(le) result in faster damping of coherent nuclear spin ro-  inhomogeneous Knight shifts (Fig. 1e).

tations compared to an empty QD (Oe). To characterise By fixing 7 = 7 we remove the dephasing and examine
this inhomogeneity we use a spin echo sequence (Fig. 1b),  pure nuclear spin decoherence by measuring spin echo
where the initial /2 pulse transforms nuclear spin po- amplitude decay with increasing total free evolution time
larization into collective coherence, followed by free evo- Tevol = To 4+ 7 (Fig. 1f). From exponential fitting we find

lution over time 7y, a refocusing 7 pulse, and a further
free evolution time 7, before the final 7/2 pulse converts
the remaining coherence back into optically detectable
nuclear spin polarization. The width of the spin echo
peak observed around 7 = 7y (Fig. 1d) is proportional

the coherence time TQ(OI\?) ~ 1.8 ms in a bare °Ga nuclear
spin ensemble, in good agreement with previous studies
[8, 9]. By contrast, the coherence time T2(1§) ~ 0.7 ms
in presence of a smgle QD electron is a factor of &~ 30
longer than reported earlier [8]. By varying the gate bias
Vo (Fig. 2a) we observe a clear plateau in Th x around
to T;’lgle) ~ 4.3 ps when QD is charged with a single Vo = 0.42 V, confirming that QD is in single electron
electron. This corresponds to spectral broadening from (1e) Coulomb blockade. Nuclear coherence time T( ) in

. . 2,N
~ 13 kHz in an empty QD, to ~ 126 kHz in presence of  this regime is measured as a function of magnetic field B,

to dephasing time, which reduces from T;”lsloe) ~ 35 us



(solid symbols in Fig. 2b). At low fields Té}ﬁ) is nearly

independent of B,, but changes over to T2(,1§) x B;*

scaling at B, 2 4 T, in stark contrast to Tz(,ll\?) x B2A~3
law predicted previously for hyperfine-mediated nuclear
spin decoherence mechanism [8]. Furthermore, at high

field B, ~ 7.8 T we find similar T2(71§) ~ 130 us for ™As

and "'Ga nuclei, despite a factor of ~ 1.8 difference in
their hyperfine constants A.

To explain the observed T2(_1§) values we invoke the
spectral diffusion model, where the fluctuating environ-
ment is the single central electron spin, making uncor-
related random jumps between the s, = +1/2 states
as sketched in Fig. 1b. The rate of electron spin flips
1/(2T1.) < 6000 s~ in the studied QDs is small com-
pared to root mean square Knight shift Ay, ~ 30 kHz,
derived from NMR spectra of Fig. le. In this regime
of slow fluctuations, the nuclear spin decoherence time
due to spectral diffusion approximately equals the elec-
tron spin lifetime Th nsp =~ 1.38T1 (see derivation in
Supplementary Note 2). Spectral diffusion dominates nu-
clear spin decoherence at high magnetic fields where elec-
tron spin lifetimes shorten as 77 . o< B, 4. In an empty
QD nuclear dipole-dipole interaction causes nuclear spin

ensemble decoherence on a timescale Té?ﬁ) — including
this mechanism, we find the following approximation for
nuclear spin coherence time in presence of the electron
central spin:

1/T2<}§) — 1/T2(?§) +1/(1.38T7 ). (1)

This model fully describes the experimental dependence

of Tz(}l\el) on B, (lines in Fig. 2b), as well as isotope-

independent Télﬁ) at high B,. In the tg = 52 nm sample

T o is very long at B, < 3 T, making the dipole-dipole
mechanism dominant — and indeed we find Tz(ll\?) = T2(0§)
in that case. ’ ’
Qualitative understanding of spectral diffusion is found
by considering two scenarios: In the absence of electron
spin flips, the static inhomogeneous Knight shifts are
fully refocused to form nuclear spin echo. By contrast,
even a single electron spin flip unbalances the phases ac-
quired by the nuclei before and after the refocusing m
pulse (except for those rare flips occurring within a short
interval ~ T;”lgle) at the start or the end or the spin echo
sequence). The probability to have zero electron flips in
an increasing time interval decreases exponentially, and
with it decays exponentially the average nuclear spin co-
herence on a timescale T5 nsp ~ 1.3877 .. A direct ob-
servation of this process is shown in Fig. 3a, where we
plot histograms of the spin echo amplitude A Ey¢ detected
with single shot probe pulses, as opposed to averaging
over multiple pump-rf-probe cycles used for the data of
Figs. 1, 2. At long evolution times 7Teyo1 &~ 1300 us the
echo is destroyed by decoherence, resulting in a single
peak at AFEns &~ 0. At short Teyor &~ 0.4 ps the nuclear
coherence is preserved in most cases, leading to a peak at
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FIG. 2. Coherence time of the nuclear spins coupled to
quantum dot electron spin qubit. a, Gate bias (V) de-
pendence of the °Ga nuclear spin echo decay time T»,x in the
tg = 52 nm sample at B, = 1.94 T (circles) and B, = 7.8 T
(squares). Solid lines are a guide to the eye. Resonant cotun-
neling between QD and the Fermi reservoir leads to reduction
of To)x down to dephasing time ~ T, ’15116) (dashed line), ob-
served as dips at Vg =~ 0.33 V and ~ 0.5 V, which separate
the Coulomb blockade plateaus corresponding to stable QD
charge states Oe, le and 2e. b, Nuclear spin coherence in an
empty QD (TQ(?I\?), open symbols) and electron-charged QD
(TZ(I;}) solid symbols) measured as a function of magnetic field
B, for spin-3/2 isotopes in samples with different ¢g. Lines
show Tzlj\f of ®*Ga calculated according to the model of Eq. 1
for tg = 37 nm (solid line) and tg = 52 nm (dashed line)
samples. Error bars are 95% confidence intervals.

AFEys ~ 1.9 peV. At intermediate 7oy & bimodal distri-
bution is observed, demonstrating the two discrete pos-
sibilities of nuclear spin echo preservation or destruction,
if electron spin does not or does flip, respectively.
Figures 3b, ¢ show single shot NMR measurement with
a sequences (7/2)x — Tevol — (7/2)y, which generates col-
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FIG. 3. Single shot NMR detection of the electron spin state. a, Spin echo of *As nuclei in a tg = 37 nm sample
at B, ~ 7.8 T measured with single shot detection of the resulting hyperfine shift variation AFEys. Measurement sequence is
(71/2)x — (Tevo1 /2) — () x — (Tevo1/2) — (7 /2)x with several values of the total free evolution time Tevor = 0.4 — 1300 us. Results are
shown as histograms of the detected spin echo amplitudes AFEy¢. Lines show double Gaussian fits. Schematic shows electron spin
in an s, = +1/2 or —1/2 states (balls with up or down arrows). After the initial (7/2)x pulse all nuclear spins point along the
same axis orthogonal to z (dashed small arrow) and then precess around the z axis to point along generally different directions
prior to the final (7/2)x pulse (solid small arrows). An electron spin flip during the nuclear spin precession dephases the spins,
resulting in AFEyps =~ 0, whereas in the absence of electron flips, nuclear spin echo is formed, resulting in AFns ~ 1.9 ueV. b,
Single shot measurement of the free induction decay in an empty QD (0e), using sequence (7/2)x — (Tevol) — (7/2)y, where
subscripts x, y denote the equatorial axes in the rotating frame towards which the spins are flipped by the rf pulses. Line shows
Gaussian fit. ¢, Same sequence as in b applied to a charged QD (1le). For a sufficiently short evolution time Tevol S T;”é}le) the
spin s, = —1/2 (s, = +1/2) of a single electron pointing down (up) gives rise to a negative (positive) quadruature nuclear spin
polarisation AEy, observed as a bimodal distribution of the detected AFEy¢. Lines show double Gaussian fits.

lective nuclear spin coherence and probes its quadrature key ingredient in quantum information processing. The

component AFEy following the free evolution time Teyol- readout is achieved using a small fraction (< 13%, see
In an empty QD (Oe, Fig. 3b) the distribution of detected =~ Methods) of the QD nuclei, so that the remaining nu-
AFEy; is unimodal with a width given by the optical read- clear spins can be used as a quantum resource. Using

out noise. By contrast, a clear bimodal distribution is ~ Gaussian fitting (lines in Fig. 3¢) to calculate the over-
observed with a single electron in a QD (le, Fig. 3c) at  lap (see Methods) of the two modes, we estimate the
Tevol = 0.3 us. The two modes correspond to the two dis- readout fidelity > 99.8%, which can be improved fur-
crete electron spin qubit states s, = £1/2, that add pos- ther by optimizing the collection efficiency of the QD
itive or negative phase  Teyo1 to the nuclear spin coher- optical emission. Our method of qubit readout via spin
ence, thus implementing a controlled phase (CPHASE) environment offers notable improvement over previously
quantum logic gate in the hybrid electron-nuclear spin achieved fidelities in solid state spin systems (80 — 95%,
system. The (7/2), pulse converts this phase into the  Refs. [18-21]) and superconducting qubits (> 97 — 99%,
optically detected hyperfine shift, thus implementing a  Refs. [22, 23]). The relative weights of the two modes
single-shot readout of the electron spin qubit, which is a  in Fig. 3c reveal the electron spin polarization degree



pe =~ 0.35, corresponding to equilibrium of an electron
with g =~ —0.63, in good agreement with electron g-
factors found in similar QDs [24]. At long evolution times
Tevol > T2* ’15116) the coherence imprinted by the electron
spin is def)hased7 resulting in a unimodal distribution
around AEps ~ 0 (e.g. at Teyol &~ 500 us).

Using the long nuclear spin coherence 75N and fast
(bang-bang) rf control we implement dynamical decou-
pling [25] protocols, which increase T n by filtering out
the unwanted interactions under an increasing pulse rep-
etition rate. Applying a 5-pulse sequence CHASE-5
(Ref. [9]) to ®Ga nuclei in the low field regime (B, =
2.5 T), where T is long, we find an improved coher-

(le)
ence TQ’N

T2(1§) ~ 1.5 ms. Due to the Knight shift broadening, de-
coﬁpling sequences with more pulses are found to reduce
the echo amplitude to unmeasurable levels (see Supple-
mentary Note 5). However, this limitation is technical,
and can be addressed by increasing the rf control band-
width. Since nuclear spin decoherence in both neutral
(Oe) and charged (1e) QDs is governed by the same mech-
anisms of inhomogeneous broadening and nuclear dipo-

= 2.2 ms compared to a single-pulse spin echo

lar interactions, we expect that T2(1§) can be as large as

TQ(S\?) > 10 ms, found previously in neutral QDs [7, 9].

We expect that optimal dynamical decoupling would be

achieved by synchronizing the control pulses applied to

the nuclear spin ensemble and the central spin qubit.
Our results show that spectral diffusion, observed pre-

viously in dilute spin systems [26], applies to 100% abun-
dant spin ensembles of III-V semiconductor quantum
dots, predicting long spin ensemble coherence required
to implement recent proposals for QD spin-photon net-
works with nuclear spin quantum memories [6] and reg-
isters [7]. In contrast to previous studies [8], we find no
signature of decoherence arising from hyperfine-mediated
nuclear-nuclear interactions down to B, ~ 0.25 T — this
however is consistent with earlier estimates [27] that
such interactions play a role only for magnetic fields
< 0.02 T. While our experiments are conducted on col-
lective, multi-quanta coherent excitations of the nuclear
spin ensemble, we expect the same mechanisms and sim-
ilar coherence times for the low-energy excitations such
as magnon modes [5]. The findings of this work on
InAs/GaAs QDs are expected to apply to high-quality
optically active GaAs/AlGaAs QDs [7], where small in-
trinsic strain holds a promise for even longer coherence
and complete control of the hybrid electron-nuclear spin
quantum system. Future work will include development
of quantum gates for reversible coherent state transfer
between electron and nuclear spins. The detrimental
effect of electron-nuclear interaction inhomogeneity on
such gates can be alleviated by operating on small nu-
clear spin sub-ensembles via spectrally-selective rf con-
trol pulses [28] — the sensitivity of the techniques demon-
strated here is sufficient for that and can be improved
further.
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METHODS

Sample structures. The studied semiconductor
structures have been examined previously [16] using
photoluminescence and spin lifetime measurement tech-
niques. The samples are low-density InAs self-assembled
QDs grown on a GaAs substrate using molecular beam
epitaxy. The dots are placed between two distributed
Bragg reflectors consisting of GaAs and AlAs layers and
forming a A/2 optical cavity. The low temperature
ground-state optical emission of the studied QDs is at
~ 950 nm. The Fermi reservoir is a Si doped GaAs
layer (Si concentration ~ 1.1 x 10'® em™3), separated
from QDs by a GaAs tunnel barrier layer of thickness .
The samples are processed into planar Schottky diode
structure, allowing for the charge state of the dots to be
controlled by applying external bias Vz to the top metal
gate.

Electron spin relaxation rates I'. = 1/T; . measured
at low temperature T" = 4.5 K are well described by the
following model [16]:

Fe = Fe,cotun + l—le,pthph (2)

where the first term I% cotun accounts for the field-
independent relaxation induced by electron cotunneling
and the second term describes the field-dependent relax-
ation induced by acoustic phonons. Equation 2 is then
substituted into Eq. 1 to find a closed form dependence
of the nuclear spin coherence time on the external mag-
netic field B,. The phonon mechanism parameters are
Toph & 227 £0.48 s71 x T~*»h and ky), ~ 4.1 £0.13 in
both samples. Cotunneling depends on the barrier thick-
ness. For the tg = 52 nm sample the range of values is
1/l cotun =~ 1.26 — 1.65 s for different individual QDs.
For the tg = 37 nm sample the dot-to-dot variation is
more pronounced 1/l cotun =~ 1.2 — 5.8 ms. Electron
spin lifetimes have not been measured for the particular
QDs used here for nuclear spin coherence studies, and
thus we treat I cotun in the tg = 37 nm sample as the
only adjustable parameter. The best fit value plotted by
the solid line in Fig. 2b is 1/ cotun ~ 1.1 ms, in good
agreement with relaxation rates found from direct mea-
surements on other QDs in the same sample.
Experimental techniques. The sample is placed in
a liquid helium bath cryostat equipped with a supercon-
ducting magnet, providing a field up to B, = 8 T, parallel
to sample growth direction and optical axis z (Faraday
geometry). An aspheric lens is used for optical excita-
tion of the QD and photoluminescence (PL) collection.
Diode lasers emitting at 850 nm are used both for optical
polarization of the nuclear spins (optical pump pulses)
and PL excitation (optical probe pulses). The collected
PL is dispersed with a 1 m double grating spectrometer
and recorded with a charge-coupled device camera. The
changes in the spectral splitting of a negatively charged
trion X —, derived from the PL spectra, are used to mea-
sure the hyperfine shifts Fy¢ proportional to the nuclear



spin polarisation degree. The oscillating magnetic field
By 1 z implementing the coherent control of the collec-
tive nuclear spin state is produced by a coil placed at a
distance of ~ 0.5 mm from the QD sample. The coil is
made of 10 turns of a 0.1 mm diameter enameled copper
wire wound on a =~ 0.4 mm diameter spool in 5 layers,
with 2 turns in each layer. The coil is fed by a 1 kW
rf amplifier through a resonant impedance matching net-
work made of 50 {2 coaxial cables.

Optically detected NMR. The details of NMR im-
plementation are given in Supplementary Note 3. Over-
all the experimental cycle follows the timing diagram
shown in Fig. 1b. As in previous work [8, 9, 29], the
optically induced nuclear spin state is augmented with
adiabatic rf frequency sweeps over the inhomogeneously
broadened satellite NMR transitions —3/2 <» —1/2 and
+1/2 < +3/2. The sweeps exchange the populations
of the I, = —3/2 and —1/2 pair of states, as well as
populations of the I, = +1/2 and +3/2 pair. This way
the population difference of the I, = +1/2 pair is max-
imised, prior to coherent manipulation of the I, = +1/2
subspace. The amplitude of the frequency-swept rf ex-
citation is chosen to produce Rabi frequency between
~ 1 — 4 kHz, and the typical sweep rates are between
5—10 MHz s~!. In some experiments, such as single-shot
measurements of Fig. 3, the same adiabatic sweeps are
applied for the second time, after the coherent manipula-
tion, transferring the final populations of the I, = +1/2
states back into I, = +3/2 states. This gives a factor of 3
increase in the variation of the optically detected hyper-
fine shifts AFy¢ at the expense of a longer experimental
time. In the case such second set of sweeps is used, all
the measured AFEys are divided by 3 to obtain the values
directly comparable with the measurements where adia-
batic sweeps are applied only after the optical pumping.
In all experiments, except for single shot measurements,
the hyperfine shift AFEys is acquired by averaging over
15 — 60 pump-rf-probe cycles shown in Fig. 1b to obtain
an approximation to a statistical average NMR signal.
In echo decay experiments, such as shown in Fig. 1f, the
dependence of the echo amplitude on the total free evo-
lution time Teye is fitted with stretched or compressed
exponentials oc e~ (Tevet/T2.N)" “\yhere 7 is the parameter
describing stretching (n < 1) or compression (1 > 1).

