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Abstract

Semiconductor quantum dot (QD) nanostructures confine individual charge
carriers in all three directions, leading to the formation of discrete energy
levels, as such earning the moniker of “artificial atoms”. QDs have attracted
much attention over the last few decades for its potential in lasers, displays,
telecommunications, spintronics, as well as for solid-state quantum computing
technologies. QDs of ITI-V semiconductors, especially InAs and GaAs, are the
most extensively investigated and thus have been at the forefront for realizing
various applications. In particular for quantum computing technologies, the
carrier spins trapped in QDs are suitable candidates as qubits and it has been
predicted as well as demonstrated that these spins can have long lifetimes.
However, as IT1I-V materials have non-zero nuclear spins, the noisy environment
from the fluctuation of the mesoscopic nuclear spins becomes a cause for con-
cern as it is a prime source of carrier spin dephasing, which could significantly
reduce the carrier spin lifetime. Just as the interaction between the nuclear
and the carrier spins causes undesired loss of spin information, researchers
have increasingly sought to make use of this interaction as a resource. The
hyperfine interaction between the two spin systems allows for the transfer of
spin from the carriers to the nuclei. As carrier spins can be optically oriented
due to the selection rules of the interband transition, by continuous exciting
spin polarized carriers in a QD, spin transfer could align the nuclear spins in
a process known as dynamic nuclear spin polarization (DNP). The polarized
nuclear spins cause a shift in the energy of the carriers, an effect that can be
exploited to measure the degree of nuclear spin polarization.

This thesis presents the study on nuclear spin manipulation by optical spin
pumping in single InAs/GaAs self-assembled QDs grown by molecular beam
epitaxy. This thesis can be considered to consist of three main works.

In the first work, we showed the contribution to DNP by the first excited
state (p-shell) electrons in a QD even at zero external magnetic field. DNP by
these excited state electrons manifested itself in the observation of the increase
in the degree of nuclear spin polarization along with increase of the excited
state population. Furthermore, we measured the nuclear spin polarization

time by employing a circular polarization modulation excitation. We observed



an abrupt increase in the length of time taken to polarize the nuclear spins,
which we attributed to the suppression of nuclear spin decay due to the excited
state electrons .

The second work focuses on the manipulation of the nuclear spin polariza-
tion by optical engineering using QDs embedded in photonic crystals. Photonic
bandgaps are present in photonic crystals, resulting in modified density of
states which in turn affects the radiative rate of the emission of the QDs.
As DNP requires many repeated cycles of spin transfer, this process is thus
limited by the radiative rate. By utilizing photonic crystals, we demonstrated
the control of the degree of nuclear spin polarization by varying the radiative
rate of QD emission.

We then outline a scheme for optical spin pumping for nuclear spin polar-
ization by twisted light (light with non-zero orbital angular momentum). Due
to the tight confinement of light in the cavity, the polarization (spin) and the
spatial distribution of the light wave are no longer independently conserved,
representing significant optical spin-orbit interaction. As a result, by exciting
the cavity with a light beam with non-zero orbital angular momentum, we
could generate spin polarized electrons in a QD which is coupled to the cavity.
This spin polarized electrons can then polarize the nuclear spins.

The results presented in this thesis provide new insights on the dynamics of
nuclear spin in QDs, as well as novel methods to manipulate the nuclear spin
ensemble. These methods could be used together with previously reported
schemes of electron spin qubit manipulation, for example, to alleviate electron
spin dephasing, as well as paving the way for future devices such as nuclear

spin based quantum memory and spin-photon interface for twisted light.



Contents

Acknowledgments i
Abstract ii
1 Introduction 1
1.1 Research background . . . . . . ... ... ... ... 1
1.2 Research objective . . . . . . ... ... oL 6
1.3 Thesisoutline . . . . ... ... ... ... ... ..., 7
2 Self-assembled Quantum Dots 9
2.1 Basic properties . . . . . . ... e 9
2.1.1  Growth and quantum dot structure . . . . . .. .. .. 9
2.1.2  Electronic properties and energy levels . . . . . .. .. 10
2.1.3 Excitonic complexes . . . ... ... ... ... 12
2.2 Optical selection rules . . . . . ... ... L. 15
3 Spin Systems in a Self-assembled Quantum Dot 17
3.1 Carrier spin system . . . . . ... ..o 17
3.2 Nuclear spinsystem. . . . . ... ... ... ... ... 18
3.3 Carrier-nuclear spin interaction . . .. .. ... ... ... .. 19
3.4 Dynamic nuclear spin polarization . . . . . . . . ... ... .. 21
4 Dynamic Nuclear Spin Polarization by p-shell electrons 24
4.1 Sample preparation and optical characteristics . . . . . . . .. 24
4.2 Nuclear spin buildup time . . .. .. ... ... ........ 27
4.3 P-shell assisted dynamic nuclear spin
polarization . . . . . . . .. .. 30
4.4  Modelling of nuclear spin response under circular polarization
modulation excitation . . . ... ..o oL 34
4.5 Summary . o.o.o.o. .. e 37
5 Control of Dynamic Nuclear Spin Polarization by Vacuum
Field Engineering 38
5.1 Sample and experiment details . . . . . . . ... ... ... .. 38
5.2 Nuclear spin polarization with photonic bandgap effect . . . . 41
5.3 Modelling the responses with radiative lifetime . . . . . . . .. 44
5.3.1 Nuclear spin response . . . . . . . ... ... ... ... 44

5.3.2 Nuclear spin bistability with respect to radiative lifetime 45
5.3.3 Degree of polarization response . . . .. .. ... ... 46



5.3.4 Towards higher degree of nuclear spin polarization: the

case for short radiative lifetimes . . . . . . . . . . . ..

5.4 Summary and outlook
6 Conclusion and outlook
Bibliography
List of Publications
List of Figures

List of Tables

51

64

66

67

68



Chapter 1

Introduction

1.1 Research background

While spin is now understood as a quantum mechanical freedom with no
classical counterpart, the concept was born before the formulation of quantum
mechanics [1]. Fueled by observations of the “anomalous” Zeeman effect of
atomic spectra, physicists sought for explanations which led to the proposal
of a quantized electron degree of freedom. Following the publication of the
seminal paper by Goudsmit and Uhlenbeck in 1925 [2], the idea of electron
spin gained traction even among physicists who initially rejected the idea, most
notably Pauli. Pauli then went on to propose a nuclear magnetic moment in
order to explain the hyperfine structure of heavy atoms. This eventually led
to the discovery that the proton, like an electron, has spin 1/2. Following
the discovery of neutron by Chadwick, Heisenberg proposed that an atomic
nucleus consist of protons and neutrons. The nuclear magnetic moment was
then understood to arise from the proton and neutron spin. The concept
of nuclear spin was thus born in the pursuit to understanding the atomic
hyperfine structure.

About two decades after Goudsmit and Uhlenbeck’s publication on electron
spin, in pioneering work in metals carried out in the 1950s, Knight observed
that polarized electrons lead to a shift in the nuclear magnetic resonance
frequency [3] while Overhauser proposed to polarize the nuclear spins by
transferring of spin polarization from electrons to the nuclear spins [4]. It
would take another decade or so before the two fields of spin and semiconductor
finally came together in 1968 with the first experiment on the optical spin
orientation of electron to polarize the nuclear spins in bulk silicon performed
by Georges Lampel [5]. While hardly an exhausting list, these three works
mentioned here would have important implications on the study of spins in
semiconductor nanostructures, to which we will come back in later paragraphs.

Advances in engineering inevitably led to the advent of semiconductor
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nanostructures with the powerful ability to confine carriers — electrons and
holes — at a quantum scale, making them structures with effectively reduced
dimensionality. Particularly, semiconductor quantum dots (QDs), which pro-
vide confinement and quantization in all three spatial dimensions leading to
discrete energy levels, has been of wide research interest. (QDs have already
been used to produce a range of devices including lasers [6] and liquid crystal
display [7]. Furthermore, QDs hold the potential for future spin-based solid
state quantum information technologies [8—13] with the electron (or hole) spin
playing the role of a qubit.

The physical implementation of any quantum computing scheme should
fulfill five main criteria as outlined by DiVincenzo [14] namely: 1) scalability of
the qubits, 2) ability to initialize the qubit state, 3) long relevant decoherence
time compared to gate operation times, 4) a “universal” set of quantum gates
and 5) readout capability of qubit state. While significant progress has been
made with QDs with regards to fulfilling these criteria, it is still an active field
of research [15].