Coherent control of the nuclear spins is achieved using
high power rf pulse bursts with rotating frame amplitude
of up to By ~ 10 mT, which corresponds to laboratory
frame amplitude B, ~ 20 mT and 7">As Rabi frequency
v1 = 2vB;/(27) ~ 140 kHz, where the additional factor
of two is from the matrix element of the spin-3/2 opera-
tor projected onto the I, = £1/2 subspace. In order to
achieve broadband uniform rotation of a spin ensemble,
v1 must be larger than the resonance spectral broaden-
ing. While larger B; can be achieved by increasing the rf
power, the practical limitations arise from the parasitic
effects of the rf electric field. Above certain level, typi-
cally corresponding to B; ~ 5 mT, high power rf pulses
are found to induce electron spin flips, which then dis-

rupt the formation of the nuclear spin echo. In single shot
spin echo experiments with short 7eyo1 the rf-induced elec-
tron spin flips are observed as nearly equal weights of the
two modes in the histogram. Consequently, experiments
shown in Fig. 3a are conducted at a reduced By ~ 5 mT,
where the probability of parasitic electron spin flipping is
estimated to be within < 0.05 from fitting. The downside
of a low Bj is the reduced spectral bandwidth of the con-
trol pulses, which leads to incomplete rotation for some
of the spins and a reduced spin echo amplitude. In those
spin echo experiments where the readout is averaged over
multiple pump-probe cycles, the contributions of the cy-
cles where electron spin is flipped by the rf field can be

ignored, leading to correct spin echo decay time Téll\?) but
with a reduced echo amplitude. Future work may include
optimisation of rf circuitry with the aim of maximising
B while reducing the parasitic rf electric field.

Most of the pulsed nuclear magnetic resonance exper-
iments are conducted on the %°Ga isotope due to its
favourable balance between the hyperfine shift ampli-
tude, Knight shift inhomogeneity, and the quadrupolar
inhomogeneity. Additional results for ">As isotope can
be found in Supplementary Note 4.

Estimate of the number of nuclei used for sin-
gle shot electron spin detection. The single-shot
NMR experiments presented in Fig. 3 are conducted on
" As nuclei, which have 100% natural abundance and
thus make up 50% of all the nuclei in a QD, the rest
being the group-III Ga, In and possibly some Al nuclei.
The nuclear spin polarization degree produced by opti-
cal pumping is estimated to be |pn| &~ 0.65 [30], which
corresponds to a dimensionless inverse spin temperature
|6l = 0.98 in a Boltzmann distribution of the nuclear
spin level population probabilities p(I,) o« exp(—pI,).
The nuclei that are initially in the I, = +3/2 states are
transferred into the I, = £1/2 states by adiabatic rf fre-
quency sweeps — only these nuclei contribute to NMR
signal, and from the p(I,) distribution their fraction is
~ 0.67. Finally, the reduced rf amplitude used in single-
shot NMR (7®As CT Rabi frequency vy ~ 70 kHz) results
in selective rf pulses, which excite only the nuclei whose
NMR frequencies are within the pulse bandwidth o 1.
In spin echo experiments, such lowering of the rf ampli-
tude results in spin echo amplitude that is a factor of
~ 0.38 smaller compared to the echo amplitude in exper-
iments conducted with the highest possible rf amplitude.
Combining all these factors we find an upper estimate
< 0.5 x 0.67 x 0.38 =~ 0.13 of the fraction of the QD nu-
clei taking part in a single-shot detection of the electron
spin state. With the total number of nuclei estimated to
be N =~ 4 x 10* in the studied dots [16], this corresponds
to & 5000 nuclei participating in electron spin detection.

Estimate of the single-shot electron spin read-
out fidelity. The histograms of the single-shot quadra-
ture NMR signal AFEy¢ shown in Fig. 3c are fitted with

_(AEkxf+AEle,0/2)2
a double Gaussian function A(_)2 w/2 +
ABps—ABps /2

2
A(+)27( w/2 ) , where AEj¢ ¢ is the splitting of



the two modes, w is the full width at half maximum of
each mode peak and A, (A(-)) is the amplitude of the
mode corresponding to positive (negative) average hyper-
fine shift variation AFEy;. The relative difference of the
amplitudes reflects the electron spin polarization degree

= (A — A ))/(A(+) + A(-y). For the measurement
at Tevol = 0.3 ps in Fig. 3¢ we find AEpso ~ 1.75 peV
and the width w ~ 0.67 peV determined by collection
efficiency and spectral resolution of the instruments used
to analyze QD PL. When the quadrature NMR signal
AFEy¢ is measured it is interpreted as electron spin state
Sz = +1/2 (s, = =1/2) for AEps > 0 (AEys < 0). Thus
the total probability of correct detection is

F:Om)+AHg/m2ﬁw)@)4x

(f e

(R,

(== AEhf,o/2)2
/ A(+)2 w/2 dl’) .
0

Taking the integrals we find for the readout fidelity:
1 VIn2AF;
F:20+mfnhm>, (3)
w

where erf is the standard Gauss error function. Evalu-
ating this for the 7evo1 = 0.3 us measurement we find
F ~ 0.9989. This is the value quoted in the main text
above and it is determined by the accuracy with which
the collective nuclear spin polarization of the quantum
dot is read out optically.

Some additional loss of fidelity can occur if the electron
spin flips during the free evolution interval 7eyo1, Which

encodes the electron spin state into collective nuclear spin
coherence, or during the subsequent (7/2), final rf pulse,
whose duration is ¢,/ = 3.75 us for the results shown in
Fig. 3c. The Rabi frequency of the rf pulse v, =~ 70 kHz
is sufficiently large to dominate over the Knight shift
broadening Av, ~ 30 kHz and cause nuclear spin lock-
ing [31]. Under spin locking, electron spin flips during
the (7/2), pulse can no longer change the sign of the
detected quadrature nuclear spin polarization. Thus we
only need to consider the probability ~ 1 — (Tevol/T4,e)
that the electron spin is preserved during the free evo-
lution time 7evol. This probability is &~ 0.9967 for the
results of Fig. 3c where Tevo1 = 0.3 us and 11 = 90 pus,
estimated for high magnetic field B, = 7.8 T. Electron
spin flips occurring at random times during 7eyo result
in quadrature nuclear spin polarization values over the
entire range [—AFEnso/2,+AEnso/2]. Such signal as-
sociated with electron spin flips must appear as broad
background in the histograms of Fig. 3c, but in practice
is too small to be observed directly. At lower magnetic
fields the electron spin lifetimes are considerably longer.
For T . > 10 ms electron spin flips during the detection
sequence become negligible, and the fidelity is governed
by the statistical uncertainty in the optically detected
hyperfine shift AFy¢. Increasing the optical probe du-
ration Tpyope increases the number of the PL photons
collected and reduces w, improving the measurement ac-
curacy of the spectral splitting variation A Fy¢. However,
if Tprobe is too long, it depolarizes the nuclei and reduces
the separation AFEy o of the histogram modes, reducing
the readout fidelity. Thus there is an optimal probe du-
ration Tpyobe Which maximizes the fidelity F. Further
improvement of the electron spin readout fidelity can be
achieved using e.g. solid immersion lenses [32] in order
to increase probe PL photon collection without the need
for a longer Tp,obe-
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storage and single-shot readout of an electron spin qubit
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Supplementary Note 1. ELECTRON-NUCLEAR SPIN SYSTEM OF A QUANTUM DOT.

The Hamiltonian of the electron central spin s and the nuclear spin bath I;, where 1 < j < N

and N is the number of nuclei in the dot, can be written as the following sum of terms:
H =HzNx +HqN + HopN + Hze + Hit + HEnv,e (S1)

The first Zeeman term describes interaction of the QD nuclear spins I; with the static magnetic

field B, aligned along the z axis:

MHyx=—> hyB,I,;, (S2)
J

where i = h/(27) is the reduced Planck constant, v; is the gyromagnetic ratio of the j-th nuclear
spin and ij is a vector of spin operators with Cartesian components (fx,j, IAy,j, fz,j). The result of
the Zeeman term alone is a spectrum of equidistant single-spin energies hvy;B,I,, corresponding
to 21 + 1 eigenstates with nuclear spin z-projections I,, where —I < I, < +1. The interaction of
the nuclear electric quadrupolar moment with the electric field gradients is described by the term
(Ch. 10 in Ref. [1]):

0o o g
HoN = Z g][?’fz%,j - IJZ + Uj(sz,j - —73/,]‘)]7 (S3)
J

where ¢; and 7; describe the magnitude and asymmetry of the electric field gradient tensor, whose
principal axes are 2'y'2’. In self-assembled QDs the electric field gradients at the nuclear sites are as
large as hg; ~ 10 MHz and are dominated by the elastic strains [2, 3]. The strain is inhomogeneous
within the QD volume, so that ¢; and 7; vary strongly between individual nuclei. The axes z'y'2’
are different for each nucleus and generally do not coincide with crystalographic axes or magnetic
field direction. At sufficiently strong magnetic fields |iy;B,| > ¢;, quadrupolar effects can be
treated perturbatively — the main effect is the nonharmonicity of the nuclear spin energies and
the splitting of the NMR spectrum into a quadrupolar multiplet of 21 resolved transitions. The
I, = £1/2 states of a half-integer nuclear spin are influenced by quadrupolar effects only in the

second order, resulting in a smaller inhomogeneous broadening, compared to the broadening of



the |I,| > 1/2 state energies. This allows for spectral isolation of the I, = £1/2 subspaces, which
can then be treated as effective spin-1/2 nuclei. Within the I, = +1/2 subspace, the quadrupolar
Hamiltonian is identical to the Zeeman term, so that we can replace Hon — — Zj hvjABZfz,j,
where inhomogeneous quadrupolar shifts ¢; are emulated by magnetic field inhomogeneity on the
scale of AB,; q?/(h’ijz).
Direct interaction between the nuclei is described by the dipole-dipole Hamiltonian:
Hpp = Z bk <3jj,zjk,z - ij'ik> ;
i<k
b, — HO 1 —3cos 01
k= 4

b - 3
47 2 ik

(54)

Here, po = 47 x 1077 NA~? is the magnetic constant and r;.% denotes the length of the vector, which
forms an angle # with the z axis and connects the two spins j and k. The typical magnitude of the
interaction constants for the nearby nuclei in InGaAa is max (h|b;x|) ~ 100 Hz. The Hamiltonian
of Eq. S4 has been truncated to eliminate all spin non-conserving terms — this is justified for static
magnetic field exceeding 2 1 mT. Due to its bilinear form in terms of spin operators, the dipolar
interaction is not refocused by the nuclear spin echo sequences, and is responsible for collective
nuclear spin decoherence on a timescale T x pp o 1/ max (h|b; |)-

The electron Zeeman term is

HZ,e = pBGeB;5,, (85)

where pp is the Bohr magneton and g is the effective conduction-band electron g-factor, estimated
to be go &~ —0.67 in the studied QDs.
The interaction of the conduction band electron spin s with the ensemble of the QD nuclear

spins is dominated by the contact (Fermi) hyperfine interaction, with the following Hamiltonian:

Mg = Y Aj(sxlej + Syl j + 8210), (S6)

J
where the hypefine constant of an individual nucleus j is A; = AW[¢(r;)[>v. Unlike A;, the AY)
hyperfine constant is a parameter dependent only on the material and the isotope type to which
nucleus j belongs, |1j}(rj)|2 is the density of the electron envelope wavefunction at the nuclear site r;,
and v is the crystal volume per one cation or one anion. The definitions of the hyperfine constants
differ between different sources. With the definition adopted here, a fully polarized isotope with

spin I, hyperfine constant A and a 100% abundance (e.g. "®As), would shift the energies of the



electron spin states s, = £1/2 by +AI, irrespective of the shape of [¢(r;)|?>. In that case, the
typical values in InGaAs are A ~ 50 peV (Refs. [4-6]).

The three orders of magnitude disparity in the energy scales of Hz . and Hyz N suppresses at high
magnetic field the direct (first-order) electron nuclear spin flip-flops governed by the o §Xfx,j+§yfy’j
term. The remaining secular term §ij’j is responsible for the Knight shifts of the nuclear magnetic
resonance frequencies and the electron spin hyperfine shift (Overhauser shift) Eyp¢. In the second
order perturbation expansion, Hyr gives rise to hyperfine-mediated nuclear-nuclear spin flip-flops.
The effective coupling strength of the two nuclei j and k is o< A;A/AEy, where AEyz is the
energy splitting of the electron spin levels, which includes both the Zeeman splitting upgeB, and
the electron hyperfine shifts Eyp¢ due to the polarized nuclei [7]. Thus, unlike the Knight shifts,
the hyperfine-mediated nuclear-nuclear interaction is field dependent, and is expected to have the
most pronounced effect, such as shorter nuclear spin coherence, at low magnetic fields [8].

The coupling of the electron spin to external environments is described by the term Hgyy o in the
total Hamiltonian of Eq. S1. Interaction of the electron spin with phonons, mediated by spin-orbit
coupling, induces electron spin relaxation with rate I'y o< B2 (or I, o< BY at low temperatures),
strongly dependent on magnetic field B, (Ref. [9]). Cotunneling coupling between the quantum dot
and the nearby electron Fermi reservoir also gives rise to QD electron spin relaxation, whose rate
depends weakly on magnetic field, but is strongly affected by the gate bias Vg that controls the
energies of the QD states with respect to the Fermi level [9]. Additional electron spin relaxation
mechanisms may arise for example from the charge fluctuations of the defects in proximity to the
QD. Full description of electron spin dynamics is a complex problem. However, as we show in this
work, in order to explain the collective coherence of the QD nuclear spin bath, it is sufficient to
use a simplified spectral diffusion model, where environment-driven electron spin flips are treated

as random events, described by the experimentally measurable electron spin relaxation rate [%.

Supplementary Note 2. SPECTRAL DIFFUSION MODEL.

We consider evolution of the nuclear spin ensemble in the frame rotating at nuclear Larmor
frequency determined by the strong static magnetic field B,. Since all NMR experiments are
conducted on the (I, = —1/2) <+ (I, = +1/2) transitions, the nuclei can be treated for simplicity
as spin-1/2 particles. Optical cooling is used to create nonequilibrium longitudinal nuclear spin
magnetization along the z axis. The initial (7/2)y rf pulse of the sequence flips the spins, so

that magnetization points along the equatorial x axis of the rotating frame. In the absence of any



interactions, the spins remain static in the rotating frame indefinitely, corresponding to unperturbed
Larmor precession in the laboratory frame. Various interactions cause dephasing and decoherence
of the nuclear spin ensemble — here we focus on the effect of the central electron spin s coupled
to the nuclear spins I; via contact hyperfine interaction (see Supplementary Note 1). With large
static magnetic field applied, electron-nuclear flip-flops are energetically forbidden, truncating the
hyperfine Hamiltonian to Ajézfm. Here A; is the hyperfine constant of the j-th nucleus, which
is proportional to the electron envelope wavefunction density A; oc |¢(r;)|? at the site rj of the
nucleus. We assume that the electron can only occupy two discrete spin states with z-projections
Sz =+1/2 (1) or s, = —1/2 (] ). For each nucleus j, the hyperfine field of the electron gives rise to
a Knight shift v, ; = A;js,/h of the NMR frequency. For a static electron spin and in the absence
of nuclear-nuclear interactions, the 7 pulse of the nuclear spin echo sequence (7/2)x — (Tevol/2) —
(m)x — (Tevol/2) — (7/2)x can completely refocus the effect of inhomogeneous (A; # Aj) Knight
shifts resulting in an echo in transverse nuclear spin magnetization at time 7., after the initial
7/2 pulse. It is the temporal evolution of the electron spin s,(¢) during the nuclear spin evolution
that leads to irreversible decay of the echo amplitude through decoherence.

In order to model the time evolution of the electron spin we assume that it is governed
by a memoryless random telegraph process. We denote the rate of transition from 1 to | as
wy—) = Ie(1 — pe)/2 and the rate of the reverse process as w|_,4+ = Io(1 + pe)/2. The sta-
tionary population probabilities are then py = (1 + pe)/2 and p; = (1 — pe)/2. Here we ex-
press the quantities in terms of the experimentally measurable electron spin relaxation rate I,
(It = 1/T1 e, where T, is the electron spin lifetime) and the equilibrium polarization degree
pe = tanh|—pupgeB,/(2kpT)] of an electron spin with g-factor g, at a temperature T' (kg is the
Boltzmann constant). Due to the electron spin flips the Knight shift experienced by each nucleus
is a random process v j(t) = A;s,(t)/h. In order to evaluate the relative spin echo amplitude of an
individual nuclear spin we consider the total rotation of the magnetization vector in the zy plane of
the rotating frame caused by the Knight shift, and find cos[27 fOTeV°1/2 Vej(t)dt —2m fTZeVVO‘;l/Q Ve j(t)dt].
The echo amplitude observed in optically detected NMR is a sum of contributions from the indi-
vidual nuclei, weighted by the electron wavefunction density. Moreover, we take the average over
all possible implementations of the random process s,(¢). The amplitude of the QD nuclear spin

echo as a function of free evolution time 7., is then modeled as

—1
Nhiss N

N Tevol
2 A 2 Tevol
o = (M) 33 el ([P i ) s
7=1

i—1 i—1 Tevol
=1 j=

The integral over ¢ = [Tevol/2, Tevol] i taken with a negative sign since the reversal of the nuclear spin



magnetization by the 7 pulse at ¢ = Teyo1/2 changes the direction of the nuclear spin precession. The
contributions of the N QD nuclei are weighted by A; o< [4(r;)|? to describe the optical detection
of NMR via electron hyperfine shifts Fys. The sum over ¢ implements the averaging over a finite
number Nyt of electron spin evolution histories s, ;(t). The ideal echo amplitude at zero free
evolution time is £(0) = 1.