QDs has garnered much interest in large part due to the potentially very
long spin lifetime! of the confined electron, which can in principle be of the
order of milliseconds [16-19], a nod to criterion 3 in the previous paragraph.
However, there are interactions which could reduce the spin lifetime. The
interaction of an electron with phonons could be mediated by the spin-orbit
interaction in a QD but unlike the case in bulk? or even 2D semiconductor,
it was found to be less effective [21-24]. The spin-orbit interaction was even
shown to be “tunable” electrically to achieve long spin lifetime [25]. On the
other hand, confinement causes an enhanced hyperfine interaction, which is
arguably the most significant source of the loss of spin information in a QD.

The hyperfine interaction is present in all III-V semiconductors® [28] as
all the nuclear species have non-zero spin. A QD typical consists of 10* —
10% atoms and thus an equally large number of nuclear spins which forms a

mesoscopic system. The localization of the electron wave function around a

1Spin lifetime can be categorized into longitudinal spin relaxation time or spin lattice
time, 77 and transverse spin coherence time or spin-spin relaxation time, T5. T3 is the time
for a spin polarized population of carriers to decay to a thermalized population via spin
flip events. 75 is a measure of the decay of quantum superposition of the spin states due
to, for example, precession about a random, fluctuating magnetic field. The decoherence
time of an ensemble of spin is usually referred to as T3, also known as the dephasing time.
There are also many instances where the terms “decoherence” and “dephasing” are used
interchangeably.

2See reference [20] for a more detailed discussion of spin relaxation mechanisms in IT1I-V
semiconductors.

3Non III-V semiconductor QDs made of CdTe/ZnTe [26] and ZnO [27], for example, also
have non-zero nuclear spins. The emphasis in the main text is on III-V systems as they are
the most heavily studied and thus is most prevalent in the literature.
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finite number of nuclei means that the electron spin interacts with a large
number of nuclear spins leading to a strong hyperfine coupling [29]. These
nuclear spin orientations are random and fluctuating, which could give rise
to a small effective local magnetic field of the order of several milliTesla [30].
This effective magnetic field varies slowly enough such that it can be considered
as a quasi-stationary “frozen” field on the timescale of the electron coherence
(< 1ps) [31]. The electron spin precesses rapidly about this randomly oriented
frozen field, leading to significant decoherence. The field is assumed to be
random and has no preferred direction i.e. isotropic. The electron spin
components which are transverse to the field will decay quickly, causing the
electron spin polarization to fall to one-third of its initial value in a 75 time
of the order of a nanosecond. The effect of the frozen nuclear field on electron
spin dephasing has been investigated in various QDs both optically [32-35]
and electrically [16, 36].

A number of routes are being pursued to limit the dephasing by the fluc-
tuating nuclear spins including the realignment of electron spins using the
spin-echo technique [37-39], which has been shown to increase the electron Ty
time towards 1us. Besides electron spin, the hole spin has also been considered
to store quantum information as it has a relatively weak hyperfine interaction
due to its p-type atomic wavefunction [40-47].

It is also possible to alleviate the electron spin dephasing by applying a
small external magnetic field to “screen” the fluctuation of the nuclear spin
bath [32], however, this does not give a “true” narrowing of the nuclear spin
distribution. Narrowing of fluctuation can be achieved by measurement and
projection of the nuclear spin state [48-52] without necessarily polarizing the
nuclear spin states.

Alternatively, one could polarize the nuclear spins [53, 54] in a process
known as dynamic nuclear spin polarization (DNP). In fact, the hyperfine
interaction itself facilitates the transfer of electron spin to the nuclear spin
ensemble, a phenomenon now known as the Overhauser effect. Continuous
optical [55—60] or electrical [61, 62] injection of spin-polarized electrons drives
them away from the equilibrium spin polarization [20], giving rise to spin
transfer which orients the nuclear spins along a certain direction (usually
perpendicular to the sample plane). As the nuclear spin polarization decays
on a much longer time scale relative to that of electron spin [63], DNP can
generate a large effective nuclear magnetic field (also known as the Overhauser
field) of up to several Tesla [62, 64, 65]. This Overhauser field in turn acts
on the electron to shift its energy level and this is reflected in the splitting of

the emission lines similar to that of the Zeeman effects (see chapter 3). As
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such, the QD emission line allows us to study the dynamics of the coupled
electron-nuclear spin system.

There are a number of spin flip mechanisms in the coupled electron-nuclear
spin system. The dominant mechanism depends on the specific details of the
experiments. In the case in strong magnetic fields and resonant excitation,
the mutual spin flip-flop is inhibited by the large energy cost (due to the large
difference in the Landé g-factors of electron and the nuclear species?, electron-
nuclear coupling mechanisms which does not involve simultaneous spin flips are
dominant. The non-collinear hyperfine coupling, which arises from the nuclear
quadrupole effects in QDs, is one such mechanism [66]. The spin flip from
this coupling can induce nuclear spin relaxation under certain experimental
conditions. For the case of non-resonant or quasi-resonant excitation where
carriers are generated at energies above that of the transition of interest, with
or without an external magnetic field, the mutual electron-nuclear spin flip-
flop is the main spin flip mechanism. Essentially, an electron spin relaxes
its initial orientation and the spin angular momentum gets transferred to the
nuclei which could result in a net nuclear spin polarization [20].

It was assumed that a nonzero external magnetic field was necessary for
DNP in QDs since the application of an external field of a few milliTesla to
suppress the dipolar induced nuclear spin relaxation is a necessary experimen-
tal condition in the case of n-type bulk semiconductor [20]. However, Lai et
al. demonstrated that significant nuclear spin polarization at zero external
field was possible [67]. An explanation was proposed that the effective inho-
mogeneous magnetic (Knight) field generated by optically excited electrons is
larger than the local nuclear field fluctuations, pre-empting the need for an
external field. It was later suggested that the material strain-induced nuclear
quadrupole interaction is more likely to be responsible for DNP at zero external
field as the depolarization of the nuclei via the dipole-dipole interaction is
supressed [68, 69].

The spin flip between the electron and the mesoscopic nuclear spin bath
results in interesting nonlinear effects . One example is the observation of
multiple nuclear spin configurations, of which two are stable and thus ac-
cessible via experiments. The non-Markovian nature of the dynamics leads
to observation of the bistability of the nuclear field with respect to excitation
power [64, 70-72], polarization of optical excitation [70] and external magnetic

field [73, 74]. In these works, it was shown that the nuclear spin polarization

“In the case of Indium, taking an electron g-factor of 0.6, gepup/gnun = 1000, where
ge(n) is the electron (nuclear) g-factor and pp(y) is the Bohr (nuclear) magneton. As such
the electron spin states have a much larger separation compared to that of nuclear spin
states.
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can take a high or a low configuration depending not only on the experimental
conditions but also the history of the experiment. The non-collinear hyperfine
coupling is responsible for two other reported non-linear behaviours of emission
line dragging effects where the QD resonance is “locked” to the resonant laser
excitation and bidirectional DNP [52) 75, 76].

Nuclear spin polarization has led to more surprising observations such
as the enhanced degree of spin polarization in charged excitons above the
expected 1/3 of the initial polarization [59, 67, 77]. It has been proposed [53]
and demonstrated that DNP can indeed lead to longer electron spin coherence
time [78]. Complete nuclear spin polarization could in principle eliminate the
electron spin decoherence effect, as well as enabling applications of nuclear
spins as quantum memory [79-81]. Furthermore, high degree of nuclear spin
polarization was also shown to be important for the generation of indistin-
guishable single photon [82]. Therefore, researchers have sought to achieve
complete polarization of the nuclear spins.

However, there are a number of factors which limit the achievable degree
of nuclear spin polarization via DNP. There is a low probability of electron-
nuclear spin flip due to the large mismatch in the Zeeman splitting of electron
and nuclear spins as mentioned in a previous paragraph. Furthermore, the
mutual flip-flop mechanism of DNP requires many spin transfer from electron
to nuclei meaning that the polarization of the ensemble of nuclei requires
many cycles of excitation and deexcitation of carriers. Ideally, we would like
to have fast removal of electron after spin transfer i.e. this process is limited
by the exciton radiative lifetime [64], as well as the replacement of spin before
loss of spin information and to avoid the depolarization of nuclear spins by
the residual electron [73, 83]. Furthermore, the spin flip-flop probability is
dependent on the interaction strength between the electron and nuclear spins
which in turn depends on the overlap of their wavefunctions. This implies
that DNP can be limited by the spatial extent of the electron wavefunction
and thus becomes less and less efficient towards the “edge” of the electron
wavefunction.