There is no universal closed-form solution to Eq. S7. A simple approximation of E(7Teyo) can
be found in the limiting case, relevant to experimental results of this work. If the rate of electron
spin flip events = I./2 is small compared to a typical Knight shift v, then one or more flips of
the electron spin are likely to lead to a complete loss of the nuclear spin echo. Indeed, unless the
electron spin flip occurs within a short time interval At ~ T. 2*7’15116) x 1/Av, near the start or the end
of the nuclear spin echo sequences, the precession phases acquired by the nuclear spins before and
after the electron spin flip do not cancel out, and no echo is observed. The same reasoning holds
for multiple electron spin flips during the nuclear spin echo sequence. Thus the formation of the
collective nuclear spin echo is conditional on no electron spin flips occurring during the entire nuclear
spin evolution. In equilibrium, the probability of having no electron spin flips in a short time period
dt is 1 —wy_, prdt —wy_4p dt. For a finite evolution time 740 the probability to have no electron
spin flips is then limg (1 — wy_ prdt — wiﬁTpidt)Tevol/dt = exp[— (w5 P + WD) ) Tevol] =
exp(—TIs(1 — p2)Tevol/2). For this regime of spectral diffusion under slow electron central spin flips
(I'e/Ave < 1), averaging over electron spin-flip histories leads to an exponential decay of the echo
amplitude with a characteristic coherence time Th N sp o< 2/(Ie(1 — p2)) = 2T10/(1 — p?), linearly
proportional to the central spin lifetime T .

We perform numerical evaluation of the full Equation S7 to compute 75 n sp for arbitrary I%,
pe and v, ; without any simplifying assumptions about I.. We use Ny > 10000 and the set of
the Knight shifts v, ; for nuclei within the quantum dot is modeled by taking N = 1000 samples
from a random distribution. We use uniform or Gaussian distribution — for the practically relevant

slow-electron-flip regime the root mean square broadening Av, = /(2 ) and the actual shape of

e,j
the distribution make no difference (here, () denotes averaging over QD nuclei). The dependence
of Th n.sp on I'./Av, is shown in Supplementary Fig. 1 for the case of uniform distribution. In the
slow-electron-flip limit (I,/Ave < 1), we find To N sp & 1.38T% ¢ /(1—p?), in good agreement with a
simple estimate presented in the paragraph above. At I',/Av, ~ 10, the spin bath decoherence time
reaches its minimum 75 N gsp =~ 0.4/Av,. Further increase of the electron spin flip rate I, /Ave > 1

results in increasing 75 n,sp: In this motional narrowing regime the electron flips take place faster

than it takes the nuclei to make any significant precession under the effect of the Knight shift, so
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Supplementary Figure 1. Numerical simulation of decoherence induced by spectral diffusion.
Coherence time T5 n sp of the nuclear spin bath as a function of the relaxation rate I, = 1/T . of the central
electron spin. Results are for an unpolarized electron p, = 0. The characteristic root mean square width
Av, of the uniform distribution of the Knight shifts is used to scale 75 n,sp and It and plot dimensionless

values on both axes.

that the Knight shifts are effectively averaged to zero, leading to an extended spin bath coherence
time 75 N sD.-

Dipole-dipole coupling between the nuclei of an empty QD (0Oe) itself causes spin bath de-
coherence [10-12] with a characteristic time 75 xpp o 1/max (h|bjx|). In order to model the
experimentally measured nuclear spin coherence time Tz(}l\?) in presence of an electron we combine
the dipole-dipole and spectral diffusion decoherence rates 1/7. 2(11\?) =1/Tonpp + 1/ToNnsp. The
dipolar decoherence time 75 N pp is taken to be the measured empty-QD (Oe) time TQ(S\?), which
is nearly independent of magnetic field in the studied structures. We can then write the model
equation for T2(711\61) in a closed form:

:uBgeBZ

(le) (0e) . 21
/Ty =1/Ty + (1 — tanh”[ kT

1)/(1.38T), (S8)

where all quantities are either measurable (ge, T e(By), TQ(S\?) ) or controlled in the experiment
(B,, T). Equation 1 of the main text is a special case of this Eq. S8 in the high-temperature or
low-field limit where equilibrium electron spin polarization p, is small. The model plots of Fig. 2b
of the main text take into account the electron spin polarization, although the difference with the

simplified model of p, ~ 0 is relatively small for the studied range of magnetic fields B, < 8 T at



T~ 4.5 K.

Supplementary Note 3. DETAILS OF PULSED NMR IMPLEMENTATION

A schematic of the timing sequence used in the pulsed NMR experiments is shown in Supple-
mentary Fig. 2. The gate bias Vi applied to the structure is varied together with optical and
radio frequency pulses in order to provide optimal charging conditions for each stage. High power
(Ppump ~ 8 mW) circularly polarized optical excitation with a wavelength A ~ 850 nm, corre-
sponding to the ground states of the InAs wetting layer, is applied for pumping time Tpyyp ~ 8 s.
Such optical pumping produces a state of the QD nuclear spin ensemble that is well described by
a Boltzmann distribution [6]. A bias of Vpymp = —1.5 V to 1.0 V applied during optical pumping
produces large dynamic nuclear polarisation (DNP), characterised by the hyperfine shifts of up to
Eyg =~ £120 peV. It is found that negative values of Vpymp generate a somewhat reduced DNP but
produce the most stable results, whereas Vpump exceeding the single-electron Coulomb blockade
bias Vi leads to intermittent ejection of the electron during the application of the high power rf
pulses. This undesired effect is found to be particularly pronounced in the thickest barrier sample
with g = 52 nm. In order to avoid this parasitic electron ejection we use Vpymp = —1.5 V in all
measurements, and the presence of the electron in a QD during the NMR sequences can be verified
directly by observing a bimodal distribution in single-shot measurements, such as those shown in
Figs. 3c of the main text. A short delay Tpe ~ 5 ms is introduced between switching the gate bias
and the optical excitation, in order to account for delays of the mechanical shutters implementing
the pump and probe laser pulses.

Frequency swept rf excitation is applied after optical pumping to implement adiabatic pop-
ulation transfer [13]|, which transforms the I, = £3/2 nuclear spin states into the I, = £1/2
states. This increases the difference in the number of I, = —1/2 and I, = +1/2 nuclei that are
coherently controlled under pulsed rf excitation that follows. The frequency sweeps start 5 to
10 MHz away from the —1/2 <+ +1/2 central transition (CT) frequency and end 50 to 200 kHz
near the CT frequency, depending on the isotope. These sweep ranges are chosen to fully cover the
strain-broadened satellite transitions (STs) —3/2 <> —1/2 and +1/2 <> +3/2, while maintaining
sufficient detuning from the CT frequency. A frequency sweep rate ranging from 5 to 10 MHz s~}
is used, depending on the isotope, to achieve adiabatic inversion. Adiabatic sweeps are applied
while the sample is kept at large reverse bias Vpiuenh = —1.5 V to ensure any charges generated

during optical pumping are flushed out of the QD leaving it empty (Oe state). High power radio
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Supplementary Figure 2. Pulsed NMR measurement timing diagram. Timing sequence of one cycle
used in pulsed NMR experiments on I, = +1/2 spin states of half-integer quadrupolar nuclei. Optical
excitation includes pump and probe laser pulses (red), frequency swept rf implementing adiabatic population
transfer (green), high power rf pulsed implementing coherent control of the nuclear spins (orange) and
applied sample bias Vg controlling the charge state of the QD (blue). The bars in the bottom row sketch
the population probabilities p(I,) of the spin states I, at the end of each stage of the cycle. For discussion
see Supplementary Note 3.

frequency pulses are then applied while the sample is at an arbitrary bias Vigarqpu to study nuclear
spin bath coherence under various QD charge states and tunneling conditions. The same adiabatic
sweeps that precede the high power rf sequence are applied in some measurements once again
afterwards, transferring the final populations of the I, = +1/2 states back into I, = +3/2 states,
respectively. This provides a factor of 3 increase in the optically detected hyperfine shift variations
A By at the expense of a longer experimental cycle. After all the rf excitations have completed, a
short delay of Tricool = 60 ms at Vpsh is used to ensure dissipation of any rf-induced heat before
optical probing is done. Optical probe is a low power (Ppyope = 1 — 10 4W) laser pulse of duration
Tprobe = 5 — 20 ms, at a bias of Vpyophe =~ 0.3 — 0.65 V, chosen to maximise optical PL intensity of
the negatively charged trion X ~. After each cycle the sample is returned to the flush bias Vs

for a time Tgusn = 30 ms to remove any residual charges before the next cycle begins.
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Supplementary Figure 3. Bias dependant ">As Rabi oscillations. Rf induced variation of the hyperfine
shift AEys as a function of rf pulse duration t,s measured at B, = 8 T in the tg = 52 nm sample for
a range of gate biases Vi across the single-electron (1le) charging plateau centered at Vi ~ 0.4 V. Each
point is obtained by averaging over multiple measurements. Inhomogeneous Knight shifts and electron spin
flips occurring during the rf pulse lead to dephasing, resulting in reduced oscillation amplitude in the single
electron regime (le). In a doubly charged state (2e, Vg > 0.55 V) Rabi oscillations are similar to oscillations
in an empty dot (Oe, Vo < 0.25 V) confirming that the damping of the oscillation is due to the unpaired

spin of a single electron.

Supplementary Note 4. ADDITIONAL RESULTS FOR "“As NUCLEAR SPINS

Supplementary Fig. 3 shows the results of bias dependent Rabi oscillation measurements. Clear
oscillations with a period of & 4.4 us are observed. At Vo = 0.4 V, corresponding to single-electron
charging of the QD, the damping of the Rabi oscillations is accelerated by the inhomogeneous
Knight shifts.

Supplementary Fig. 4 shows the results of free induction decay NMR measured using the spin
echo sequences with a fixed 79 and variable 7. The experiments are similar to those presented in
Figs. 1d, e of the main text for ®Ga. The time resolved measurements with a sequence (7/2)x—70—
(m)x — 7 — (7/2)x shown in Supplementary Fig. 4a provide estimates of the nuclear spin dephasing
time 73 . In order to derive the spectral information we also implement the (m/2)x — 70 — (7)x —
T—(m/2)y sequence. The rotation by the (7/2)y pulse is around the axes orthogonal to the rotation

axis of the (7/2)x pulse. Thus the sequences with the (7/2)y final pulse measures the quadrature



10

a b
8 12— T T T
S 1.0 .
ER c
g o 0.8 -
2 &
=4
o @ i
g S 0.6
© <
o (%]
c x
§ S 02 .
056
. 00 1 1 1 1
-50 -25 0 25 50 57.1 57.2 573 574
Echo detection time, At =t-1, (uSs) NMR frequency, v (MHz)

Supplementary Figure 4. Free induction decay spectroscopy of ">As nuclei in a single quantum
dot. a, Spin echo evolution as a function of the second delay 7 in the tg = 37 nm sample at B, = 7.8 T,
revealing free induction decay in Oe (circles, 79 = 150 us) and le charge states (squares, 1o = 7.5 us, data
multiplied is by 3). Lines show compressed exponential fitting used to derive the nuclear spin dephasing

times T3 . b, Fourier transform of a, data for le is multiplied by 5.

component of the echo nuclear spin polarization. By performing the Fourier transform on both the
in-phase and the quadrature data we obtain the NMR lineshapes such as shown in Supplementary
Fig. 4b and Fig. 1le of the main text. The lineshapes are then fitted with compressed exponential

profiles to derive the full width at half maximum (FWHM) spectral broadening.

For %Ga at B, = 7.8 T we find T;”IEIOE) ~ 34.6 us in an empty QD, and a corresponding spectral
profile with a FWHM of ~ 13.3 kHz and a compression parameter n ~ 1.6 (Figs. le, d of the main
text). For Asat B, =78 T (Supplementary Fig. 4) we find TQ*”IEIOE) ~ 7.4 ps, n ~ 1.38, and a
FWHM of ~ 53.8 kHz. The larger spectral broadening of As is due to its larger quadrupolar
moment and the stronger second order quadrupolar shifts arising from the lattice constant scale
strain, induced by the random alloying of Ga and In atoms [3].

When a single electron is added to the dot we find for %°Ga at B, = 7.8 T the dephasing time
of T;’Se) ~ 4.3 us and a spectral profile with n =~ 1.88, and a FWHM of ~ 126 kHz. For "As we
find T;y’l&le) ~ 4.5 us, n = 2.05, and a FWHM of ~ 116 kHz. The additional broadening due to
electron charging characterises the magnitude and inhomogeneity of the electron-induced Knight
shifts of the individual nuclei in the dot. The Knight shifts of "®As are smaller due to its smaller

gyromagnetic ratio and smaller hyperfine constant compared to %Ga.

At a reduced magnetic field of B, = 1.94 T (data not shown) we find for ?Ga the dephasing
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times of TQ* ’15106) ~ 13.6 us and T2* ’I(Vle) ~ 3.6 us. The spectral profile for an empty quantum dot is

characterised by 1 = 1.03, and a FWHM of ~ 23 kHz, which is twice larger than at high magnetic
field, as expected for broadening related to second order quadrupolar effects [10]. For the nuclear
spin spectral lineshape in presence of a single electron we find  ~ 2.04, and a FWHM of ~ 150 kHz,
consistent with the results obtained at high fields. Unlike at high fields, the average Knight shift
(Vo) is very small at B, = 1.94 T due to the small equilibrium electron spin polarization. For 7 As
at low magnetic fields the quadrupolar induced spectral broadening becomes too large to conduct

reliable pulsed NMR spectroscopy.

Supplementary Note 5. DYNAMICAL DECOUPLING OF THE NUCLEAR SPIN
ENSEMBLE IN PRESENCE OF A SINGLE ELECTRON SPIN.

Dynamical decoupling is a technique used to suppress decoherence arising from unwanted in-
teractions of a quantum system. A commonly used implementation relies on a series of short
(bang-bang) control pulses [14, 15] that transform the effective Hamiltonian governing the inter-
actions in the free evolution intervals following each pulse. The control sequence can be chosen to
selectively remove some of the interactions or can be chosen to implement ‘time-suspension’ where
all the interactions are suppressed. Here we discuss experimental results on dynamical decou-
pling of the nuclear spins in an individual quantum dot in presence of a single electron (1le). The
methodology follows the previous work [12] conducted on neutral QDs (Oe state). Each NMR pulse
sequences starts with a (7/2)x or (7/2)y pulse creating transverse nuclear spin polarization along
the x or y axis of the rotating frame, respectively (sequences labeled as -X and -Y, respectively).
A dynamical decoupling sequence of rf pulses is then applied, followed by a final 7/2 pulse of the
same phase (same rotation axis) as the initial pulse to convert the preserved fraction of the nuclear
spin coherence into an optically detectable longitudinal nuclear spin polarization. The decay of
coherence as a function of the total free evolution time 7.y, between the initial and the final pulses
is fitted with a stretched or compressed exponent to derive the coherence time 75 .

We start by examining ®*Ga nuclei in the low field regime (B, = 2.5 T) where electron spin
flips, characterised by 77 . ~ 10 ms, are slow compared to dipolar-dominated nuclear spin coherence
time TQ(S\?) ~ 1.69 ms in an empty QD. For each decoupling sequence the resulting 75 n is shown
in Supplementary Fig. 5a as a function of the total duration of the control pulses, excluding the
initial and final pulses, and measured in units of a m-pulse duration ¢,. The Carr Purcell sequence

(CP-X) consists of a train of periodic 7 pulses with the same phase as the initial and final pulses
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Supplementary Figure 5. Coherence of °°Ga nuclear spins under dynamical decoupling. a, Measure-
ments of TQ(?I\QI) (open symbols) and TQ(}I\C}) (solid symbols) on a QD in the tg = 52 nm sample at B, = 2.5 T.
The coherence times are plotted as a function of the total rf sequence gate time in units of m-pulse duration

t. with initial and final pulses excluded. b, Same as a but for B, = 7.8 T.

[12]. Spin echo is a particular case with just one 7 pulse. The CP sequence removes the dephasing
induced by inhomogeneous broadening, but does not affect the dipolar nuclear-nuclear interactions.
For ideal (infinitely fast) control pulses and a static inhomogeneous broadening, Ts N is expected
to be constant for any number of 7 pulses. By contrast, in experiment on an empty QD (Oe, open
triangles) we find an increase in T N with an increasing number of m pulses applied during the
Tevol interval. This increase in TN is a pulsed spin locking effect [12, 16] resulting from coherent
evolution of the interacting nuclear spins during the non-ideal (finite-duration) rf control pulses. In
presence of an electron (le, solid triangles) spin locking is observed as well, although the maximum
T5 N is smaller than in the Oe case, most likely limited by T5 n approaching the T o, when it becomes
probable that the nuclear spin decoupling echo is destroyed by an electron spin flip occurring during

the 7Teyo1 interval.