Nonetheless, there has been an upward trend in the highest reported degree
of polarization in the last decade or so. The probability of spin flip-flop was
shown to increase with temperature giving a degree of nuclear spin polarization
of about 50% [84]. As temperature increase, the electron spin state broadens,
enabling it to compensate for the energy mismatch of a larger number of
nuclear spins and thus increasing the probability of spin transfer. Another
approach succeeded in enhancing the efficiency of the spin exchange process

by directly compensating the electron-nuclear Zeeman energy mismatch with
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the energy of the photon via resonant optical excitation induced second-order
(forbidden) processes, achieving ~65% nuclear spin polarization [85].

It has been proposed that nuclear spins could form dark states which,
if true, would not allow for complete nuclear spin polarization [54, 86, 87].
However, experimental verification of nuclear dark state is lacking. Recently,
by combining optical excitation and advanced nuclear magnetic resonance
technique, Chekhovich et al. has managed to achieve 80% nuclear spin po-
larization in a droplet etched GaAs/AlGaAs QD [88]. Ethier-Majcher et al.
reported an electron 75 time of 39 ns, by way of nuclear spin state narrowing,
alongside with a claim that this degree of narrowing is comparable to the effect
of >99% nuclear spin polarization [89]. While the pursuit for complete nuclear
spin polarization in QD is yet to conclude, these two recent works give much

cause for optimism.

1.2 Research objective

In the thesis, we mainly explore novel methods to manipulate the nuclear
spins in a self-assembled quantum dot via optical spin pumping. While pre-
vious works have made significant progress on studying various aspects about
the nuclear spins, there remains a number of issues such as the complexity
of the excitation scheme for nuclear spin manipulation and the need for the
study of nuclear spins of QD in integrated devices, as well as the unexplored
degree of freedom that can be exploited to control the nuclear spins, which we
address in this thesis.

The reported approaches to manipulate the nuclear spins often involve
rather complex excitation schemes dealing directly with the QD energy levels
or states of excitons [52, 75, 85]. These schemes are often accompanied by
high external magnetic fields of a few Tesla. In light of this, we seek a simpler
alternative that enables DNP even with relatively conventional excitation and
without any external magnetic field. This led us to our work on p-shell electron
for nuclear spin polarization.

Besides external excitation, the nuclear spins and the mechanisms of DNP
are inevitably affected by the physical properties of the QD sample such as the
size, orientation and the presence of charge carriers, which could vary from QD
to QD. While effort is being made towards more deterministic growth of QDs,
we approach this issue by way of post sample growth processing — fabrication
of photonic crystal — to manipulate the optical field and thus nuclear spins in
the QD.

Optical excitation is one of the leading methods to introduce spin polarized
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carriers into a QD which underpins DNP. Despite the recent advancement
and prospect of optical excitation with non-zero orbital angular momentum
(twisted light) [90], there is hitherto no conclusive experimental reports of
such an excitation on a QD, most likely due small size of the QD [91] and the
weak interaction of such excitation with the dipole transition in a QD [92, 93].
Nonetheless, not to be overlooked is the potential for using twisted light for
optical spin pumping to polarize the nuclear spins in the QD. Orbital angular
momentum could be an important degree of freedom present in the excitation
that can be exploited to achieve higher degree of nuclear spin polarization.

In addition, the work presented in this thesis also serve to highlight the
importance of studying nuclear spins of a QD embedded in a photonic crystal
(PhC) as opposed to just a “bare QD”. To realize a practical device with
embedded QDs almost always requires integration with structures involving
some form of postprocessing like micro/nanofabrication [94]. The fluctuating
nuclear spins remain as a prime suspect for the source of electron spin de-
phasing in a QD-in-PhC system [95], however, it remains unknown if and how
the embedding of QD in a PhC affects the nuclear spins. For example, the
fluctuating surface charges (electrons) due to nanofabriocation could reduce
the nuclear spin coherence of an embedded QD, which has not been studied.
Therefore, it is imperative that we understand how a micro/nanostructure
affects the nuclear spins in a QD and vice-versa if such a system were to be
utilized as a device, be it a single photon source, a spin-photon interface or
others.

The above-mentioned unresolved issues and prospects became the basis of

the experimental and theoretical work described in this thesis.

1.3 Thesis outline

The current chapter gives an overview of the field of study, highlighting
certain key results and issues. The rest of the thesis is structured as follows:

Chapter 2 describes the basic properties of semiconductor self-assembled
quantum dots, which is the main workhorse. We describe its growth process
and basic structure, as well as the resulting electronic and optical properties
which in turn allows for the systematic investigations that we carry out.

Chapter 3 dives further into the details of the various spin systems in a self-
assembled QDs, consisting of the electron, hole and nuclear spins. Here, we
also describe the interactions between these different spin systems, outlining
the underlying theories along with relevant equations.

Chapter 4 describes the work on DNP by p-shell electrons at zero external
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magnetic field. We employed a laser excitation which modulates between right
and left circular polarization, enabling us to extract the temporal information
of the nuclear spin buildup even with a time-averaged detection. By measuring
the power dependence of the nuclear spin buildup time we demonstrated the
transfer of spin from p-shell electrons to the nuclei in a QD.

Chapter 5 focuses on the manipulation of the mechanism of DNP instead of
dealing with the energy level of QD or the optical excitation. We looked at the
underlying mechanisms of dynamic nuclear spin polarization which informed
us that radiative lifetime is one of the limiting factors of the rate of transfer of
electron spin to the nuclei. As such, by using photonic crystals which supports
a photonic bandgap in which the density of state is suppressed and thus alter
the emission radiative lifetime of the embedded QD, we showed how this in
turn allows us to manipulate the resulting degree of nuclear spin polarization.

Chapter 6 describes a scheme for nuclear spin pumping in a QD with
twisted light excitation. We explore how to utilize twisted light to manipulate
the nuclear spin in QD by exploiting the functionalities of a photonic crystal
nanocavity. Following from the optical spin-orbit interaction in the nanocavity,
we describe how twisted light excitation could generate spin polarized carrriers
in a QD which is coupled to the photonic crystal cavity. These carriers could
then polarize the nuclear spins.

Chapter 7 summarizes the main contents as well as highlight the impor-
tance of certain aspects of this thesis. We also mention about the prospects

and future work that could be done.



Chapter 2

Self-assembled Quantum Dots

There are many types of semiconductor quantum dots, usually categorized
by their method of synthesis or fabrication, for example by molecular beam
epitaxy (MBE), metalorganic chemical vapor deposition, colloidal chemistry,
lithography or electrostatic potentials. The common feature of these QDs
is their ability to confine electrons in all three dimensions, as such they are
sometimes called “artificial atoms”. The QDs studied in this work are self-
assembled islands of a semiconductor embedded in another semiconductor of
larger bandgap grown by MBE. Self-assembled QD tends to be smaller and can
be easily integrated in device structures. QD have well confined optically active
states with relatively large energy separation between the levels, making them
attractive as emitters. This chapter gives an overview of the growth and the
physics of these optically active systems. We briefly review the band structure
of semiconductor which is relevant for our study on QDs. Then we discuss
about excitonic complexes — bound states consisting of varied combinations
of electron(s) and hole(s). Finally we discuss the optical selection rules that

arise from the conservation of angular momentum associated with the bands.

2.1 Basic properties

2.1.1 Growth and quantum dot structure

A variety of III-V and II-VI strained material systems, like InAs/GaAs,
InAs/InP, SiGe/Si or CdSe/ZnSe could give rise to the formation of QDs via
the Stranski-Krastanov growth mechanism. In the epitaxial growth of these
QDs, a substrate is heated and placed in ultra-high vacuum. Materials sources
are heated which evaporates, giving off fluxes of atoms are then deposited layer
by layer onto a substrate. Due to the lattice mismatch between the substrate
and the deposited materials, a highly strained two dimensional wetting layer

(WL) is formed on the surface of the substrate. At a certain critical thickness,
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Figure 2.1: Schematic illustration of the QD growth process: InAs is deposited
on a GaAs substrate forming a wetting layer. At a critical InAs thickness of
1.7ML, mechanical strain due to the lattice mismatch of the two semiconductor
material leads to spontaneous formation of InAs island on the wetting layer.
The QDs are annealed before capping with a GaAs layer.

a transition to island growth occurs. The formation of these islands is ener-
getically favorable as the reduction of strain energy overwhelms the increase
in surface energy and thus islands form spontaneously and randomly across
the surface.

For the III-V InAs/GaAs material system, there is a 7% lattice mismatch
between InAs and GaAs, giving a critical thickness of 1.7ML (monolayers) for
InAs deposition on GaAs at 500°C [96]. The critical thickness was found to
increase with temperature [97]. The resulting lens-shaped QDs have a typical
thickness of 3 — 5 nm and a diameter of about 20 nm. The density of the
QD is typically determined by the substrate temperature and the amount
of deposited In [98]. Following the growth of the QDs, a layer of GaAs is
deposited over the QDs and this layer is usually known as the capping layer.
During the deposition of this layer, the QDs are also subjected to annealing
— when the QDs are partially covered by the GaAs capping layer, the sample
temperature is temporarily increased, which results in the intermixing of Ga
to the InAs QDs. This capping and intermixing reduces the height of the
QDs to typically 1 — 2 nm [99, 100], blue shifting the QD emission energy
to about 1.3 eV, convenient for use with conventional Si-based detectors in
spectroscopic measurements. The optical properties of the QDs are highly
dependent on the growth process, for example the fine structure described in
Sec. 2.1.3 depends on the asymmetry of the shape, as well as the strain of
the QDs. Also contaminants and residue from previous growth could lead to

unintentional doping of the QDs with positive or negative charges.

2.1.2 Electronic properties and energy levels

The strain-driven island formation means that a QD consists of the order of
10% - 105 atoms. The overlap and hybridization of the valence electrons of these
constituent atoms give rise to the electronic band structure. As InAs/GaAs

QD are used for our study, our focus here will be on the ITI-V semiconductors.



2.1. BASIC PROPERTIES 11

The band structure of III-V semiconductors when considered with the effects
of strain (Fig. 2.2) serves well to describe the case of these QDs.

Semiconductor GaAs and InAs have the zincblende structure. The conduc-
tion band (CB) is built from atomic s-type orbitals and thus it is doubly degen-
erate with a total angular momentum, J = 1/2 and values of the z-component
of the total angular momentum, J, = +1/2. The parabolic dispersion of this
band corresponds to the dispersion of a free particle with an effective mass,
m?. For GaAs and InAs, the typical values of effective CB electron mass are
M gaas = 0.063m. and m; 1, 4, = 0.023m, respectively where m, is the free
electron mass [101].

The valence band (VB), however, is built from atomic p-type orbitals with
orbital angular momentum magnitude of one. Therefore, the structure of
the band is subjected to the effects of spin-orbit interaction. As a result,
the spin-orbit sub-band with total angular momentum J = 1/2 is split off
by several hundred meV. Given the large splitting, transition involving the
spin-orbit split-off band is usually not a concern during experiments. The
remaining sub-band with J = 3/2 is 4-fold degenerate at the I'-point but
shows a different dispersion due to different |J,|. The charge carriers in the
|J.| = 3/2 and |J.| = 1/2 sub-band is referred to as heavy-holes (HH) and
light holes (LH) respectively. The effective masses in GaAs are mpypg g,a, ~
0.5m, and M7 g gaas = 0.082me; in InAs are miy 1,45 = 0.41me and mjp 1,45
~ 0.026m..

The band structure of a material is also altered by the presence of strain,
which reduces the symmetry of the crystal and thus modifies the energy gaps
and lifts degeneracies. In this case, the band structure can be treated using
the Luttinger-Kohn Model. The HH and LH band energies can be calculated
from the Luttinger Hamiltonian, while the effective masses of the bands are in
turn given by the Luttinger Parameters.

In the case of a QD, both the confinement and strain can give rise to
a splitting of HH and LH bands at the I' point. The splitting Agy_rg is
typically of the order of 20 meV [102, 103], with the HH band being the top
VB due to the compressive strain [20].

Under external excitation, for example the absorption of a photon by the
QD, an electron in the VB can be promoted to the CB, leaving behind a hole.
The 3D confinement of electron and hole is such that they can be described by
single particle states occupying certain energy levels within the CB and VB
respectively. The typical dimensions of a QD (e.g. 20 nm width and 2 nm
height) suggest that confinement in the growth direction (2) is typically strong.
As such, following from the lens shape of the QD, the in-plane potential can
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Figure 2.2: Scheme for the electronic band structure in the vicinity of the
I’ point for a three-dimensional crystal with zincblende lattice structure (a)
without strain (b) in the presence of uniaxial strain. The bands shown are the
conduction band (CB), the heavy-hole (HH) band, the light-hole (LH) band,
and the spin-orbit split-off (SO) band. E, is the gap energy that separates the
conduction and the VB. The band structure in (b) serves for the discussion of
confined quantum dot states, where, in contrast to (a), the HH and the LH
bands are split by Agg_ry.

be approximated as a 2D harmonic oscillator while potential in the z-direction

is treated as an infinite square well. The corresponding energy of the levels

is then parameterized by the effective mass and confinement length, L*: F, =
h2m? 2

52N, in addition to an offset in the energy due to confinement. The states

are often referred to as “shells” with labels s, p, d and so on, which reflects

the symmetry of the envelop wavefunction of these states in analogy to atomic
orbitals (Fig. 2.3). As the effective mass of CB electrons is lower than that of
VB holes, the level spacings for electron states are larger than that for holes

states, on the order of 50 meV and 20 meV respectively.

2.1.3 Excitonic complexes

While energetically separated into two different bands, the confined elec-
tron and hole are spatially in close proximity. The Coulomb interaction
therefore results in a bound electron-hole complex known as an exciton.

In the simplest case, there is an electron in the CB and a hole in the VB,
forming a neutral exciton, X°. There are 4 degenerate 1s excitons, that can
be constructed from the electron spin (+1/2) and heavy hole spin (+3/2)
states. These 4 possible excitonic ground states can be expressed in terms of
the electron and hole spin states | S, Sp) namely |+1/2,+3/2), | —1/2,+3/2),
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Figure 2.3: Schematic energy level diagram for an InAs QD embedded in GaAs
along the growth direction. The discrete quantum levels are labelled in analogy
with the atomic orbitals. Above band excitation, promotes an electron to the
CB while leaving a hole in the VB, both which can then be captured into the

QD.

| +1/2,-3/2) and | —1/2,—3/2). Alternatively, this may be characterized by
the projection of total angular momentum onto the z-direction, M, as | + 2),
| +1), | = 1) and | — 2). States with |M| = 2 are optically inactive (dark
excitons) while states with |M| = 1 are optically active (bright excitons).
However, the electron and hole spins can couple by the exchange interaction
which is strongly enhanced in the case of the QD as compared to the case of
bulk material. The strong confinement of the QD, together with the elongation
of the QD along the (110) reduce its symmetry from Cy,— Cs,, enhancing the
anisotropic exchange interaction' (AEI). This AEI mixes the two degenerate
| £ 1) states into two non-degenerate states 1/v/2 (| + 1) & | — 1)) which are
linearly polarized along the (110) and (110), also referred to as the major and
minor axes of the QD respectively. These states are split by the anisotropic
exchange energy, 0ps (Fig. 2.4(a)). The dark states are split from the bright

states by an exchange energy, while the dark states themselves are further

LAEI can be thought of as a mechanism which couples the electron and hole spins,
enabling fast simultaneous relaxation. Alternatively, AEI can also be considered as an
effective in-plane magnetic field. It is typically hundreds of peV, much stronger than the
effective frozen nuclear field. Thus, the frozen field has little effect on the spin dynamics of
the electron in X©.
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Figure 2.4: Schematic description of the energy levels and the configuration
of (a) neutral and (b) charged excitons. 1 ({) represents an electron (hole)
with spin up (down). For the neutral excitons, optical transitions are allowed
between the ground state (GS) and bright states. Transitions are linearly
polarized because of the mixed states. The bright states are split by drpg. The
biexciton energy level exhibits no fine structure of it’s own since the electrons
and holes are paired in spin singlets. The fine structure of the biexciton arises
due to its transition to exciton states. (b) Shown for the case of X, the
ground state consists of a single hole spin and the transitions are circularly
polarized.

split by the exchange interaction. The neutral biexciton, X X° consists of two
electrons and two holes in spin singlets in the ground state. As the biexciton
decay via either of the two routes (Fig. 2.4(a)) to form an exciton, the fine
structure of the biexciton is identical but anti-correlated to that of the exciton.
These mixed states emission can also be restored to their respective eigenstates
by applying an external magnetic field which introduces a Zeeman splitting
(see Sec. 3.1), in which case the transitions return from being linearly polarized
to circularly polarized.