To implement the time-suspension we use CHASE-5 sequence [12], which suppresses both the
ensemble inhomogeneous broadening and the nuclear-nuclear interactions. Unlike the spin locking,
which preserves the coherence only along the preferential direction of the rotating frame, the

CHASE sequence is designed to preserve a coherent state with an arbitrary phase. This is verified
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Supplementary Figure 6. Coherence of "®As nuclear spins under dynamical decoupling. a, Measure-
ments of TQ(?I\?) (open symbols) and Tz(,ll\?) (solid symbols) on a QD in the ¢tg = 37 nm sample at B, = 7.8 T.
The coherence times are plotted as a function of the total rf sequence gate time in units of m-pulse duration
t, with initial and final pulses excluded. The points at 3w correspond to one cycle of CHASE-5 sequence,
the points at 67 correspond to one cycle of CHASE-10 and the points at > 127 are for integer numbers of

CHASE-20 cycles.

by measuring the decay of the echo initialised either along the = or the y axis of the rotating frame,
with results shown in Supplementary Fig. 5a by the squares and circles, respectively. In agreement
with previous studies [12], in an empty QD (0e) CHASE-5 leads to approximately a factor of 2
increase in coherence time, from 7. 2(3\8]) ~ 1.69 4+ 0.085 ms for spin echo to TQ(%) ~ 3.59 + 0.24 ms
and TQ(S\?) ~ 2.96 + 0.24 ms for CHASE-X-5 and CHASE-Y-5 sequences, respectively. In presence
of the electron spin (1le) CHASE-X-5 is equally effective in improving the spin echo coherence time
TQ(}I\?) ~ 1.50 £ 0.15 ms to T2(71§) ~ 3.7 + 1.0 ms (solid square in Supplementary Fig. 5a). In the
worst case scenario of a coherent state with polarisation along the y axis of the rotating frame
(CHASE-Y-5, solid circle in Supplementary Fig. 5a) the observed T2(71§) ~ 2.2+ 0.4 ms is still
a significant improvement over the single-pulse spin echo. Longer decoupling sequences, such as
CHASE-10 and CHASE-20 lead to accumulation of pulse control errors, and reduction of the echo
amplitude which prevents reliable T2(71§) measurement. Nevertheless, the CHASE-5 results confirm

that the central spin is not a fundamental obstacle for dynamical decoupling of the nuclear spin

bath.
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In the high field regime (B, = 7.8 T, Supplementary Fig. 5b) the addition of the electron
spin to the quantum dot results in a pronounced reduction of the %°Ga nuclear spin coherence.
This is expected since the significantly shortened 77 . ~ 90 pus makes spectral diffusion mechanism
dominant over the intrinsic dipolar-induced decoherence. The accuracy is not sufficient to evaluate
the trends in TQ(}I\?) as a function of the rf gate time, but it can be seen that neither CP nor CHASE
sequences provide any reliable improvement in T2(71§) , suggesting that both the pulsed spin locking
and time-suspension are disrupted. The mechanism is similar to the one that governs the spin echo
decoherence under spectral diffusion in the limit of slow fluctuations (see details in Supplementary
Note 2). Owing to the strong Knight shift inhomogeneity, characterised by short dephasing time
Tz*y’lgle), the probability that a single electron flip destroys the nuclear spin echo ~ 1 — T;”lslle) / Tz(g\?)
is close to unity. This is also the case for CP and CHASE sequences: just as for spin echo,
these dynamical decoupling sequences rely on rf pulses periodically transforming the instantaneous
interaction Hamiltonian to converge the average Hamiltonian to zero. A single electron flip is
sufficient to disrupt the decoupling by breaking the balance of phases accumulated by spins in
the free evolution intervals of the sequence. As a result, nuclear spin coherence is essentially

limited by the electron spin lifetime Tz(lﬁle)

T2(1§) with CHASE can be expected only if a large number of decoupling pulses is applied with

<SS 1.3877 . Under these conditions, an improvement of

intervals much shorter than the timescale 77 . of the electron spin flips. This regime is currently
not achievable in our experiments on %°Ga, and would require improvement of the echo amplitude
through optimisation of the rf circuits to attain larger rf magnetic field while reducing the parasitic

rf electric field.

We also examine dynamical decoupling of "®As nuclei in the high field regime (B, = 7.8 T).
The results shown in Supplementary Fig. 6 are consistent with the high field results for 5°Ga
(Supplementary Fig. 5b), showing that dynamical decoupling provides no reliable improvement
when nuclear spin decoherence is dominated by random electron spin flips rather than by the
nuclear spin-spin interactions. Due to the 100% natural abundance, "> As gives a larger NMR signal

making it possible to measure 7. 2(113) under longer decoupling sequences than in %°Ga. From these

)

. . . 1
measurements shown in Supplementary Fig. 6 we observe a non-monotonic dependence of T. 2(1\? on

(Le)

the number of CP-X cycles (solid triangles). The coherence time first decreases to T21§ ~ 65 us

under a sequence with 4 and 8 w-pulses. Such decrease can be ascribed to the heating of the spins by
frequent control pulses, which reenables the dipolar flip-flops, otherwise frozen by inhomogeneous

(Le)

quadrupolar shifts [12]. The coherence is then seen to increase to T211\6I ~ 110 ps under 16 7-pulses.

This increase would be consistent with dynamical decoupling overcoming the random electron spin
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flips by periodically inverting the nuclear spins faster than 77 .. However, validation of these trends

in T2(1§) would require further studies with improved measurement accuracy.
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Fast microwave control of electron

spins

6.1 Introduction

We have so far studied the dynamics of spins in self-assembled quantum dots, determining the
ideal operating conditions for long-lasting spin states. We have also demonstrated coherent
control of nuclear isotopes within the quantum dots, allowing the use of the nuclear spin
bath as a quantum computing resource. We now turn to coherent control of an electron
spin, which as discussed previously (Section 2.4.2), can be achieved through optical control
in Voigt [31] or electron spin resonance (ESR) in Faraday geometry [32].

Electron spin resonance on quantum dots would coherently control the electron spin in
a charged QD, allowing rotation of the spin state between |f) and [}). Similar to NMR
measurements, electron spin resonance requires a rotating magnetic field B; oscillating at
a frequency equal to the splitting of the electron spin states frsr = AFzceman = et B,
where g, is the electron g-factor. For an electron residing in a charged InGaAs quantum
dot, the g-factor can vary from géQD) ~ —0.7 to —0.3 [89, 137, 138]. We observed a value

of gf(;QD) = —0.67 for the QD measured in Chapter 5, which in a moderate magnetic field of

99
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B. =0.5-1 T results in an estimate of fgsr ~ 4.5 - 9.5 GHz, corresponding to the X-band
of microwave (MW) frequencies.

The rate of coherent control is defined by the Rabi frequency frapi, and to allow coherent
control must meet the condition that the Rabi frequency is less than the frequency of the
spin state transition fran < fesr. We desire the fastest possible spin control to allow an
increase in the number of gate operations that can be performed before the electron spin
state decoheres. As such, operating ESR measurements at a higher fggsg is desirable to allow
the opportunity to provide faster rotations through increased frap;.

The high-frequency requirement for electron spin control can not be generated from a
simple copper coil as we used for NMR experiments. Broadband linear conductors can
produce the required frequencies but have to be geometrically small and close to the target
spin [154]. This is not a suitable solution for the ODMR, protocols used on QD structures
throughout this thesis, nor any other system that requires optical access. In addition to
limited optical access, the simple antenna can also cause parasitic electric fields and heating
effects which will destroy the coherence of a charged QD spin [33].

To mitigate these issues we require a microwave source that can be operated at a reason-
able separation to the sample, as for the RF coil described in Chapter 3. To achieve this we
use resonator structures that can produce a sufficiently strong oscillating magnetic field B;
to compensate for the separation. Resonators operate at fixed resonant frequencies fres and
require careful design to achieve the desired frequency. The requirements for the resonators
are the need to efficiently generate and propagate microwave pulses at a high power Py,
with minimal electric field E generation to prevent disturbing the quantum dot charge state.
There is also the additional requirement to operate at cryogenic temperatures for use in the
bath cryostat set-up described in Chapter 3.

In this chapter we set out to test keyhole resonators (KHR) [33] designed to operate at
fres = 8 GHz, selected to allow sufficiently fast Rabi oscillations frap; of the QD electron spin

resonance. Testing of the KHR resonator design was carried out recently at low microwave
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powers (Pyw = 3 W) on silicon carbide (SiC) vacancies, with reasonable success [33]. Here,
we test a further optimisation to the previously successful KHR designs in order to push
the resonator frequency mode to fres = 8 GHz and more importantly test their ability
to operate at higher microwave powers (up to Pyw = 250 W), allowing for fast electron
spin control. We test the resonators on a benchmark sample of NV centres in diamond
at room temperature. NV Centres in diamond provide a system with non-degenerate spin
states allowing coherent control through optically detected magnetic resonance techniques
(ODMR) at room temperature and is well studied through the literature [155, 156]. Room
temperature operation allows ease of access to the set-up for iterative improvement, which
is preferable to the time-consuming process of loading test resonators into the bath cryostat
used in the QD studies (Section 3.2). We present a basic characterisation of the resonator
properties and of the NV centres, followed by magnetic field dependence of ESR and finally

present Rabi oscillations from pulsed ESR of the NV~ spin states.

6.2 Microwave resonator design for pulsed ESR mea-
surements

A microwave resonator to be used in coherent control of electron spins has several critical
requirements as laid out in Ref [33], and are used to design the keyhole resonators used in
this chapter. To summarise some of the key requirements, we desire a resonator that can
efficiently generate a strong oscillating magnetic field By at fres = 8 GHz, while producing
minimal parasitic electric fields E. We also require the ability to generate short bursts of
By to allow coherent control of electron spins and thus require lower Q)-factor cavities. The
resonator also must allow optical excitation to reach the sample, or in other words, must not

obscure the sample surface in any way.
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6.2.1 Loop-gap resonators

Before discussing the keyhole resonator design, we can first discuss more established resonator
designs. Simple high @Q-factor rectangular microwave resonators are undesirable for pulsed
coherent control techniques, as the high @ limits the operational bandwidth, preventing
short pulses from being generated. A solution to this was developed known as the loop-gap
resonator (LGR). These were designed with pulsed electron spin resonance measurements in
mind by providing moderate )-factors while maintaining a strong conversion of microwave
power Pyw to emitted magnetic field By [157]. A simple schematic of an LGR is displayed
in Fig 6.1.

Top View

—
—_—

E
B

Figure 6.1: Schematic of a typical loop gap resonator (LGR). Dimensions of the LGR are
defined by the inner bore radius r, the conducting loop width w, the gap width ¢ and the
resonator height Z. Electric field E (blue arrows) is confined to the gap region which acts
as a capacitor, while magnetic field B (pink arrows) propagates parallel to the central axis
of the conducting loop.

The resonator can be considered as two primary components, a loop with inductance L

and a gap with capacitance C'. Both L and C' are determined by the geometry and material
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properties of the resonator, as defined by the following equations.

(coer)wZ I pomr?

C= . 7

(6.1)

where Z, w, r and g are defined by the various dimensions of the LGR, Fig 6.1, yq is the per-
meability of free space, €, is the permittivity of free space. The medium within the conductive
gap ¢ has dielectric constant €,, which can be an air gap ¢, =~ 1, or filled with a dielectric
material €, > 1. For simplicity we use a lumped circuit approximation, which neglects the
effect of distance on the circuitry, instead assuming that the dimensions of the circuit are
much smaller than the wavelength of the microwaves. The resonant mode frequency of the
LGR can thus be approximated by 27 fres = 1/ VLC, effectively demonstrating that careful
selection of the LGR dimensions is required to produce a resonator capable of generating mi-
crowaves at the desired frequency. Real resonant frequency modes will be different, but can
only be calculated from solving Maxwell’s equations or testing the system experimentally.

Continuing to use the lumped circuit approximation, we can make a simple estimate for

the Q-factor of the LGR:

2p

where 6=,/ —F——
(27TfRes>/~L0

(6.2)

Sl 3

where r is defined as in Fig 6.1, ¢ is the skin depth of the conductive material defined by
resistivity p, and the resonant frequency of the LGR fres [157, 158]. Practically, this is an
overestimate of ) due conductive losses in the capacitor and loss of magnetic field to free
space, the latter of which can be limited by surrounding the LGR in a cylindrical cavity to
act as a shield [157].

In order to design a resonator for a specific scenario, there are several key properties that
need to be considered in the design phase. The frequency of the resonant mode fres and the
Q-factor of the cavity are critical, in addition to efficient conversion of input microwave power

Py to outputted microwave magnetic field By, which can be quantified by the microwave
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conversion factor By /v/Pyw.

For the work in this chapter, we require the resonators to have resonant frequencies of
fres = 8 GHz to achieve fast electron spin control. The geometry of the structure must
then be designed to operate at the target frequency fres in addition to providing maximum
Bi/v/Puw. Both the Q-factor and the resonator mode volume can affect the microwave
conversion efficiency. However, there is an upper limit on ), imposed due to the need
for sufficient bandwidth to allow generation of the short bursts of microwaves required to
achieve coherent control of electron spins. Generating a rectangular pulse of 10 ns requires

a bandwidth of fgw ~ 88 MHz according to the Mims’ criterion [159, 160]. This results
fRes

Jw
minimising the mode volume is the primary method of improving the microwave conversion

in an upper limit of () = ~ 90. Consequently, once the desired () has been achieved,
factor By /v/Puw of the resonators [33].

For the simple LGR described so far, the reduction of mode volume is achievable by
reducing the height of the LGR. To take this to its extreme, surface LGRs can be created
through deposition of conductive material on a dielectric substrate, allowing thin LGRs of
Z ~ 0.1 to 1 pm [161]. Reduction of resonator height z will alter both L and C. As the
frequency of the resonator is determined by ~ 1/ VLC, appropriate adjustment of the other
resonator dimensions is required to prevent unwanted deviation from the desired frequency.
Results from Ref. [161] demonstrate successful surface LGRs with varying geometries, the
simplest of which is an LGR with a small Z and large w, while other designs incorporate
more complex (2-shaped structures. Further research into surface LGRs and other surface

resonators can be found in Refs. [162-164].

6.2.2 Keyhole resonator

The surface LGRs discussed so far solve two of the four critical conditions for the desired
resonator design by providing moderate ()-factors and strong conversion of Pyy to B;. We

now also need to consider minimising the electric field E to prevent unwanted electrostatic
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Side View

Front View

g

Figure 6.2: Schematic of the keyhole resonator (KHR). Dimensions of the KHR are defined
by the inner loop radius r and gap height [, forming the characteristic keyhole shape in the
conductor (orange). Width of the conductor either side of the resonator loop is quantified
by w, while the distance between the loop and top of the conductive material is ¢. The
capacitive gap width is defined by g. Conductor thickness is a constant, Z = 35 pum, while
the dielectric substrate has a thickness of tg,,s = 0.254 mm. Similar to the LGR, the electric
field E (blue arrows) is confined to the gap region which acts as a capacitor. The magnetic
field B (pink arrows) propagates parallel to the central axis of the conducting loop, out of
plane of the resonator.
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interaction with the spin qubits, and creating a resonator that will allow optical access to
the sample to allow hybrid optical-microwave studies of electron spin systems. This can
be achieved through a design of resonator known as the keyhole resonator (KHR). A full
description of the design, modelling and initial tests of the KHRs can be found in [33]. Here
we provide a brief summary of the key characteristics of the KHRs.

A schematic of a KHR is shown in Fig 6.2. The resonator is designed to be used at
some separation Lyw from the optically excited area. This both allows the desired optical
access and limits heating effects from high power microwaves. With regards to the KHR
geometry, there are three key differences when compared to the surface LGRs introduced
in the previous section. Firstly, the conducting loop is now not just a simple ring, but a

rectangular conductor, with asymmetric distances along the sides w and top ¢ of the loop
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radius r. The rectangular shape is easier to fabricate and allows for a simpler mounting and
shielding system to be used. Secondly, the length of the gap is large, much greater than the
resonator radius r. A large gap length moves the electric field E away from the centre of
the resonator loop, reducing the overlap between magnetic field Band E , ensuring minimal
electric field fluctuations are felt by the target of the microwave magnetic field. Finally, the
position of the centre of the resonator is close to the top of the substrate instead of placed at
the centre, which allows the resonator to be placed closer to the aspheric lens typically used
in confocal microscope set-ups designed for microphotoluminescence.

The KHRs used in this chapter are printed circuit board (PCBs) designs made by deposit-
ing Z = 35 pum (1 oz) of copper cladding (conductor) on to a Rogers laminate RO3003 dielec-
tric substrate, which was tgu,s = 0.254 mm thick and has a dielectric constant €, = 3 + 0.04.
The conducting area of the PCBs had an Immersion Silver finish to maximise conductivity.
A series of keyhole resonators (LGR) were designed to provide a range of frequencies from
7.5 to 8.5 GHz. Testing was required to verify the frequency of the resonator modes un-
der practical operating conditions, as opposed to the theoretically predicted frequency from
the modelling and design phase. Resonators are referred to by their theoretically expected
resonator frequency from the design phase of the structures.

Several different types of KHR were used in the characterisation of the new KHR designs,
but for all ESR work we use a 7.58 GHz KHR resonator shown in Fig 6.2. The parameters
of the structure are: conductive thickness Z = 35 pum, substrate thickness tgu,s = 0.254
mm, gap width ¢ = 0.559 mm, gap length [ = 2.382 mm and loop radius » = 0.878 mm.
The width between side of rectangular metallization and the side of the circle has thickness
w = 3.088 mm and width between circle and top of metallization has thickness ¢ = 0.861
mm. The thickness of the dielectric around the edges of the conductive face varies as the

substrate is a fixed size while metallisation size varies.
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Figure 6.3: Circuit diagram for microwave reflectometry testing of resonators. A microwave
generator (SMB100) generates sinusoidal microwave signals of frequency fynw which is passed
into a circulator. Unidirectional circulator ensures signal only travels to the next numbered
port (1 — 2 — 3 — 1). Microwaves are sent to the coupling loop driving a resonator, which
absorbs microwaves matching the frequency of the resonator mode. Reflections indicate
partial or no coupling of the frequency applied, which can be measured by a spectrum analyzer
after being passed sufficient attenuation (-20dB) and a fail-safe RF limiter.