Extra “resident” carrier(s) can be introduced into the QD via doping
(intentional or accidental) or by embedding the QD in a diode structure to
enable charge tuning by the gate voltage. As the QD accepts carriers due to
external excitation, the presence of the resident carrier will result in different
exciton complexes. There are two types of singly charged excitons or trion
complexes namely the positive trion, X and negative trion, X~ (Fig. 2.4(b)).
In its lowest energy state, the X+(=) consists of two holes (electrons) paired
in spin singlet and an unpaired electron (hole). The Coulomb effect of these
extra charges affects the emission energy and thus the charged excitons appear

in the spectrum as distinct peaks from the neutral excitons. In these trion
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complexes, the exchange interaction at zero field should vanish as an electron
(hole) in X*+() is interacting with a spin-singlet hole (electron) pair. The
trion complexes have two degenerate excitonic states which couple radiatively
to the light field with right and left circularly polarized emission respectively
(shown for X* in Fig. 2.4(b)). The fine structure of charged excitons [104]
are more complicated. For example, in the excited state, one of the carriers
is in a p-like state (a hole for X' and an electron for X 7). In these cases,
the exchange interaction comes back into play giving a non-vanishing fine
structure, corresponding to different singlet and triplet states [105, 106].
Multiple excitonic complexes have been observed in single QDs. It is
possible to generate biexcitons and charged biexcitons X X* by using higher
excitation power [107, 108]. Even more highly charged states and their fine

structure have been discussed [109].

2.2 Optical selection rules

Different excitonic complexes can have different carrier configurations and
the spin of the exciton is determined by the sub-bands that the carriers occupy.
The excitation of the carriers is governed by the selection rules which arise
due to the conservation of angular momentum. These selection rules can be
exploited to selectively excite spin-polarized electrons and holes into the CB
and VB respectively. Optical transitions are possible from the heavy hole
band, the light hole band and the split-off band. For the purposes of optical
orientation, the energy of light is typically chosen to not excite carriers from
the split-off band [20]. Figure 2.5 shows the transitions involving circularly
polarized light from the heavy and light hole bands to the CB together with
the relative transition strengths. Since the absorption of a circularly polarized
photon must be accompanied by a change of angular momentum of magnitude
one elsewhere, an electron—hole pair created by such an absorption can only
take the paths as indicated in the figure. Right (left) circularly polarized,
o(—), photo-generates spin-down (up) electrons and spin-up (down) holes,
corresponding to a spin angular momentum of magnitude +1 (-1).

The degree of polarization can be defined as DOP = ﬁ(‘”)*[(g*)

(o+)=1(o=)’
I(o+) is the intensity of the o+ circularly polarised light. In the case of bulk

where

semiconductor (Fig. 2.5(b)), as the probabilities for the heavy hole transition
is three times larger than that of the light hole transition, circularly polarized
light that excites both transitions yields an ensemble of electrons with a
maximum spin polarization of 50% [20]. In the case of QDs, as discussed in the

previous section, quantum confinement lifts the heavy—light hole degeneracy.
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Figure 2.5: (a) Schematic illustration of bulk III-V band structure, (b)
selection rules for interband transitions involving valence-band electrons
for absorption and emission of circularly polarized light in bulk III-V
semiconductor. The numbers by the arrows represent the relative transition
strengths. (c) band structure of a confined or strained I1I-V nanostructure, (d)
corresponding selection rules for absorption or emission of circularly polarized

light in the nanostructure. A o+ photon excites a J,=—3/2 valence electron
to the J,=—1/2 CB and a heavy hole J,=+3/2 is left behind in the VB.

In principle, the energy of the optical excitation may be tuned to only excite
heavy holes whereby a 100% spin polarization may be achieved. However,
quantum confinement also leads to population of states away from the I'-point
(i.e k # 0), which induces an admixture of heavy and light hole states. As
a result, the mixing partially allows nominally forbidden optical transitions,
reducing the spin polarization of photo-generated electrons.

As the optical selection rules also apply in reverse, the circular polarization
of the photon emitted from the QD in the growth direction will correlate with
the spin of the recombining carriers. We could therefore measure the DOP
of the QD emission to obtain insights about the spin polarization of electrons

and holes.



Chapter 3

Spin Systems in a
Self-assembled Quantum Dot

External optical excitation can generate carriers in the QD and the spins of
these carriers can be oriented by controlling the polarization of the excitation.
The carrier spind in the QD then interact with each other, as well as with the
mesoscopic nuclear spin system. In this section, we will give an overview of
the basic spin interactions of the QD electron, hole and nuclear spin, as well

as discuss the various coupling mechanisms in these spin systems.

3.1 Carrier spin system

In a QD, the response of electron spins to an external magnetic field, Bex

is described by the Zeeman Hamiltonian

~

H = g:,uBSe - Bex, (3.1)

where ¢ is the effective electron g-factor, ug = 58 ueV/T is the Bohr magneton
and the spin operator, S = 1/2 6 with ¢ being the Pauli-matrices. This
interaction will give an electron Zeeman splitting of £? = ¢¥upB.,. Similarly
for holes, H M= giu 5Sh - Box , where g;, is the effective hole g-factor and the
hole spin operator is S,. In this form, the heavy hole spin is considered using
pseudo spins of +1/2 [110, 111] There is an analogous equation for the hole
Zeeman splitting. In the case of an exciton, the exciton Zeeman splitting is

E? = g:upB.,, where the exciton g-factor, g, = ¢> + g;.
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3.2 Nuclear spin system

As for the nuclear ensemble containing 7 nuclear spins, the Zeeman Hamil-
tonian is given by

A7 ==Y yhl’ - Be.. (3.2)

Note that v;A = g;u; where g; and p; are the nuclear g-factor and the nuclear
magneton respectively. The gyromagnetic ratios for In and As are 711> = 9.37
MHz/T and 7%, = 7.32 MHz/T.

In addition to the interaction with external magnetic field, nuclear spins
interact with each other and usually the dominant interaction is the dipole-
dipole coupling between two nuclear spins ¢ and j. This interaction can be

written as follows [112]

2 . ) oA oA

iy, = - Y (il SUNPILE ‘")“ ' W), (3.3)
where fip is the permeability of vacuum and r;; is the vector of length r;;
joining the two nuclei. This Hamiltonian can be decomposed into “secular”
part which commutes with H” and “non-secular” part which does not commute
with H ?. The secular part is composed of terms which are proportional to
]A;_fg—}l(fifi—l—ﬁ_fi) , where ]Ai and 7 are the raising and lowering operators of
the it nuclear spin respectively. The secular part is therefore spin-conserving
and responsible for nuclear spin diffusion within the lattice. The non-secular
part, however, does not conserve the total angular momentum of the nuclear
spin system!. The strength of the interaction H dip 18 usually characterized by
a “local field” Bj;, which is the effective magnetic field generated on the site
of a nucleus by its neighboring nuclear spins [112]. This local field can be
thought of as the expectation value of Eq. (3.3) and for bulk GaAs, B; is on
the order of 0.1 mT [113].

Due to the large biaxial strain and intermixing of In and Ga in self-
assembled QD, the cubic symmetry of the crystal breaks down, resulting in
the presence of an electric quadrupolar moment which can couple to electric
field gradients produced by electrons [114, 115]. Assuming axially symmetric
electric field gradient 7.e. uniaxial strain along the z-axis, the Hamiltonian can
be expressed as [112, 116]

. 1 . I(I+1)
Hg = Eth (Iz — T) (3.4)

IThe non-secular part is responsible for the upper limit of the electron spin coherence
time T5 for a coupled electron-nuclear spin system [31].
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where wg is the quadrupolar angular frequency proportional to the z-component
of the deformation tensor, e... The quadrupole interaction can also be ex-
pressed as an effective field, By = wTQ = g?;”—fN, estimated to be of the order of
100 mT in self-assembled InAs QDs [68, 117]. The quadrupole interaction can
lead to nuclear spin relaxation via its coupling to the modulation of electric
field gradients arising from phonons or charge fluctuations in the QD [66,
118]. On the contrary, due the spatial inhomogeneity of the strain distribution,
the quadrupole interaction causes neighboring nuclear spins to have different
energy splittings which could in turn suppress the dipole-dipole interaction [69,

119]

3.3 Carrier-nuclear spin interaction

Optical selection rules dictate that circularly polarized excitation gives spin
polarized electrons and holes. In the case of non-resonant excitation, the
photogenerated carriers are accepted into the QD with capture time of the
order of a few picoseconds [120, 121]. Both electrons and holes need to traverse
through the quantum well-like wetting layer before being accepted into the
QD. The hole spin experiences fast dephasing in the wetting layer resulting
in spin lifetimes of the order of picoseconds [20, 122] which is comparable to
the capture time. As such the hole spin is usually considered to be largely
depolarized when it is captured into the QD. Furthermore, the hole spin and
nuclear spin interaction is weak due to the p-like symmetry of the hole bloch
wavefunction, resulting in negligible overlap with that of the nuclear spins.

The electron spin, on the other hand, has lifetime in a quantum well which
is at least an order of magnitude larger than that of hole [20, 123, 124] and
thus could retain its spin after being captured into the QD. Furthermore, the
electron spin experiences strong interaction with the nuclear spins because of
s-like symmetry of the conduction band Bloch wavefunction. Therefore, only
the electron spin is considered to interact with the nuclear spins. The total
Hamiltonian H for a single electron coupled to the mesoscopic nuclear spin

ensemble can be written as [125]
ﬁzﬁ;*i‘f{g‘i‘ﬁzp‘i‘ﬁhf, (35)

where H¢, H" and I:Igip are the electron Zeeman, nuclear Zeeman and nu-
clear dipole-dipole Hamiltonian, respectively. H n¢ is the Hamiltonian for the
hyperfine interaction, which couples the electron-nuclear spins.

In III-V semiconductors, the dominant contribution to the coupling be-
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tween the confined electron and nuclear spin systems originates from the Fermi

contact hyperfine interaction. This interaction can be written as
~ Vo ~ At
Hyp =5 D Ailp()*S. - T, (3.6)
(2

where vy is the crystal unit cell volume containing two atoms, ¥(r;) is the elec-
tron envelope wavefunction and r; is the location of the ith nucleus. The hy-
perfine coupling constant, A; is given by the equation A; = % togoptshry:|u(r;)|?
where g¢o is the free electron g-factor and u(r;) is the value of the electron
Bloch function at the position of each nucleus. The values of A; are as follow:
Ap, = 56 peV, Ag, = 42 peV and Auxy = 46 peV [88, 113]. S, - i can
be written as IS, — 1(I'.S_ + I'S,) , where S, and S_ are the electron
spin raising and lowering operators respectively. The first term on the right
hand side is usually known as the static part which affects the energies of
the electron and the nuclear spins. The second term with the raising and
lowering operators is the dynamical part which is responsible for the transfer of
angular momentum between the two spin systems via simultaneous spin flips.
The contact hyperfine interaction can also induce an indirect dipolar coupling
between spatially separated instead of neighboring nuclear spins, mediated by
the electron spin, resulting in nuclear spin diffusion within the QD [120].

One can take the mean-field approach such that the static part of the
hyperfine interaction leads to the notion of effective magnetic fields. The
mean nuclear spin polarization gives rise to an effective nuclear field known as
the Overhauser field, B, while the spin polarized electron generates a Knight
field, B.. The corresponding Knight field operator 32 for the ith nuclear spin

is given by
v

i OAz' 2 &
Bi = ~fup S AN (3.7

The resulting Knight field, B’ depends on the electron spin state and on the
location of the nucleus i. f.; is the fraction of time the QD is occupied by
an electron or the relevant exciton containing a single electron responsible for
generating a Knight field (and polarizing the nuclear spin). f is also known
as the filling factor, taking a value between 0 and 1. The Knight field has been
estimated from experiment to range from 0.6 — 3 mT for InAs/GaAs QD [60].
Similarly, the Overhauser field operator can be written as
v A;

B, = Al (ry) A 3.8
g:uBZ [ (r:)] (3.8)

i

The generated Knight field has an opposite sign relative to the electron spin as
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indicated by the minus sign in Eq. (3.7). Due to g} which usually takes negative
values, the resulting Overhauser field is thus aligned in the same direction as
the electron spin. The Overhauser field leads to a shift in electronic states
referred to as the Overhauser shift (OS), Eos = giupB,. In the presence
of external magnetic fields, including the contribution of the OS, the total

electron Zeeman splitting becomes

E? = g*up(Bey + By). (3.9)

3.4 Dynamic nuclear spin polarization

The spin polarization of the electron is transferred to the nuclear spins
via the hyperfine interaction, polarizing the nuclear spin ensemble. Under
non-resonant excitation, the main mechanism of DNP is the mutual electron-
nuclear spin flip-flop. This mechanism involves 3 basic steps, depending on the
excitonic complex, the order of the events can be different. It is established
that both positively charged exciton, Xt (two holes and one electron) and
negatively charged exciton, X~ (two electrons and one hole) couples strongly
to the nuclear spin [58], therefore we will consider these two excitons here. In
the case of X* (Fig. 3.1(a)) photogenerated carriers are first captured into the
QD. The electron then exchanges spin with the nuclei, followed by radiative
recombination with a hole to give a photon. For X, the last two steps are
interchanged: an electron-hole pair recombines to leave a residual electron
behind and then spin transfer from the electron to the nuclei takes place.The
mechanism implies that, for both excitons, a shorter radiative lifetime will
facilitate more spin transfers per unit time (Fig. 3.1(b, ¢)) when the injection
rate is close to saturation.

In the absence of any other relaxation mechanism and the polarization of
the electron or nuclear spins due to external magnetic field, the mean nuclear

spin polarization (I’) along the z quantization axis is given by [29]

I'(I'+1)

S5+ 1) (S.), (3.10)

(1) =
where (S,) is the mean electron spin along the z axis. In reality, the coupling
of the nuclear spins to their environment depolarizes the nuclear spins, result-
ing in a nuclear spin configuration in a dynamic equilibrium. Therefore the
mutual electron-nuclei spin flip-flop can be modeled based on the condition for
dynamic equilibrium between the electron and the nuclear spin system. By

including a nuclear spin decay channel characterized by time T}, we obtain the



3.4. DYNAMIC NUCLEAR SPIN POLARIZATION 22

(a) In the case of X* photon

Ca rrler‘ d

Radiative
recombination

capture I
\.g| p
Y
|
s
b Shortt (& longt
R R
TR TR TR TR TR TR TR

I,\ I’\l,\l,\l ,\I 1 PN | oy | P !

______________________________________________________

many spin exchanges per unit time| few spin exchanges per unit time

Figure 3.1: (a) Schematic figure showing the 3 basic steps involved in the
process of DNP under non-resonant excitation with X* in a QD. In the case
of short exciton lifetime (b), more spin exchanges between electron and nuclei
can occur within a period of time than that of long lifetime (c).

following rate equation for the coupling of a single electron to a single nuclear
spin [20, 112]

(1) 1 1

v <<p> _ %IZ(I" +1)(S. >) A (3.11)

The first two terms on the right follows from equation 3.10 for S = 1/2. The

nuclear spin exchange time® T}, takes the form of
T 2 2
T =T, {1 + ( hl) E? ] (3.12)

where 7,; is the electron-nuclear spin correlation time describing the broadening
of the spin energy level A/Ty. At zero total magnetic field, Tj. is simply
T = (]Xh) /(faTer), where N is the number of nuclei. Depending on the
experimental conditions, material and growth methods, T}, could range from
milliseconds [63] to seconds [72, 119].

Assuming a major contribution of nuclear spin diffusion from the dipole-

2T is also referred to as the nuclear spin relaxation time as its formulation is based on
the considerations of spin relaxation [29].
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dipole interaction [26, 60, 127], Ty can be expressed as

1 1 B}
Ty T9 (Bex + B.)? + B’

(3.13)

where TY is the characteristic time of this interaction at zero field taken here
as 0.1 ms, B, is the local nuclear field as seen by each nuclear spin. A larger
external field suppresses nuclear spin diffusion and thus increases 7.
Equation 3.11 was obtained for the coupling of a single electron to a single
nuclear spin. To approximately generalize it to the case of an ensemble of
different nuclei in the QD, we consider the mean nuclear spin polarization,
(I,) = & >_,{I}). With this, we can replace the hyperfine constant A; and
the quantity I(I* + 1) each by a weighted average according to the relative
compositions of In, Ga and As in the QD. For a realistic InAs/GaAs QD, the
relative compositions is estimated to be pr, = 0.3, pgq = 0.2 and pas = 0.5 [59,
115, 128]. Based on these values, we can take A; ~ 50 peV and I'(I'+1) ~13.