6.3 Resonator testing

In order to experimentally measure the properties of the KHRs, microwave reflectometry
measurements were used. Microwave reflectometry measurements were carried out by gen-
erating a sinusoidal MW signal at a particular frequency fyw, transmitting the MW to the
resonator and measuring the amplitude of reflection at the MW frequency on a spectrum
analyser. Repeating this sequence over a range of frequencies fyw gives a detailed spectra of
the KHR’s reflection profile and allows the properties of the resonator mode to be observed.

In order to carry out microwave reflectometry measurements, we use the circuit shown
in Fig 6.3. A microwave generator (SMB100) is used to generate arbitrary waveforms with
a frequency of up to 40 GHz. Sinusoidal microwave signal of frequency fyw is passed into
port 1 of a 3-port circulator. RF circulators are unidirectional, and thus transmit signal
in only one direction (1 — 2 — 3 — 1), preventing any reflections of microwaves back to

the generator. Port 2 of the circulator is connected to a single loop copper coil, acting as
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a coupling loop which will drive the resonator at fyw. The resonator coupling to applied
microwaves varies with fyrw, where the strongest coupling is at the resonator mode frequency
fres- Frequencies outside the mode are partially or completed uncoupled to the resonator
resulting in reflection. All reflected microwave signals are directed to port 3 of the circulator.
Port 3 outputs reflected microwaves through a -20 dB attenuator, an RF limiter (PE8022,
2 - 18 GHz) and then to a spectrum analyser (N9010). The limiter acts as a fail-safe for
high amplitude microwave reflections, and prevents spikes in amplitude that may damage the
sensitive spectrum analyser. The spectrum analyser allows measurement of reflection spectra
to characterise the resonator modes, which will appear as a characteristic dip indicative of

the resonator mode frequency and bandwidth.

6.3.1 Ciritical coupling of coupling loop and resonator

Testing of LGR resonator modes was carried out by attaching a KHR to a copper resonator
mount, a schematic of which is shown in Fig 6.4. Inside the resonator mount resides a
single loop of copper wire soldered to a coaxial cable which acts as the coupling loop for
the resonator. The coaxial cable is connected to port 2 of the MW circulator, as described
previously. Once the resonator is attached, the coupling loop is completely enclosed by both
the copper mount and thin conductive surface on the resonator, minimising the effects of
spurious electric fields generated by the coupling loop.

Careful positioning of the copper coil is required in order to critically couple the elec-
tromagnetic field from the coupling loop to the resonator. Critical coupling corresponds to
maximal energy transfer from the coupling loop to the resonator [152]. The distance between
the coupling loop and the resonator can be adjusted by loosening a screw on the side of the
resonator mount and moving the coaxial cable to shift the coil. Coupling is most efficient
(critically coupled) when the resonator mode provides the strongest absorption of the coupling
loop microwaves, which is detected as the largest dip in reflection spectra measurements.

To investigate the coupling of the coupling loop and resonator, reflection spectra were
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Figure 6.4: Schematic of copper resonator mounting block. A coupling loop connected to
a coaxial cable is fed into the mounting block and secured with a screw (not shown), while
the resonator is positioned on the front of the mount. Critical coupling of the coupling
loop to the resonator can be adjusted through alteration of the spacing between the loop
and the resonator, quantified by zcou,. The copper block and resonator form a container
around the coupling loop, acting as a shield from additional electrical fields generated by the
coupling loop, minimising the effect of the coupling loop on any sample undergoing microwave
excitation.

measured as the position of the coupling loop was iterated until the ideal conditions were met.
The ideal conditions required for this work is a compromise between the critical coupling of
the coupling loop and keyhole resonator and ensuring the resonator mode frequency is close
to the specified frequency of our high power pulsed amplifier, famp = 8 GHz. Once the
ideal position of the coil was found, the coil was fixed in place to be used for the rest of
the experiments. Some representative results demonstrating the effect of the distance xcoup
between the coupling loop and the resonator on the resonator modes are shown in Fig 6.5.
Coupling configuration 3 is close to critical coupling, as indicated by the low reflection (high
transmission) of the resonator mode. However, in the final configuration (thick, black) we
chose to slightly increase the coupling loop separation in order to match the resonator mode
to the pulsed amplifier frequency famp. Analysis of the width of the transmission dip at -3

dB in Fig 6.5 gives an estimate of the bandwidth fgw ~ 102 MHz. This allows an estimate of
fRes

BW

the loaded Q-factor of the resonator, which is calculated to be Q) = ~ 79, demonstrating
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Figure 6.5: Reflection spectrum of a 7.75 GHz keyhole resonator with different iterations of
drive coil position inside the resonator mount. Resonant mode is required to be as close to
the pulsed amplifier’s peak operation frequency at famp = 8 GHz (dashed line).

the resonator meets the requirement laid out in Section 6.2.1 for a 10 ns pulses at 8 GHz.

6.3.2 Effect of nearby conductors on resonator modes

In an ideal scenario, the resonator generates electromagnetic fields into the free space in
front of the resonator. However, in reality, there are likely to be nearby objects that may
impede the efficiency of MW transmission and may distort the shape of the magnetic field
in the resonant mode. The set-up used for ESR measurements places the resonator close to
the conducting copper sample mount in addition to the cage system supporting the optical
components.

In order to test the effect of nearby conductive objects, we first test a simple scenario

where a copper block was placed in front of the resonator, as shown in Fig 6.6, simulating
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Figure 6.6: Schematic of set up for investigating effect of nearby conductor on resonator
modes. Microwave reflectometry measurements were carried out for a range of separations
Lyrw between the KHR (green) and a copper block. The copper block interferes with the
transmission (pink) of microwave magnetic field and alters the properties of the resonator.

the effect of a semi-infinite conductor. The separation between the block and resonator was
changed to observe the effect on the resonator modes. Microwave reflectometry spectra were
measured between 7 - 9 GHz for a range of separations, and are presented in Fig 6.7. Above
1.5 mm separation, there is no change in the frequency of the resonator mode, indicating
the copper block has minimal effect on the behaviour of the resonator. Below 1.5 mm the
resonator mode is shifted to lower frequencies until even small changes in Lyw cause a
significant shift in the resonator frequency mode fres. These tests suggest that separation of
Lyw = 1.5 mm between the resonator and nearby conductors is sufficient to limit change in
the resonator mode. Calculation of the loaded @-factor of the resonator modes as Lypw is
stepped demonstrates an approximate value of () =~ 80. Constant ()-factor is an indication
that the copper block absorbs a minimal amount of microwave energy.

The geometry of the experimental set-up is more complex than a simple metal block, and

as such, it was important to characterise the shift in fres for the keyhole resonator design
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Figure 6.7: a) Microwave reflectometry spectra for a range of Lyw. Nearly constant resonator
modes at ~ 8450 MHz above 1.5 mm separation indicates the copper block has minimal effect
in this regime and coincides with a reduction in resonator loaded Q)-factor. The block strongly
affects resonator frequencies fres below this regime, with sharp resonance modes experiencing
strong frequency shifts for small changes to Lyw. b) Loaded @Q-factor values of resonator
mode for different separations Lynw of an 8.1 GHz KHR to a copper block.

when positioned for ESR experiments. Quantifying the shift between free space transmission
and transmission in presence of the set-up components (sample mount, lens, magnets) was
key to selecting the correct resonator geometry, as testing every resonator design is time-
consuming. As such, we made a comparison of the resonator mode for transmission into
free space versus the resonator mode while mounted to the full ESR set-up described in
Section 6.5. The resonator was not critically coupled for either measurement, but coupling
was not altered between the two configurations. We observed a minor shift of resonator mode

frequency of ~ 10 MHz indicating the set-up has minimal effect on the KHR resonator mode.
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6.3.3 Effect of cryogenic temperatures on resonator modes

For the purpose of measuring ESR on NV centres in diamond, the resonators have been suffi-
ciently characterised and can be used for experiments at fyw ~ 8 GHz at room temperature
(T" = 293 K). However, to use the resonators for their future intended purpose of ESR on
quantum dots, we need to understand the effect of cryogenic temperatures on the resonator
modes. Temperature alters the dielectric properties of the keyhole resonator substrate, and
therefore the resonance properties will also be altered. The coupling between the coupling

loop and resonator may also change due to thermal contraction as a result of the reduced

temperature.
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Figure 6.8: Microwave reflectometry of an 8.1 GHz keyhole resonator at temperatures T' =
273 K (black) and T = 77 K (orange). An increase in the resonance mode frequency is
observed at lower temperature, with the frequency shifting by A f = 50 MHz. Increase in the
reflection at the peak of the mode for 7' = 77 K indicates critical coupling may have been
lost due to reduced resistance of conductive components in the coupling loop and resonator.
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A simple temperature test was carried out on a resonator design to operate at 8.1 GHz
with no conductors nearby. Two microwave reflectometry spectra were measured, one at
room temperature (7' = 293 K) and one after the resonator had been cooled to T" = 77 K.
We achieved a stable thermal equilibrium at 7' = 77 K by submerging a screw attached to
the resonator mount in liquid nitrogen for 10 minutes. This allowed the cooling of the res-
onator without direct contact with the liquid nitrogen, which may have affected the reflection
spectra.

Results of the thermal testing are shown in Fig 6.8, demonstrating an increase in resonator
mode frequency of Af = 50 MHz. A shift of the resonator mode frequency is observed and is
attributed to the temperature-dependent dielectric constant of the KHR substrate, altering
the resonator mode as the temperature changes. It is also clear that the coupling efficiency
has deviated from the critical condition observed at 7' = 293 K, in addition to a ~ 10%
increase in resonator ()-factor. Both of these effects likely arise from the reduced resistance
of conductive components in the circuit due to temperature change. Quantum dot ESR
experiments will be carried out at T' = 4 K, where we would expect even stronger effects of
temperature on the resonators. However, the T'= 77 K results allow us to better anticipate
the shifts in resonator properties and coupling efficiency, which is critical due to the time-

consuming process of iterating resonator configuration in the quantum dot set-up.

6.4 NV centres in diamond

Once preliminary characterisation of the keyhole resonators had been carried out, we needed
to test the resonators ability to be used in coherent control measurements on spin qubits.
Initial investigations for these types of resonators were carried out on the vacancies found in
SiC, with successful ESR measurement up to 6.5 GHz at microwave powers of up to 3 W [33].
We set out to test updated designs of the keyhole resonator developed to operate at fres = 8

GHz on the nitrogen vacancy (NV) defect in diamond, using a 300 W pulsed amplifier to
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allow fast coherent control. NV centres were selected due to the predicted increase in optically
detected magnetic resonance signal compared to the previously tested SiC vacancies.

NV centres are a point defect occurring within the lattice of diamond and are formed from
a Carbon-12 vacancy site adjacent to a Nitrogen-14 (}N) site. Diamond samples fabricated
through chemical vapour deposition (CVD) can be additionally implanted with nitrogen
atoms, which bond with carbon vacancy sites to form the NV centres [165]. The neutral NV
centre, NV, is formed entirely of dangling bonds from the surrounding three carbon and
one nitrogen lattice sites, resulting in the vacancy being occupied by five electrons (one for
each 2C and two for the *N) [155, 166, 167]. An additional charge can occupy the vacancy
through a nearby donor lattice site, generally another nitrogen atom, or through the use of
charge-tunable structures, forming the negatively charged nitrogen-vacancy centre NV~. The
NV centre defect axis typically forms in equal densities along one of four orientations [111],
[111], [111], [111], resulting in only 25% of NV centres being accessible in most experiments
[168]. However, there have been some successful attempts at controlling the growth of the
NV centres to orientate the defect axis along only one of the 4 crystallographic directions,
allowing full access to the entire population of NV centres [169, 170].

The additional charge in the NV~ forms a spin triplet ground state S = 1 of the form
3 Ay, with the three spin projections m, = 0, &1 [155, 156, 171]. An energy level diagram of
the NV~ is shown in Fig 6.9. An intrinsic splitting of the my = 0 and m, = +1 occurs due to
spin-spin interaction between the electrons in the vacancy, and is referred to as the zero-field
splitting, quantified by D$Ss ~ 2.87 GHz at room temperature [155]. Additional strain and
electric field effects can cause mixing between the mg, = +1 states, which can be quantified
by the Ezps parameter and is usually on the order of several MHz [172].

The excited state of the NV~ is also a spin triplet state of the form *E, and lies ~ 1.9
eV above the ground state, allowing optical transitions in the visible band to occur. The
radiative recombination rate of the NV~ is approximately ~ (12 ns)~!, and transitions are

generally spin conserving, resulting in the triplet returning to the original state after optical
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Figure 6.9: Energy Level diagram of NV~ centres in diamond. Optical excitation promotes
electrons to the A, state, which radiatively recombines on the scale of ~ (12 ns)~!. Alterna-
tively, relaxation can occur to a cascade of singlet states that are treated as one metastable
state known as the inter-state crossing (ISC). Ground state 3 E spin triplet (S = 1) has a zero-
field splitting of Dg5y = 2.870 GHz, splitting the m, = 0 and my = +1 states. For B, > 0
T, the mgs = +1 degeneracy is lifted allowing excitation of specific transitions (mgs = 0 <> +1
or ms =0 <> —1) as a two-level spin system.

excitation [173, 174]. A secondary relaxation pathway occurs through a series of spin singlet
states, which are generally considered as a single metastate known as the inter-system crossing
(ISC). The ISC has comparatively slow relaxation on the scale of 200 - 400 ns as the electrons
cascade through the series of spin singlet states via infrared optical and/or non-radiative
vibronic recombination [175, 176].

Relaxation to the ISC is strongly coupled to the my = +1 levels in the excited state
(3E), while relaxation from the ISC has strong probability to return to the ms = 0 level in
the ground state (*As). Consequently, repeated cycles of optical excitation can preferentially

populate the m, = 0 state. Spins in the m, = 0 are likely to return after an optical
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excitation/recombination cycle, while spins in the my; = 41 state are likely to recombine
through the ISC, and thus into the ground state m, = 0, providing a mechanism for optical
initialisation of the NV centre spins [177]. The energy level diagram in Fig 6.9 provides a
schematic of the various transitions and relative coupling strengths in the optical initialisation
scheme.

Zero field splitting between the spin states ms; = 0 and m; = £1 within the NV~ allows
selective microwave excitation of the spin transition [166, 172, 178]. However, it can be more
useful to address a pure two-level system, which can be achieved through the application of a
static magnetic field By. The Zeeman effect splits the my = £1 states by +g.upB, providing
two addressable transitions of my = 0 <> +1 and my = 0 <> —1, allowing a two-level spin
qubit to created. It is by using a static magnetic field that allows us to tune the NV~ centre
transition energies to 8 GHz, allowing us to use it as a test structure for optically detected

electron spin resonance measurements with the keyhole resonator design.

6.5 Room temperature experimental set-up

In order to test the resonators on NV~ centres in diamond, we require a set-up allowing close
proximity of the keyhole resonator (KHRs) to a diamond sample under optical excitation. The
sample used in these experiments is an Element 6 DNV-B1 diamond sample, with dimensions
3 mm x 3 mm x 0.5 mm and was grown using chemical vapour deposition (CVD). The sample
has a 1.1% abundance of **C and an NV centre density of 300 parts per billion.

The experimental set-up is comprised of two main sections, the optics required for mi-
crophotoluminescence (u-PL) and the hardware for microwave generation and resonator po-
sitioning, both of which are critical to perform optically detected electron spin resonance
experiments. Both parts of the set up are controlled synchronously with a four channel
TGA1244 signal generator. An overall schematic is shown in Fig 6.10.

Optical excitation of the diamond sample is carried out using a u-PL set-up operating
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Figure 6.10: Schematic of ESR set-up, a modified version of the set-up described in Ref [33].
A PC using LabView sets up the various components in the system. Triggers for each
component is generated by a master generator TGA1244. Microwave circuitry is indicated in
orange (full description in text) and allows the generation of microwave magnetic fields from
the coupling loop, which in turn can drive the keyhole resonators studied in this chapter. The
coupling loop can be replaced with a simple single loop coil for microwave generation below
the KHR frequency range fres < 6.5 GHz. Microwaves are directed along the z-axis towards
the diamond sample for optically detected electron spin resonance. The diamond sample
is positioned below a u-PL set-up to allow optical excitation and measurement. Digital
laser modulation is controlled by TGA1244, allowing fast pulses of optical excitation to be
sent to the sample. Signal collection routes detectable photons to the APD after filtering
unwanted wavelengths (FEL650, FEL600). APD detection signal is passed through an SPDT
demultiplexer (ZASWA-2-50D+) to allow rapid alternating of signal detection between two
pulse counters (TF930) to allow differential microwave “On” and “Off” measurements.
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under a similar principle to the set-up used for quantum dots described in Chapter 3, without
the requirement for a cryostat. We use a A = 561 nm laser to perform optical excitation, which
is coupled to the set-up via single-mode fibre. A dichroic mirror (DMLP650) with a threshold
wavelength of 650 nm is used in order to provide maximum reflection of laser down to the
sample, and maximum transmission of signal (A > 650 nm) up to the collection coupler.
Optical excitation is focused with an aspheric lens (C390TME-B), with the lens aligned
so the focal point resides below the sample surface in the centre of the sample thickness.
Photoluminescent emission is collimated by the aspheric lens and is then transmitted through
the dichroic mirror into a fibre coupler for signal detection. The optical signal is measured
either with a single spectrometer connected to an electrically cooled CCD, or an avalanche
photodiode (APD).

The diamond sample is attached to a custom made mount that allows rotation of the
sample around the z-axis to align the NV~ defect axis with the static magnetic field applied
along the z-axis (Fig 6.11). The sample’s y-axis position is adjusted so the centre of the
loop in the KHR is level with the part of the sample under optical excitation for maximum
absorption of microwave magnetic field, and is then fixed for the duration of experiments.
Density of NV centres in the diamond sample and the size of the laser spot (=~ 1 um?) is
high enough that optical illumination will provide PL signal regardless of the position on the
sample, eliminating the need for control of sample position after the initial alignment.

Application of the microwaves required for ESR is achieved through the circuitry described
in Section 6.3, with the addition of a microwave amplifier before the circulator port 1. To
quickly summarise, a microwave generator (SMB100) generates arbitrary waveforms to be
sent to a microwave amplifier. The amplifier can be either a 3 W continuous wave (CW)
amplifier (ZVE-3W-83+) or a 300 W pulsed amplifier (AM61-7.5-8.5-55-55). For the 3 W
amplifier, we use a broadband 4 - 8 GHz circulator (PE8402), while for the 300 W pulsed
amplifier we use the amplifier’s internal narrow-band high power circulator. The amplified

signal is passed into port 1 of the circulator, transmitting microwaves to the coupling loop
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and resonator out of port 2. Port 2 is configured to drive a KHR through a coupling loop
for experiments at fgsg ~ 8 GHz. For experiments at fuyw < 6.5 GHz, we used a bare
copper coil as a mismatched broadband microwave antenna for microwave generation. Port

3 outputs any reflected microwave signal to be monitored on the spectrum analyser.

a) Optical b) Optical
Excitation Excitation

Rotating T
Sample Mount ®
X

Sample

Sample

Coupling Loop

Figure 6.11: Schematic of full experimental set-up for electron spin resonance measurements.
a) Side view of the resonator mount where a cylinder (dark orange) rests inside a mounting
block (orange) to allow rotation of the diamond. Optical excitation (green) is focused on to
the diamond sample (blue) with an aspheric lens. Spacing Lyw between the resonator and
the sample is as small as possible to increase the strength of microwave field B; at the focal
point of optical excitation within the crystal, resulting in maximum detectable ESR signal.
b) View of the sample mount along z-axis. Rotation of the diamond sample is quantified by

6.

6.6 Photoluminescence of NV~ centres in diamond

Optically detected ESR required understanding of the PL signal emitted by the NV~ ensem-
ble, and as such we first had to characterise the optical emission of the sample through a series
of PL investigations. For this, we used the pu-PL set-up introduced in Section 6.5, allowing
the sample to be illuminated with A\ = 561 nm optical excitation, where the subsequent signal
can be sent to a spectrometer for data acquisition.

Initial characterisation spectra were measured with optical excitation orthogonal to the

sample surface § = 0°, as shown in Fig 6.12. The charged NV centre optical zero phonon
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Figure 6.12: Optical power (Pgy.) dependant photoluminescent (PL) spectra of NV centres
in diamond. Excitation of A = 561 nm was applied orthogonal to the sample surface 6 = 0°,
providing strong PL amplitude. Saturation of PL signal occurs at Pgy. ~ 160 xW. The small
peak at ~ 1.88 eV (~ 660 nm) is the NV~ optical zero phonon line emission X, with the
NV~ vibronic band vacancy making up the bulk of the broad signal 1.6 - 1.9 eV (~ 680 - 780
nm). The sudden drop in signal at 1.92 eV (650 nm) is due to the 650 nm long pass filter
placed in the collection arm of the p-PL set-up

line (ZPL) is visible at ~ 1.88 eV, with a broad spectrum at lower energies representing the
vibronic band of the NV~ centre [179]. Saturation occurs at an optical power of Pgy. = 160
uW, which allows maximum signal to be collected.

As introduced in Section 6.4, NV~ defects in the diamond lattice can be orientated in four
ways [168]. In order to maximise the population of addressable electron spin states to provide
the strongest ESR signal, we must align one of the four defect axes along the static magnetic
field. A schematic of diamond sample orientation with respect to the sample rotation 6 axis

z and static magnetic field B axis z is shown in Fig 6.13. Sample cleaving orientates the
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Figure 6.13: Schematic of diamond sample orientation with respect to the sample rotation
axis z and static magnetic field B axis z. a) Top view (y-axis) of diamond sample. Sample
cleaving orientates the [100] and [010] crystal axes at a 45° angle to the edges of the sample.
b) A crystallographic projection of the target [111] NV~ defect demonstrates the angle 6
between the [001] axis and the defect axis. ¢) View of 6 from the z-axis, where it is clear
that # can be calculated from tan(f) = 1/1/2, giving a sample rotation value of § = 35.3°.

[100] and [010] crystal axes at a 45° angle to the edges of the sample. Orientating the sample
so that one of the four NV~ orientations is parallel to the static field requires alteration of 6.

We arbitrarily chose the [111] orientation NV~ whose crystallographic projection is shown
in Fig 6.13b. The bottom edge ([010]-[100] plane) of the unit cell shown creates a 45° angle
with the crystal axes [010] and [100], and as such the direction of the NV~ in this plane aligns
parallel with the edges of the cleaved sample. Consequently, alignment of the [111] NV~
centre can be achieved purely through rotation of the sample around the z-axis. Fig 6.13c
shows the sample layout from the rotation axis perspective (z-axis), demonstrating how 6
describes the angle between the [111] plane and the static magnetic field along the z-axis. A
simple calculation tan 6 = a/ (\/ﬁa) =1/ V2 gives us the desired sample rotation of § = 35.3°.

We measure PL of the NV centres at the desired sample rotation ¢ = 35.3°, shown in
Fig 6.14. The primary disadvantage of rotating the sample is loss of optical signal as the

cone of emission from NV centres orthogonal to the sample surface becomes misaligned with
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the cone of collection of the aspheric lens due to the § = 35.3° rotation. This effect can
be observed by the factor of ~ 20 reduction in PL amplitude seen in the # = 35.3° spectra

(Fig 6.14) when compared to the § = 0° spectra (Fig 6.12).
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Figure 6.14: Optical power (Pgy.) dependant photoluminescent (PL) spectra of NV centres
in diamond, where excitation was applied at # = 35.3° to the sample surface, demonstrating
similar but weaker PL spectra when compared to the § = 0° spectra Fig 6.12. Saturation of
PL signal occurs at Pgy. = 50 - 160 pW.

6.7 Electron spin resonance

We have shown that our set-up is capable of photoluminescence measurements on NV centres,
and that the KHR design provides modes at the targeted fres ~ 8 GHz. Now we can bring
both of these components together to measure electron spin resonance of the NV~ centres in

the diamond sample, and characterise the strength of the microwave magnetic field produced
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by the KHR. We achieve this through optically detected magnetic resonance (ODMR), where
change in the optical signal is observed as a result of microwave control of electron spins in
the NV centres.

Measurement of ESR requires us to follow the three steps for coherent control of spins
laid out in Chapter 2, which are initialisation, manipulation and readout. The spin state
of the S = 1 triplet in the ground state of the NV~ can be optically addressed to initialise
the spin to the m, = 0 state. Optical excitation promotes the electron to the E® state,
where it optically recombines generating a photon with a high probability. There is also
a small probability of non-radiative relaxation through the ISC. Relaxation from the ISC
has a higher probability of relaxation to the my = 0 state than the my = 41 states. As a
consequence, repeated optical excitation cycles will populate the m; = 0 state, achieving the
state initialisation part of the spin control process [156, 177].

In order to control the spins within the NV~ centres, microwave radiation of frequency
fuw is applied resonant with the splitting between m, = 0 and either one of the my = +1
states, manipulating the electron spins through electron spin resonance. As introduced in
Section 6.4, the transition energies are determined by the zero-field splitting Dzps and the
Zeeman effect A Fgzcoman = geftpB,. Successful application of microwave magnetic field results
in manipulation of the electron spin states which can be detected by optical readout of the
electron spin state.

Readout of the NV~ electron spin state is possible due to the difference in radiative
recombination rates for the ms = 0 and mgy = 41 states. Once the system is optically
excited to the 3F state, relaxation to the ISC is dependant on the spin state. The m, = &1
states couple more strongly to the non-radiative relaxation via the ISC, reducing optical
recombination rate when the m, = =41 is optically excited. In contrast, mgs = 0 is only
weakly coupled with the non-radiative ISC relaxation, resulting in more frequent optical
recombination of the m, = 0 state. Enhanced rates of m, = 0 radiative recombination

increases the optical emission from the sample. Therefore, high optical signal is an indicator
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that the ensemble is in the my = 0 state and can be used as a readout technique for the spin

state.

6.7.1 Continuous wave electron spin resonance

For initial ESR investigations, we carry out continuous wave (CW) ESR measurements in
order to determine the frequency of ESR resonance fgsg of the NV~ centres. The expected
resonance of the NV~ centres at B =0 T is Dypg = 2.87 GHz, and acts as benchmark to test
the CW ESR measurement scheme. The resonators will not be suitable for MW generation
at 2.87 GHz, and so we instead we used a simple coil as a broadband microwave emitter
for measurements at B = 0 T, and any other ESR measurements below 6.5 GHz. For ESR
measurements close to 8 GHz, we use a nominal 7.58 GHz KHR which is fully described in
Section 6.2.2.

A full schematic of the measurement cycle for CW ESR is shown in Fig 6.15. CW ESR
measurements require differential measurement to accurately determine the optically detected
signal. We use an avalanche photodiode (APD) for precise photon counting. Detection signal
from the APD is routed to a SPDT demultiplexer switch that alternates between two pulse
counters, which allow measurement of optical intensity I. The differential measurement mod-
ulates microwave signal on and off whilst the gate synchronously switches between the two
pulse counters, allowing data acquisition of both MW On and MW Off components of the
measurement cycle. Change in optical signal is proportional to variation of electron spin po-
larization degree induced by microwave pulses, and therefore is the ODMR signal. Enhanced
rates of radiative recombination from the m, = 0 state results in application of ESR reducing
optical signal as the spins transfer to the my, = +1 state. As such, we expect the “MW On”
signal to be lower than the “MW Off” for successful ESR. Differential measurements com-
paring MW “On” and “Oftf” gives the optically detected magnetic resonance signal. In order
to account for drift in optical signal due to optical excitation power or collection alignment,

we normalise the difference in “On” and “Off” signal with respect to the total counts during
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Figure 6.15: Experimental sequences for CW ESR. Optical excitation is continuously applied
to the sample, populating the my = 0 state of the NV~ ensemble, providing maximum radia-
tive recombination. A burst of microwave field excitation is applied for Tyw to depolarise the
ms = 0 state, reducing overall optical intensity. The duty cycle of Tyw compared to Teycle is
altered to limit heating of the resonator, with a duty cycle of 50% for the 3 W amplifier, and
10% for the 300 W amplifier. Optical signal collection switches between two photon pulse
counters depending on whether MW excitation is being applied, allowing relative differential
signal (Iog — Ion)/(log + Ion) to be calculated, which quantifies the final electron spin po-
larization degree. The sequence is repeated N times for a desired acquisition time Tz.q such
that N = TAcq/TCycle-

the acquisition window:

IOff ]On
Ji _ Z0ff 7 10n 6.3
ODMR ]On IOff ( )

We average over many measurement cycles in order to provide an accurate measurement. In
the case of CW ESR spectra, the microwave frequency fyw is stepped for each acquisition
window, allowing measurement of the ESR spectrum.

The first measurements studied the NV~ centre ESR spectrum at B = 0 with no sample
rotation # = 0°, and is shown in Fig 6.16. We can clearly see two multiplets, with the centre
of the two at the expected fyw = Dzps. It is also clear that there is a fine structure present,
with 4 distinct peaks being observed in both multiplets. This is the result of hyperfine

interaction of the NV~ electron spin with the constituent “N and neighbouring *C nuclear
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Figure 6.16: Continuous wave ESR measurements of NV~ centres in diamond at B = 0 T for
two sample orientations. a) 0 T ESR with sample orientation § = 0°. Two clear multiplets
are present, equally offset from the expected Dzpg = 2780 MHz resonance. Both multiplets
consist of 4 fine structure peaks, which likely arise from hyperfine interaction between the
NV~ electron and nearby nuclear spins (N and '3C nuclei). b) 0 T ESR with sample
orientation # = 35.3°. A primary multiplet consisting of 6 fine structure peaks occurs at
the zero field splitting value Dzps = 2870 MHz, with two satellite multiplets consisting of 3
peaks each.

spins. The presence of two multiplets split by ~ 25 MHz suggest additional effects are present,
as only six peaks are predicted due to hyperfine interaction when the my; = 0 <> —1 and
ms = 0 <> +1 transitions are degenerate. The symmetry of the two multiplets around 2870
MHz suggests the m, = +1 states are non-degenerate, indicating presence of a combination
of a small residual magnetic field and strain [180].

Due to the 4 possible orientations of the NV~ centres, we rotate the sample by 6 = 35.3°,
as described in Section 6.6, to ensure the applied magnetic field acts parallel to the defect
axis of the [111] NV centre. Despite reduced PL amplitude (Fig 6.14), we still can clearly
see ODMR signal as shown in Fig 6.16. The two multiplets observed at § = 0° have now
separated into three multiplets, with the satellites having 3 fine structure peaks, and the
central resonance displaying 6.

At low magnetic fields (B, < 5 mT), additional splitting of the spin states occurs due

to the hyperfine interaction present within the NV~ centre [181]. Electron spins S within
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the vacancy can interact with nearby nuclear spins I, arising from the constituent I = 1
1N site, or with nearby I = 1/2 !3C sites. Results from the scenario where the sample is
oriented at # = 35.3° (Fig 6.16b) can be explained through the hyperfine interaction. A
Hamiltonian predicting hyperfine transitions energies from the mg = 0 states to the my = £1
states is presented in Ref [181]. We show a modified version here, in which we replace the
Zeeman splitting with a more general splitting term F' that will encapsulate any splitting of

the my = 41 states as a result of strain, magnetic field and electric field.
2 2 (F (N)
H = DypsS; + P(I7)" + E'S +S - (Ay- IV + A1) (6.4)

where S is the spin operator of the NV~ ground state spin triplet, with .S, as the projection
operator in the z-direction (parallel to defect axis [111]), up is the Bohr magneton, g, is the
free electron g-factor, I™) (I) is the spin of the consituent "N (neighbouring *C ) nuclei
with a gyromagnetic ratio of vy () and a hyperfine coupling of Ay (A). The first term
describes the zero field splitting previously introduced. The second term is a correction to
the zero field splitting that arises from quadrupolar interaction of the N nuclei, with a
quadrupolar moment of P &~ 5 MHz [181]. The third term is a general term quantifying the
splitting F' of the electron spin states mg = £1. The final term is the hyperfine interaction
of the NV~ spin triplet with the ¥C and N nuclei, with the strength of the interactions
defined by the hyperfine constants A (AWV)).

Evaluating Eqn 6.4 for all permutations of the NV~ electron spin S € [—1,+1], the
BC nuclear spin I € [—%,4—%] and the “N nuclear spin I®™) ¢ [~1,0,1] allows us to
create a series of 12 transitions matching the observed peaks found in Fig 6.16b. We fit
the CW ESR spectra with a function defined by the summation of Gaussian peaks y =
Zf\il A;e~(@=z)/w)?*  The central frequency of the peaks are all related through Eqn 6.4,
allowing us to find optimal values, which are summarised in Table 6.1. The result of the fit
is shown in Fig 6.17.

Fitted value of the “N quadrupolar splitting P = —4 MHz slightly deviated from the
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Figure 6.17: Fitting of § = 35.3° CW ESR data with a function of the summation of 12
Gaussian peaks y = Zij\zm Aze~(@=z)/wi)* Jefined by shared constants and different spin
permutations of Eqn 6.4. Fitted parameters are the hyperfine constants AN A splitting
F of the my = +1, zero field splitting Dzrs and the nitrogen quadrupole interaction strength
P, the values of which are found in Table 6.1. The top schematic demonstrates how all valid
permutations of I™) I and S create 12 distinct energetic transitions.

known value of P = —5 MHz [181, 182]. The hyperfine splitting from N (A™) = —2.16
MHz) matches well with previous work [182] and the *C hyperfine shift (A = 17.4 MHz) falls
within the region of expected values 2 - 20 MHz [181]. Zero field splitting Dzps = 2874.5 MHz
was higher than the widely accepted Dzps ~ 2870 MHz [155], likely due to the unaccounted
effect of strain on the zero field splitting, characterised by a shift Fyzgrg, typically in the
range usually 1 - 10 MHz [172]. The electron spin state splitting F' of the ground state spin

triplet can arise from a combination of local strain and magnetic field splitting. The earth’s
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Parameter Fitted Value Units

AW -2.07 MHz
A 17.4 MHz
P -4.07 MHz
DZFS 2874.5 MHz
F 23.2 MHz

Table 6.1: Values for fitted parameters fitting Eqn 6.4 to the # = 35.3° CW ESR scan in
Fig 6.17.

magnetic field is = 0.05 mT, which would correspond to a Zeeman splitting of 2¢g.upB ~ 2
MHz, and so cannot fully explain the observed splitting. Local strain has been reported to
cause splitting on the order of tens of MHz [180], and so we conclude this is the cause of the
additional splitting.