Chapter 4

Dynamic Nuclear Spin
Polarization by p-shell electrons

While the contribution of the first excited state (p-shell) electrons to DNP
has been suggested in many previous work [129] it has not been studied so far.
In this chapter, we describe the observation of p-shell carrier assisted DNP
in single QDs at zero external magnetic field. The nuclear field continues to
increase, even after the carrier population in the s-shell saturates. This is also
accompanied by an abrupt increase in nuclear spin buildup time as p-shell
emission overtakes that of the s-shell. We attribute the observations to p-shell
electrons strongly altering the nuclear spin dynamics in the QD, supported
by numerical simulation results based on the rate equation model of coupling
between electron and nuclear spin system. DNP with p-shell carriers could
open up avenues for further control to increase the degree of nuclear spin

polarization in QDs.

4.1 Sample preparation and optical character-
istics

To study the effects of carrier-nuclear spin transfers, we need to first
identify the carrier types, e.g. excitons and/or shell. The sample under
investigation was grown on a (001) GaAs substrate. A single InAs QD layer
was capped with an 80-nm-thick GaAs layer. Atomic force microscopy analysis
of uncapped samples gave an estimated QD areal density of about 5 x 10%
cm~2. This sample was subjected to rapid thermal annealing (annealing over
a shorter period of time), tuning the recombination energy for a typical QD
to around 1.3 eV at 10 K. Further details of the growth conditions can be
found in ref. [130, 131]. The sample was patterned with 1 ym diameter mesas

by e-beam lithography followed by dry etching, in order to perform single
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Figure 4.1: Schematic diagram of the micro-PL setup. Red (purple) arrows
show the excitation (detection) path.

QD spectroscopy with a micro-photoluminescence (micro-PL) setup (Fig. 4.1).
A continuous wave (CW) semiconductor laser operated at 785 nm is passed
through a linear polarizer and a half waveplate to ensure that the polarization
is in the right orientation for use with an electro-optic modulator (EOM). The
EOM (Thorlabs EO-AM-NR-C2) consist of two crystals that exhibit the Pock-
els effect where the birefringence is proportional to the electric field. A signal
generator is used to produce the required output waveform — DC or modulation
— which is then fed into the high voltage amplifier before being supplied to the
EOM. By applying the right voltages, the desired output polarization can be
selected. The laser is focused on the sample with an objective lens (50x, NA
= 0.65). The sample is held in a cryostat at a temperature of 7 K. The emitted
PL is subsequently collected by the same objective lens and is analyzed with a
computer controlled rotating quarter wave plate (QWP), followed by a linear
polarizer, before being dispersed with a spectrometer and detected with a
CCD. The linear polarizer is fixed and the QWP rotated, in order to avoid
effects arising from the anisotropic polarization response of the spectrometer.
Under non-resonant excitation, multiple emission peaks are observed in the

PL spectra of QD. A typical PL spectrum is shown in Fig. 4.1(a). The peaks
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Figure 4.2: (a) A typical PL spectrum of the QD under investigation. (b) Color
plot of the linear polarization dependence of the four main exciton peaks under
linearly polarized excitation: charged excitons X and X~ show no FSS in
contrast with the neutral excitons X° and X X°. Color plot is rescaled in the
x-axis for clarity.

correspond to excitons and biexcitons, which can be distinguished by looking at
the change in peak intensity with excitation power - in a log-log plot of intensity
against excitation power, the gradient should be about 1 and 2 for excitons
and biexcitons respectively [108]. Linear polarization dependent spectroscopy
allows us to separate the neutral and charged excitons due to the presence
(lack) of fine structure splitting in neutral (charged) exciton (see Sec. 2.1.3).
To distinguish between positive and negative charged states, we performed
optical orientation experiments where the QDs are pumped with circularly
polarized light. As mentioned before, optical selection rules dictate that a
maximum carrier degree of polarization of 50% can be introduced into the
QDs, allowing us to generate spin majority carriers. The PL is detected at
the two orthogonal circular polarizations using the QWP. The charged exciton
at higher energy exhibited dominant co-polarized emission, allowing it to be
unambiguously identified as X [32, 132], while the lower energy peak is an
X~ as it exhibits dominant cross-polarized emission [133, 134](Fig. 4.3(a, b)).
This property is also reflected in the degree of polarization of the emission
(Fig. 4.3(e, f)). For the case of X*, 0 + (0—) excitation will give positive
(negative) DOP.

As excitation power increases, the rate of spin polarized carrier injection
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Figure 4.3: Top row shows the cross- and co-polarized nature of (a) X~ and
(b) X emission respectively. The separation between the peaks detected at
orthogonal circular polarizations corresponds to the OS. Also plotted is the
power dependence of OS and DOP of X~ (c, e) and X+ (d, f) respectively
under right (RCP, o+), left (LCP, o—) circular polarization and linear
polarization (LP).

increases which in turn causes the OS and DOP to rise up to a certain value
where the two quantities “saturates”. At this stage, the rate of polarization
of nuclear spin is equal to its rate of depolarization. X and X~ exhibit very
similar power dependence of OS and DOP suggesting that they contribute
additively to nuclear spin polarization, consistent with previous report [135].
Under linearly polarized excitation, approximately equal amount of o4 emis-

sion is generated, giving roughly zero OS and DOP.

4.2 Nuclear spin buildup time

Following the identification of emission peaks of QD, and their susceptibil-

ity to DNP, we investigated the nuclear spin buildup time, Tyyiidup, the QD is
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excited with a laser beam which is modulated in o™ and o~ polarization. By
inputting a square-wave signal that alternates between the voltages for ot and
o~ with frequency w, a corresponding output is emitted from the EOM. The
output laser beam is confirmed to be greater than 95% circularly polarized
for both o*. The emission is collected over an integration time of 1 - 3 s
in order to ensure that the QD is excited by a sufficient number of cycles of
the polarization modulation to achieve dynamic equilibrium. The emission is
detected at either one of the circular polarization.

Our proposed technique to investigate Tyyiaup uses a fully time-averaged
detection. As such, this technique is not limited by the detector speed which
in turn allows for a simpler setup without the complicated excitation and
detection control schemes. The high resolution of the spectrometer allows us
to measure the OS of the exciton emission lines even at zero external magnetic
field. Furthermore, the sensitivity of the OS coupled with the high spectral
signal-to-noise ratio permits us to probe the modulation response over 4 orders
of magnitude. As this is a spectrally resolved measurement, we can probe the
shift of several different excitonic complexes within the QD simultaneously
which is useful to identify the exciton which contributes to the nuclear spin
polarization and to quantify the effect.

As the electron spin polarizes the nuclear spins in the same direction,
alternating circularly polarized laser will generate B, of alternating polarities.
The X* emission peak consists of contribution from both ¢ and o~ excitation,
each centered at a different energy separated by the OS. These contributions
are not resolved since the OS is smaller than the linewidth of the emission
peaks and thus giving a single peak with a larger overall linewidth. As such
two Gaussian peaks are fitted to the spectra and the separation of the two
peaks gives the OS (Fig. 4.4(a)). The key parameter in the two Gaussian fit is
the width, which we obtain by measuring the linewidth under DC excitation
at the same power and detection. In other words, the larger the full width at
half maximum under polarization modulated excitation is compared to that
under DC excitation, the larger the OS. While the areas of the two Gaussians
should reflect the DOP (which can be determined from the DC excitation
measurements), the areas of the Gaussians are set to be equal to simplify the
fitting procedures. This was found to be of little consequence to the resulting

OS and Tyui4up given the relatively low DOP — about 20% at saturation'.