Experiments have been carried out in the literature providing a full description of the
ms = +1 electron spin state splitting F', considering applied electric field, magnetic field
and local strain [180]. A full investigation of these features would require systematic study
of magnetic field strength B, orientation # and applied electric field E on the NV~ ESR
resonance, and was not required for testing of the keyhole resonator designs. Detection of
the hyperfine effects is promising as it demonstrates the possibility of using the NV~ centres
as a test structure for the design of the hybrid electron-nuclear coherent control measurements
using both NMR and ESR techniques, which has been previously demonstrated on up to 27

nuclear spins in diamond [18].

6.7.2 Magnetic field dependence of NV~ CW ESR

In order to test keyhole resonators for ESR measurements, we require the application of a
static magnetic field along the defect axis of NV~ to fully exploit the Zeeman effect and
increase the frequency of one of the NV~ ESR transitions to frsg ~ 7.5 - 8.5 GHz. As shown
in Fig 6.9, the splitting of the my = £1 states results in an increase in the my; = 0 <> 1

frequency, whereas the m, = 0 <+ —1 transition decreases in frequency until the m, = —1
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Figure 6.18: a) ESR frequencies frsr of the NV~ ensemble for increasing magnetic field B,
(decreasing magnet position xyp.g). Frequencies were calculated from fitting ESR peaks with
a Gaussian. Microwave excitation below 6.5 GHz are generated by a bare copper coil, and
above 6.5 GHz were measured using an 7.75 GHz KHR resonator. b) ESR spectra for points
in blue box found in a). Fine tuning of magnetic field using a motor-driven translation stage
for small adjustments zogs to the position of one of the magnets. Incrementing zogs allows
tuning of NV~ resonance to match resonator frequency mode fres = 8006 MHz.

state crosses the mgy; = 0 state. To minimise the required magnetic field, all results for ESR
where B > 0 T are performed on the my, = 0 <> +1 transition.

Once the defect axis has been aligned parallel to the x-axis, magnetic field is introduced
by placing two neodymium permanent magnets on a sliding rail either side of the sample
at Tyag > 0 and 2yae < 0, Where g is the spacing between the excited area of the
sample and a magnet. The spacing between both magnets is 22\, and the sample is kept
directly in the centre to keep the spacing between the sample and either magnet symmetric.
This preserves static field homogeneity, limiting the effects of field inhomogeneities on the NV
centre ensemble. Local variation in magnetic field results in different NV centres experiencing
different magnetic fields, thus broadening the ESR resonance. We systematically decrease
the spacing of the magnets zy,g to increase the magnetic field experienced by the NV centre
ensemble, and measure ESR spectra at each magnet spacing. Results from the gradual
increase in field are shown in Fig 6.18a, where a clear increase in frequency with magnetic

field is observed. The ESR frequency of each field is calculated through fitting of the ESR
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spectra with a Gaussian function.

Once the ESR frequency is close to the resonator mode frequency fres, small adjustments
to the field are required to tune fgsg into resonance with the resonator mode. Minor adjust-
ments to the magnetic field were made by attaching one magnet to a motor-driven translation
stage with a 0.01 mm accuracy. We could then systematically measure ESR spectra for small
changes in the magnet position, xogs, as shown in Fig 6.18b. As we know the resonator mode
frequency fres from microwave reflectometry, we can ensure the ESR frequency is optimally
tuned such that fgsg = fres: When correctly tuned, microwave transmission will be most

efficient at the NV~ centre resonance.

6.8 Pulsed electron spin resonance

Experiments so far have used CW ESR to non-coherently depolarise the electron spin. In
order to provide coherent rotation of the NV~ electron spin, we must use short pulses of
microwave excitation. The underlying theory of electron spin control is much the same as for
pulsed NMR measurements, for which a detailed description can be found in Section 3.6.3.
In order to provide a quick breakdown of coherent control of the electron spins in NV,
we can consider the mg = 0 <> +1 as a two level spin system [113, 183]. The spin system in
a static magnetic field By with an applied alternating perpendicular driving field By (t) can
be studied in the rotating frame with a frequency wy = g.upBp. In this rotating frame, the
alternating magnetic field B;(t) becomes static and causes the spin projection to oscillate
between the m, = 0 and m, = +1 state. This process is what is referred to as a Rabi
oscillation and occurs at rate defined by the previously introduced Rabi frequency frani =
1 e

1/4/2 term arises from the S, matrix elements for a spin-1 system [183]. Consequently,

= 28024 MHz T~! is the free electron gyromagnetic ratio. The

it can be seen how increased strength of the oscillating magnetic field will increase the

rate of coherent spin control. It is worth noting that B; amplitude in the rotating frame
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corresponds to an oscillating magnetic field in the lab frame with an amplitude of 2B, due
to decomposition of rotating and corotating components in the rotating frame [113].

Faster rotation of spins allows more quantum gate operations to be performed in a fixed
time window, and so it is desirable to apply the strongest microwave field possible. In order
to achieve this, we use a customized 300 W pulsed microwave amplifier (AM61-7.5-8.5-55-
55) specified to produce maximum amplification at 8 GHz with a 1 GHz bandwidth. As a
consequence, it is vital to use a keyhole resonator with fres as close to 8 GHz as possible
in order to fully utilise both the amplifier and resonator for maximum Pyw. We can define
the efficiency of the resonator as the ratio of applied microwave power to the strength of the
resulting microwave magnetic field 2B8;. The strength of the oscillating field is related to the
microwave power through 2B; o v/Pynw, and as such, the efficiency can be quantified by the
microwave conversion factor 2B;/v/Puw. We can also quantify the microwave conversion
factor in terms of Rabi frequency frani/v/Puw, demonstrating the amount of microwave
power converted to coherent rotation of the NV~ spin ensemble. In this section, we measure
Rabi oscillations of the NV~ ensemble in order to measure the efficiency of the keyhole

resonator designs and compare them with other designs used in the literature.

6.8.1 Optical pump and probe pulse length calibrations

A schematic of the timing sequence used for pulsed ESR is shown in Fig 6.19. The mea-
surement is differential, with a microwave “On” sequence and “Off” sequence within a full
measurement cycle Toyce. For an acquisition window T4, the full measurement cycle is
then repeated N times such that N = Txcq/Tcycle, to ensure a sufficient amount of signal is
detected.

To carry out pulsed ESR measurements, we can no longer use continuous optical excitation
as this may destroy the coherent spin state. Instead, we switch to an optical pump-probe
scheme where short optical pulses initialise (readout) the spin state before (after) coherent

spin rotation. In order to optimise the length of the optical pulses for maximum ESR signal
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Figure 6.19: Timing diagram for pump-probe pulsed ESR measurements. A single optical
pulse of length Tpmp, is repeated twice for a full cycle. The first sub-cycle starts with a pump
pulse Tpymp, after which a MW pulse of length Tyw is applied to the sample, coherently
exciting the electron spin in the NV~ ensemble. The second pump pulse starts in sync with
the APD gate for MW On. The APD gate remains open for Tp.ope, acting as a probe pulse
by capturing signal from a portion of the optical pump pulse. The ratio of pump and probe
duration is kept at a constant Tpump/Iprobe = 30. Once APD gating has stopped, a new
sub-cycle is started where no MW field is applied, with optical signal being sent to the other
APD detection channel. Comparison of signal from MW On (Pink) and MW Off (Orange)
gives the differential optical signal and therefore the ODMR signal. For pump-probe time
calibrations, a small modification to this scheme using long Tyrw is used to non-coherently
depolarise the electron spins.

from the NV~ we carried out a calibration of the pump and probe time. ODMR signal
was measured for a range of pump, Tpump, and probe, Tpyone, times. The ratio of Tpymp to
Throbe 1s fixed to 30. We require a differential measurement with “On” and “Off” microwave
excitation for this calibration to allow us to determine the change in PL as a result of electron
spin polarisation. Efficient optical pumping will increase ensemble electron spin polarisation
and therefore we will observe a stronger change in PL with a differential MW measurement.

Several measurements were carried out, with the first series investigating the effect of

optical excitation power on ODMR signal at B, = 0 T using a bare copper coil as the
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Figure 6.20: Optical pump time Tpymp and probe time Tp,one calibration. A range of probe
times Tprone ~ 0.1 - 400 us were tested to observe the effect on ODMR signal. Pump time
Tpump Was also altered to maintain a fixed ratio of Tpymp/Tprobe = 30. Measurements were
carried out at B, = 0 (red, black) and B, = 0.183 T (where fgsg = 8 GHz) to ensure no
change in the optical pulse lengths as field changes. Maximum ODMR was found to occur
with Tprobe ~ 7 18 (Tpump ~ 210 pus), with a clear reduction in ODMR signal at higher field.
Saturation of optical excitation due to excitation power Pgy. must occur between 160 - 350
uW as the ODMR signal is similar for both.

microwave source. As shown in Fig 6.20, the increase in optical power makes no difference to
detected ODMR signal. As such, we use Pg,. = 160 W for all pump-probe measurements.
Signal is maximum at approximately Tprobe ~ 7 15 (Tpump ~ 210 us), providing optimal pulse
lengths for maximum ODMR signal. These values match well with the literature, which show
typical values Tprobe ~ 0.5 - 10 p18 (Tpump ~ 50 - 300 us) [176, 184, 185].

Additional investigation was required to see if the pump-probe parameters remained the
same in the presence of applied magnetic field. A measurement was made at a magnetic field

of B = 0.183 T, which corresponds to the frequency fgsg = 8 GHz at which the KHR was
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used for microwave generation. As shown in Fig 6.20, ODMR signal is significantly reduced,
but follows the same trend as the B = 0 T measurements, allowing us to use the same

pump-probe parameters for pulsed ESR with the keyhole resonators as used for the bare coil.

6.8.2 Hardware limitations

Before performing pulsed experiments, we need to increase the power generated by the set-up
for fast coherent spin rotation. We replace the 3 W amplifier with a 300 W pulsed amplifier
and set out to investigate the maximum power that could be generated by the KHR. Firstly,
we test long bursts of fyrw = 8 GHz microwaves with Tyyw = 1000 ns to investigate the
maximum continuous driving power that can be used. A fraction of the reflected pulse was
passed through an RF detector, a device that demodulates the microwave signal and allows
observation of changes in amplitude. As power was increased, we observed an intermittent
but dramatic increase in reflected amplitude as the input power reached Pyw = 51.5 dBm.
Further increase of the power caused the effect to occur consistently. We attribute these
sporadic and sudden jumps in amplitude to an arcing effect, whereby electrical breakdown
occurs in the volumes with the highest electric field. For the KHR structures, this will occur
in the conductive gap, which can be seen by electric field distribution simulations in Ref. [33].

The presence of arcing effects are unwanted side effects of the strong electric fields gen-
erated by the resonator, potentially causing damage to studied samples through heating or
sudden electrical discharges, and thus need to be avoided. It is also worth considering that
these resonators are designed to work in the low pressure helium insert used in the bath
cryostat system described in Chapter 3. Low density helium exchange gas will have a lower
threshold for arcing to occur, and so understanding the practical limits of the arcing effects
to arise is critical for future use.

For pulsed ESR experiments, we require the use of pulses much shorter than the Tyw =
1000 ns used in the previous test. Consequently, the total dissipated energy per pulse is

reduced, potentially allowing higher powers to be used for the shorter pulses. It is important
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Figure 6.21: Time trace of reflected MW amplitude from an RF detector attached to reflected
channel of pulsed amplifier. This test is for a pulse length of Tyyw = 120 ns. There is a
significant increase in amplitude in the coloured curves at ~ 40 ns when compared to the
standard pulse (black), which is attributed to arcing effects.

to note that the 300 W pulsed amplifier has a maximum output of 54 dBm, and so we
wanted to find the longest pulse Tyw that can be operated at Pyw = 54 dBm. Gradual
increase of Tyw for a fixed Pyyw = 54 dBm reveals that arcing effects occur once Tyrw > 120
ns. Interestingly, arcing effects begin at &~ 40 ns during the Tyrw = 120 ns pulse test (as
seen by arcing curves in Fig 6.21) despite tests of Tyrw = 40 ns pulses showing no signs of
arcing. This is explained through the repeated application of the microwave pulse for a fixed
measurement cycle period Tperioqa With increased Tyw, effectively increasing the duty cycle
Tviw / Tperioa Of applied MW. Subsequently, pulse duration at Pyrw = 54 dBm could likely be
improved with a longer measurement cycle, at the cost of increased experimental time.

An alternative solution to increasing the measurement period is the alteration of the
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resonator design in order to minimise the strength of the electric field generated by high
Pyw and transmitted towards the sample. Modifications to the current KHR design could
include the introduction of a “bridge” across the conductive gap, creating a bridged LGR
(BLGR). The conductive bridge acts as an electrical shield, limiting the generation of electric

field into free space [186], and thus limiting the voltage that the gas is exposed to.

6.8.3 Fast coherent control of electron spins

Coherent rotation of the electron spin projection between the mg = 0 <+ +1 states is quan-
tified by 0 = Tyw/fesr- We measured pulsed ESR by varying microwave pulse length
Tyrw, which allows us to observe Rabi oscillations as seen in Fig 6.22. Microwave power of
Py = —25 dBm was selected to be as high as possible while ensuring no arcing effects
occurred during longer pulses, corresponding to an output power of Pyyw = 44.1 dBm. The

Rabi oscillation data was fitted with a damped sine wave fit of the form:

mt t
.)GXP(—W)

where the first term is a simple cosine function, and the second introduces an exponential
decay to account for loss of amplitude over time. Oscillation period is described by Trapi,
while the oscillation amplitude is determined by the scaling factor A. The rate at which the
oscillations are damped is characterised by the driven coherence time T5* ~ 400 ns, and
arises due to both inhomogenities in applied B; and inhomogenous broadening of the NV~
ensemble [187, 188]. We obtain a Rabi oscillation period of Trapi = 40.3 ns, corresponding

to a Rabi frequency of frani = 24.8 MHz, which allows us to calculate the strength of the

2T
a value of 2B; = 2.5 mT, where the factor of 2 accounts for the transformation from the

B;/v/2. This yields

oscillating magnetic field in the lab frame 2B; through fran = ’

rotating frame to lab frame. Calculation of the microwave conversion factor for an input

power of Pyw = 44.1 dBm (25.9 W) gives a value of 2B;/v/Pyw = 0.49 x 1072 T W~1/2
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Figure 6.22: Rabi oscillations (black, squares) of the mg = 0 <+ +1 transition in the NV~
ensemble by varying length of MW pulses Tyw for a fixed power Pyw. MW pulses were
applied at fyrw = 8.006 GHz to match the resonator mode fr.s, at a power of Pyw = 44.1
dBm. Fitting the data (green) with a damped exponential function gives a Rabi period of
Trapi = 40.3 ns, which can also be expressed as the Rabi frequency frapni = 1/TRapi = 24.8
MHz.

Low resolution of the Tyiw time varied measurement was limited by the microwave gener-
ator (SMB100) resolution of 10 ns. In order to circumvent this, we ran another measurement
with a fixed Tyw and varied Pynw. This allows much more detailed oscillations to be mea-
sured due to the precise control over microwave waveform power. Variation in Pyyw will
change the rate at which coherent control of the spin occurs, which for a fixed Tyw will
result in the spin projection rotating as Pyrw changes. Results from this measurement are
shown in Fig 6.23, and show Rabi oscillation curves for several different Tyw. Above -10

dBm, a clear plateauing of the ODMR signal is observed, arising from the compression of
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Figure 6.23: Rabi oscillations of the my = 0 <» 41 transition in the NV~ ensemble by varying
the power of MW excitation Pynw for fixed length MW pulses Tyrw. MW pulses were applied
at fuw = 8.006 GHz, as for Fig 6.22. A clear reduction in coherent rotation rate is present
for decrease pulse lengths due to the reduced microwave energy input.

the amplifier when maximum output power is reached.

Compression is the limiting factor in maximum power output from an amplifier. The
amplifier adds power to an input waveform, and is quantified by gain G. Under standard
operating conditions and considering input power P, in dBm, the gain is simply added
to the input power such that Pyw = Py + G. Conversion between microwave power in
Watts to dBm is achieved through PIE® = 10log;,( Pyt /ImW). However, as the input
power approaches the compression point of the amplifier, the gain regime becomes nonlinear,
resulting in imperfect amplification of the input signal [152]. Measurement of the change in

gain for higher input powers is critical for accurate calibration of the outputted microwave

power Pyw. As such, we ran calibrations measuring the gain G of the input microwave
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signal Py through the 300 W pulsed amplifier. The measurement was carried out by using
an RF detector to measure the time trace of the amplified signal and calculating the area
under the curve. Area under the curve corresponds to the pulse area, defined by the product
of the pulse length and pulse amplitude Apy = TywVp—p. The ratio of input pulse area to
outputted pulse area gives a measurement of the effective amplitude gain Ggg of the amplifier
for a given input Tyrw and Pyrw, the results of which are shown in Fig 6.24. A clear reduction
in effective gain Ggg occurs from P, = —20 dBm, with shorter pulses experiencing an even

stronger reduction in Ggg.
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Figure 6.24: Effective gain of 300 W pulsed amplifier for a range of microwave pulse powers
Pl and pulse lengths Tynw. Effective gain is calculated by taking the ratio of the amplifier
microwave output pulse area A9t to the input pulse area A%, = VpIEpTMW. A clear reduction
in amplifier gain is observed for higher input power pulses Pily. It is also clear from reduced
gain for shorter Tynw that the amplifier is less efficient as the pulse length approaches the

minimum pulse length of Tyrw = 10 ns.

Considering the reduction in gain above Pify = —20 dBm, it is important to adjust
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the results in Fig 6.23 to reflect the actual microwave power emitted. To achieve this, we
convert the input power to outputted pulse area through the following expression AL, =
Gra(TihwViky), where ViR, is the input microwave peak-to-peak amplitude measures and
Viln o \/% Fig 6.25 shows the results of Rabi oscillations with fixed Tyrw and varying

Pyw in terms of pulse area Apy.
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Figure 6.25: Rabi oscillations of the mg = 0 <+ +1 transition in the NV~ ensemble as function
of pulse area Apy = Pyw * Tyw by varying the power of MW excitation Pynw for fixed length
MW pulses Tyrw. MW pulses were applied at fuyw = 8.006 GHz, as for Fig 6.22. A clear
reduction in coherent rotation rate is present for decrease pulse lengths due to the reduced
energy input.

There are two factors that limit number of electron spin rotations that can be achieved
with our current set-up. Firstly, the non-linear regime of the pulse amplifier ultimately limits
the maximum power that can be outputted with the current hardware configuration. This
can be seen most clearly in the Tyyw = 20 ns results in Fig 6.25, where the data appears

to “reflect” at a critical pulse area of Apy ~ 2200 V ns. Here, measurements with power



CHAPTER 6. Fast microwave control of electron spins 143

P, > —15 dBm have smaller pulse areas Apy due to compression effects, reducing the
amount of rotation during the 20 ns pulse. As a result, we can see for the Tyrw = 20 ns
curve that measurements above the -15 dBm limit effectively repeat the lower pulse area
measurements. This is indicated by the high density of data points in Fig 6.25, and can also
be seen in the other Tyrw curves.

We observe a single m-pulse for the Tyw = 10 ns pulse at the maximum power Pyw = 54
dBm (Fig 6.25), which allows us to calculate a new Rabi frequency of frapi = 1/(2t;) = 50
MHz. We can then calculate a new microwave conversion efficiency of 0.32x1073 T W~1/2 for
the fastest coherent control of the electron spin achieved in these experiments. A hard limit on
the amount of power Pyrw that can be generated by the amplifier means increased pulse length
is required for an increased number of spin rotations. However, as described in Section 6.8.2,
a second limit on rotations arises due to arcing effects that arise for pulse lengths above
Tvw > 120 ns, acting as hard limit for the pulse length Tyrw. Consequently, the maximum
amount of continuous rotation that can be generated using the current KHR design is shown
in the Tyyw = 80 ns in Fig 6.25, where we observe 11 m-pulse rotations. In order to increase
the number of 7 rotations that can be achieved in our set-up, we require improvements to
the maximum Pypw by modifying the KHR design to limit arcing effects for longer pulses and
higher powers (e.g BLGRs introduced in Sec 6.8.2). It is worth noting that 11 continuous
rotations is the worst-case scenario, as most coherent control schemes such as dynamical
decoupling sequences that are formed of a train of m-pulses. As a result, the interpulse delays
between each m-pulse may allow more pulses to be applied before approaching the arcing

limit.

6.8.4 Comparison to alternative resonator designs

The microwave conversion factor introduced in Section 6.8 can be used to compare the
effectiveness of the KHR against other work in the literature. A summary of the comparisons

can be found in Table 6.2.
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. Approx. Lyw TRes Max 2B, /v/Pyuw Limiting
Reference Type Size (mm) (GHz) (MHz) (T W~¥2)  Condition of filax
This work KHR 5 mm ~05 8.0 50 0.32x10~®  Arcing Effects

x 10 mm
. . 5 mm 5 Limited source
Chekhovich [33] KHR ~ 0.5 6.58 14.2 1.04x10
X 10 mm power
Thin .
Childress et al. [185] copper 29 L < 0.05 2.87 15 1.0x1073 Limited source
. diameter power
wire
Gaebel et al. [189] Minijaturized Not . <005 287 16.7 0.4x10-3 Limited source
loop Provided power
Not Breakdown of
Fuchs et al. [154] CPW . < 0.05 0.49 440 87.8x1072  RWA due to
Provided
low fRes
de Lange et al. [190] CPW Not <005 03 205  49x10-d  imited source
Provided power
Aslam et al. [191] CPW 0-1 mm <005 90t0T0 <1 2.7x1073 Limited source
x 1 mm (Broadband) power
. 80 pm 0.5 to 17 _3  Limited source
Jia et al. [192] CPW % 04 mm < 0.05 (Broadband) 6-12 0.68x10 power

Table 6.2: Summary of resonator characteristics of this work compared to alternative res-
onator designs found in the literature.

1/2 with the previous iteration of

Firstly, we can compare our result 0.32 x 1072 T W~
KHR design tested on SiC vacancies, which yielded a conversion factor of 1.04 x 10=2 T
W12 demonstrating a factor ~ 3 reduction in microwave conversion. The KHR tested in
this work successfully operated at fres = 8 GHz, an improvement on the Ref [33] fres = 6.58
GHz. Both the SiC and NV~ KHR tests were carried out at similar separations of Lyw & 0.5
mm. While a decrease in conversion efficiency was observed compared to the previous design

in Ref [33], the KHR design tested in this chapter was shown to operate up to microwave

powers of Pyw = 54 dBm, while SiC testing on the older design only was tested to powers
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of Pyw =~ 30 dBm. This was an important step, as high power operation is critical to future
applications on quantum dots, where the lower quantum dot electron g-factor, géQD) ~ 0.25¢.
results in a factor of & 4 times higher power requirements for similar Rabi frequencies.

The microwave conversion efficiency can also be compared to other resonator designs used
for ODMR on NV~ spins in the literature. One simple design is a copper wire stretched across
the surface of a diamond sample, which allowed a maximum Rabi frequency of fRlax = 15
MHz to be achieved with a conversion factor of 1.0 x 10~ T W~1/2 [185], similar to that of first
work with the KHR design [33]. Another example using a sample resting on a miniaturized
loop yielded similar values with f{a% = 16.7 MHz, but with a reduced conversion efficiency
of 0.4 x 1073 T W~1/2 [189]. Both of these examples are positioned close to the sample such
that the separation is Lynw < 50 pum, and so does not appropriately address the generation
of parasitic electric fields.

The most common type of microwave source used for solid-state ODMR measurements
are coplanar waveguides (CPW) [154, 190-192]. The CPW resonators are fabricated on to
the surface of the sample, and are also in close proximity to the target spin, Lyw < 0.05
mm, similar to the copper wire and miniaturized loop examples discussed so far. The typical
CPW structure sizes is approximately 0.1 to 1 mm.

Some of the fastest demonstrations of coherent control of NV~ spins in the literature
used a coplanar waveguide fabricated on to the surface of a diamond sample [154]. The
ms = 0 <> —1 NV~ transition was shifted with magnetic field such that the resonance
frequency was fres = 0.49 GHz, and allowed generating Rabi frequencies of fran = 109
MHz at an input power of Pyw = 12 dB, yielding a conversion factor of 87.8 x 1072 T
W~1/2 (865.8 MHz W~1/2) [154]. Rabi frequencies of up to 440 MHz were achieved, but with
significant non-linear behaviour as frap; approaches the small transition frequency fres =
0.49 GHz, resulting in the rotating wave approximation (frapi < fres) no longer being valid.

Breakdown of the RWA can be avoided by operating at a higher fres, allowing linear Rabi

oscillations to be observed at a higher fr.y; at the cost of increased difficulty in achieving high
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microwave conversion factor. Another example of CPW use for ODMR on NV~ achieved
fast rotations with a higher transition frequency of fres = 3 GHz, but was less efficient with
a microwave conversion factor of 4.9 x 107 T W~1/2 [190].

Broadband coplanar waveguide (CPW) designs have also been shown to be operable from
0 to 15.8 GHz, resolving the issue with small fres, and demonstrating a conversion factor of
0.68 x 1073 T W~1/2 (6.8 MHz W~Y/2) at fr.s ~ 7.3 GHz. The highest power tested was
only 1 W, and as such Rabi frequencies of only frap = 6.8 Mhz were achieved [192]. Similar
results were found with CPW designs operating in the range 60 - 90 GHz [191], where a
conversion factor of 2.7 x 1073 T W~1/2 (0.85 MHz W~'/2) was measured at fres ~ 68 GHz.
Achieving strong microwave power at high frequencies (E-band, 60 - 90 GHz) is difficult, with
amplifiers only being able to operate up to 28 dBm (~ 0.6 W), yielding Rabi frequencies of
frabi < 1 MHz.

The CPW designs do provide optical access to the samples measured, but are fabricated
directly onto the sample or positioned nearby, giving resonator-sample separations of Lyw ~
1 - 50 pum. As mentioned for the non-CPW designs, small Lyw means that these resonator
designs are likely to create the parasitic electric fields that we are trying to avoid. The KHR
design used in this work provides microwave conversion factors similar to CPW designs, but
with the addition of a large Lyw ~ 0.5 mm, allowing global control of many electron spins
within a device. The limiting factor of Rabi frequencies from the KHRs are arcing effects that
begin to occur at high microwave powers. These can be eliminated in principle by operating
the KHR in a vacuum, allowing a strong voltage to be applied, increasing microwave power

and therefore Rabi frequency.

6.9 Summary

In this chapter we have introduced the keyhole resonator (KHR) design first introduced in

Ref. [33], a planar structure designed to amplify microwave frequency oscillating magnetic
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fields for use in pulsed electron spin resonance experiments. We experimentally tested an
improved KHR design and verify that the resonator mode is at the targeted fres = 8 GHz, in
addition to studying the effect of nearby conductors and temperature on the resonator mode
frequency. The experimentally measured loaded Q-factor of =~ 80 demonstrated the viability
of the resonator to produce high power microwave pulses as short as Tyw = 10 ns.

Optically detected electron spin resonance measurements were successfully performed
with the KHR design on the NV~ ensemble found in diamond. The KHR was separated
from the diamond sample by a distance Lyw ~ 0.5 mm to minimise parasitic electric fields
while maintaining strong microwave conversion. A static magnetic field of By = 0.183 T
shifted the m, = 0 <> +1 transition in the >4, ground state to 8 GHz, allowing coherent
control of the electron spins in the ensemble using the KHR.

High power testing revealed the resonator produces arcing effects through electrical break-
down of the air occupying the space between the resonator and sample. Continuous wave
testing revealed the resonator could be operated without arcing at Pyrw = 51.5 dBm, while
the longest pulse at the highest available P, = 54 dBm was Tyw = 100 ns. This resulted
in a maximum achievable Rabi frequency of frani = 50 MHz, and the shortest m-pulse length
of ~ 10 ns. Taking in to account g®P a2 0.25¢,, we can expect electron spin m-pulse lengths
of approximately 40 ns, which is much less than the longest measured electron spin state
decoherence time Tp, &~ 4 us [104, 146], allowing many gate operations to be performed on
QD electron spin qubits before decoherence.

A Rabi frequency of frani = 50 MHz with Pyw = 54 dBm corresponds to a microwave
conversion factor of 0.32 x 1073 T W~Y2. This is comparable with other designs in the
literature (e.g CPWs) but with the added advantage of a large Ly, validating the design
as a strong choice to be used in quantum computing protocols. More specifically, the KHR
has demonstrated it can fulfill the requirements for a microwave resonator to be used in
ESR experiments on the InGaAs QDs measured throughout the rest of this thesis, or other

suitable systems such as strain-free GaAs QDs [29, 33].



CHAPTER 6. Fast microwave control of electron spins 148




Conclusion

The quantum dot spin qubit addresses many of the requirements described in Chapter 1 to be
a viable choice for the building blocks of a quantum computer. Much research has gone into
techniques to initialise and readout both the electron spin qubit and the rich nuclear spin bath
through optical and magnetic resonance control schemes. One of the major requirements is
longevity of any state used as a quantum resource, and in this thesis we have endeavoured to
explore the mechanisms involved in relaxation and decoherence of the self-assembled QD spin
states. A major driving component for this investigation into spin dynamics was determining
the conditions required for a long-lasting electron spin state for future experiments of coherent
control using magnetic resonance techniques. In this thesis we have presented several key
findings that demonstrate steady progress towards a long lasting controllable QD spin qubit.

The development of a series of charge-tunable samples with varying tunnel coupling al-
lowed investigation in to the effect of a proximal doped layer on the quantum dot spin
lifetimes, as presented in Chapter 4. We showed that the quantum dot is effectively isolated
in the tg = 52 nm sample, with the longest demonstrated electron spin lifetime 7T} ~ 1
s in self-assembled quantum dots. Extended electron lifetime came at the cost of reduced
electron spin state preparation fidelity due to Auger recombination effects. We found that

a coupling dependant cotunnelling process I'c ¢otun combined with the previously measured

149
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[143, 144] phonon-assisted spin orbit mechanism I', ,;, gave an accurate description of electron
spin lifetimes in a wide range of magnetic fields B,. Extrapolation of the modelled relaxation

L of electron

mechanisms allowed estimation of a fundamental lower limit I'e i, > (20 )~
spin flip rate in the case of an isolated quantum dot (tp = 00). Nuclear lifetimes T} y varia-
tion for a range of magnetic fields is explained through a process mediated by electron spin
relaxation, resulting in a field-independent lifetime at high magnetic field and ¢z dependant
nuclear lifetime at low field.

An isolated quantum dot with long electron lifetimes gave the opportunity to study nu-
clear ensemble coherence in a charged quantum dot, which we presented in Chapter 5. Elec-
tron spin fluctuations occurred at a much slower rate to similar work [136], which allowed us
to measure millisecond length nuclear ensemble coherence times 75, demonstrating charged
QD nuclear ensemble coherence times similar to that of an uncharged quantum dot. In this
regime, the electron is no longer the primary source of decoherence, and the nuclear spin
ensemble coherence is instead limited by direct nuclear dipole-dipole interaction. Further in-
vestigation in the form of a magnetic field and tunnel coupling dependence allowed a model
to be developed to quantify the effect of a fluctuating electron spin on 75 . Spectral diffusion
accurately describes the effect observed and led us to the conclusion that a single electron
spin flip will result in complete loss of nuclear coherence. Stated conversely, the nuclear spin
ensemble is limited only by nuclear-nuclear interactions in the presence of a static electron,
allowing reliable single shot measurement of the ensemble spin state. Development of the
single shot measurement technique allowed us to use the directionality of the Knight field £,
(due to electron spin S, = £1/2) to encode the state of the electron spin onto the nuclear spin
ensemble collective coherence. This allowed measurement of the electron spin state S, with
a fidelity of above 99.7% - demonstrating improvement when compared to other solid state
systems showing fidelities 80 - 95 % [193-195], and superconducting qubits with fidelities 97
- 99 % 19, 196] that includes Google’s 53-qubit Sycamore processor introduced in Chapter 1.

Long-lasting coherent spin states are only one of the major requirements laid out in
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Chapter 1. The improvements in spin lifetimes and coherence time made in Chapter 4 and
Chapter 5 addressed one of the major challenges for attempting coherent control of the
electron spin state using magnetic resonance. Another technical hurdle that lay in the way
of coherent electron control was the generation of microwave frequency oscillating magnetic
fields, a higher frequency version of the NMR pulse discussed in detail within this thesis.
Developments of a new type of resonator with minimal electric field generation were recently
made [33], and we set out to investigate their suitability for generating high power short pulses
of microwave magnetic fields for use in fast coherent electron spin control. A test bed sample
of diamond was used to exploit well-studied NV~ electron spins for ESR experiments at room
temperature, allowing easy iterative improvements to the ESR configuration. Electron spin
resonance was successful, demonstrating high power microwave generation at a frequency
similar to that of the Zeeman splitting of the electron in InGaAs quantum dots. The keyhole
resonator design provides high power microwaves with minimal parasitic electric field, which
when used on the QD system will prevent unwanted ejection of the electron spin.
Combining the advancements in understanding of ideal operating conditions for long lived
spin lifetimes and coherence with the keyhole resonator platform places us in a strong posi-
tion to attempt electron spin resonance on QDs, something that has remained elusive since
the first and only demonstration of ESR by Kroner et al. [32]. Placement of the keyhole
resonator within the setup described in this thesis, with the pulsed amplifier described in
Chapter 6 should allow strong enough microwave pulses to be generated for ESR measure-
ments. Coherent control via this method would be a major step in realising the quantum dot
spin qubit. While the work we have presented here considers self-assembled InGaAs/GaAs
quantum dots, it has become apparent that the inhomogeneous strain present due to the self
assembly process is ultimately a limiting factor of using these QDs as spin qubits [29, 31, 104].
Promising research from strain-free droplet GaAs quantum dots reveals well defined nuclear
spin state transitions, allowing full access to the I = 3/2 state space present in both Gal-

lium and Arsenic, and has been successfully used to create a nuclear qubit register [29]. State
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preparation and readout of the electron spin have been demonstrated in droplet-etched GaAs
QDs, with electron lifetimes of 77 ~ 50 us that may be limited by cotunnelling effects [197].
Additional T3 . measurements close to the fundemental limit (I'e min) predicted in Chapter 4
have been measured in gate-defined GaAs QDs [198]. Despite the recent shift in focus away
from the InGaAs QD system, the results concerning spin dynamics in this thesis are not
limited to InGaAs QDs and as such are likely to still play a critical role in the future of III-V

semiconductor QD spin qubit design.
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