!By the selection rules, electron spin with 50% DOP could be achieved in principle.
However, the electron spin experiences dephasing at the bulk GaAs, quantum well-like
wetting layer before getting accepted into the QD. In the QD, the DOP further drops to 1/3
of the value when the electron gets accepted due to the fluctuating nuclear spins in about
1 ns, resulting in a DOP of <50/3 %. The observed DOP of ~20% is a consequence of
the back action of nuclear spin polarization, enhancing the DOP from its “expected” value
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By extracting the OS for each modulation frequency, w, Fig. 4.4(b) is
obtained. The behavior of the OS vs w can be considered to consist of three
distinct regimes: at low modulation frequencies (< 0.1 kHz), the OS is at its
maximum value. As the frequency is low compared with the 1/7pyijqup, the nu-
clei can follow the photo-modulated electron spin and the nuclei are polarized
to the fullest extent possible under this degree of circular polarization. As the
frequency increases, the measured OS reduces: each cycle of the modulation
gets shorter and thus the nuclear spins get less polarized, resulting in weaker
B,, and therefore smaller OS. At high frequencies (>10 kHz), the OS tends to
a minimum indicating the absence of B,. At these frequencies, the electron

spins switch so rapidly that the nuclear spins do not get polarized.
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Figure 4.4: Spectrum showing a two Gaussian fitting (green solid lines) to
an X~ peak where the separation of the fitted peaks give the OS. The red
line gives the sum of the two fitted peaks. The respective linewidths under
polarization modulation and DC excitation are as labelled. Inset shows the
square wave circular polarization excitation scheme. (b) The change in OS
with modulation frequency allows us to extract Tyuiqup by fitting the data
points with a Butterworth filter function. The dotted lines mark the three
distinct regimes characteristic of such a measurement. The representative
sample of data shown here indicates Tyyiqup 0f about 2 ms at 1.5 W excitation.
The error bars represents the standard deviation of a number of data points
taken at each frequency. The error in the value of OS could be induced by the
instability of the position of the cryostat stage. The increasingly large error
with modulation frequency is caused by the increasing uncertainty of the fitted
peak position as the OS decreases.

Based on the rate equation for the optical pumping of nuclear spin (sec. 3.4),
we solve for the square wave polarization modulation excitation with frequency
w, and obtained a solution in the form of the Butterworth filter function:
(I.) = a/[w? + (=—)?]), where a is the amplitude fitting parameter to the

Touildup

(c.f. sec. 1.1). The observed 20% DOP without an external magnetic field is consistent with
other experimental reports [135]



4.3. P-SHELL ASSISTED DYNAMIC NUCLEAR SPIN
POLARIZATION 30

spin polarization at no modulation (see sec. 4.4 for further details). By fitting
this function to the data points, we could determine Tyyqy,. For the fitting
process, we sometimes included a small constant offset in the fitting function
in order to compensate for the fluctuation of the measured DC linewidths.
The obtained Tyyizdyp is of the order of a few milliseconds, which is consistent

to previous reported values [60, 63].

Thuildup takes the form Tbmlldup = T%.e + Tid , where it depends on the relative
magnitude of two underlying timescales, namely the nuclear spin polarization
time, 7', and nuclear spin decay time, Ty;. In our experiments, the sample is
under CW excitation and thus we can assume that the QD could be occupied
with a residual electron for a significant amount of time, leading to fast nuclear
spin decay such that T3, > Tj. As such, Tyyiiayp 15 more susceptible to changes
in Ty, which supports the results of the power dependence of T4y, in the

following section.

4.3 P-shell assisted dynamic nuclear spin

polarization

At high excitation power, in addition to the 4 main exciton peaks of the s-
shell carrier recombination, the p-shell is also observed (Fig. 4.5). The energy
separation of the p-shell from the s-shell emission is about 40 - 50 meV which
corresponds to the separation in the energy levels in a QD, consistent with
previously reported values [136]. A further confirmation of the p-shell emission
is by looking at the PL power dependence which was observed to have the
characteristic of super-linear increase [137]. The power dependence of the
PL intensity of s- and p-shell emission (Fig. 4.6(a)) is measured by summing
the integrated intensities of the peaks within 1297 — 1311 meV (1337 — 1352
meV) of Fig. 4.5 respectively. With increasing excitation power, the s-shell
emission increases and then saturates, while the p-shell emission increases and
eventually exceeds the s-shell emission intensity. In these high pumping-power
conditions, the s-shell is closed and hence hinders the relaxation of p-shell
carriers, which would otherwise relax to the ground state within a picosecond
timescale [138, 139]. The prolonged lifetime of p-shell carriers increases not
only the radiative recombination but also their interaction with nuclear spins.

Figure 4.6(b) shows pump power dependences of the OS and Tyyijgup. The
OS curve shows a continuous increase, even after the saturation of the s-
shell emission, and reaches an OS of more than 13 pueV without any external
magnetic field. Tyyiqup show a gradual increase at low pump powers, which

could arise from an increase of T, due to suppressed electron-nuclear spin
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Figure 4.5: Under 2.0 uW excitation (without polarization modulation), p-
shell emission can be seen clearly for this QD at energies about 50 meV higher
than that of s-shell emission.

flip-flop processes by the increased nuclear field (which increases the energy
mismatch between the electron spin states and hinders the flip-flop process).
Then, Tyyiiqup shows an abrupt increase at excitation power above 1.5 uW,
exactly when the p-shell begins to dominate.

The observed continuous increase of the OS along with a sudden jump in
Thuildup @t high pump powers can be attributed to a slowed nuclear spin decay
(increased Tj) and possibly hastened nuclear spin polarization (decreased T,).
This is supported by numerical simulations (sec. 4.4) where we demonstrate
that smaller T7./T} ratios result in larger OS (c.f. eqn. 3.11): faster nuclear
spin polarization and slower decay produce stronger nuclear fields.

The p-shell can support the suppression of the nuclear spin diffusion through
the mechanism as explained below. A high spatial variation of p-shell elec-
tron wavefunction results in a strong inhomogeneity in the Knight field [119]
inducing energy mismatch between neighboring nuclei (Fig. 4.7) and resulting
in the suppression of nuclear spin diffusion through dipole-dipole interaction.
The higher number of charged states of p-shell electrons and the greater
degree of spatial variation of the p-shell could produce an even more strongly
inhomogeneous Knight field. The inhomogeneous Knight field could lead to a
quick rise in Ty and thus Typyiigup. To rule out DNP by delocalized carriers in
the wetting layer, we note that these carriers do not suppress the nuclear spin
diffusion as reported in reference [119] and thus do not support the observation

of the abrupt increase in Tyyizdup-
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Figure 4.6: Plot showing the excitation power dependence of the s-shell and
p-shell emission. The total PL intensity at each excitation power is obtained
by summing the integrated intensities of peaks of s- and p-shell emission
respectively. (Inset) shows the power dependence of four s-shell excitonic
complexes. (b) The OS (black) under DC excitation increases with excitation
power while the nuclear spin buildup time (magenta) remains relatively short
before an abrupt increase as the p-shell state emission begins to overtake that
of s-shell emission at just under 2 puW. The error bars of the buildup time are
the standard deviation of a number of measurements at each excitation power.
(Inset) Measurement of the change in OS of X~ with modulation frequency
under two different excitation powers of 1.5 pW and 2.5 uW giving 7yyiiqup 0f
about 2 and 7 ms respectively.

The p-shell could also contribute to nuclear spin polarization from two
aspects. One is the increased probability to have unpaired electrons [136],
which could translate to a larger number of states that could induce DNP.

Another is a larger spatial extension of the electron wavefunction than that of
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Figure 4.7: Schematic of the cross-section of a truncated pyramidal QD
containing an s-electron (a) and the case with both an s- and p-electron (c).
The inset in (a) shows the schematic of the truncated pyramidal QD. The
cross-section is taken along the plane connecting the two vertices as indicated
by the dashed yellow line. (b, d) Each electron generates a Knight field which
in turn affects the nuclear Zeeman levels. Nuclear spins can undergo mutual
spin flip with their neighbours via the dipole-dipole interaction and eventually
diffuse out of the QD. This diffusion is suppressed when there are both s- and
p-electrons in the QD.

s-shell, which assists the nuclear spin polarization in the exterior of the s-shell
wavefunction.

We consider that the increase of Ty is predominantly responsible for the
experimental observation. Although a decrease of T3, can explain the increase
of OS (since Ti./Ty reduces), it cannot account for the increase of Tyuiiduyp
(given a fixed Ty). On the other hand, increase of T, can consistently explain
both the observations (Tpyiigup jump together with the increase of OS) and is
considered to be the more likely scenario. Indeed, numerically estimated T},
is in excess of 30 ms, while Ty is less than 10 ms (see also Fig.4.10). As such
any significant changes in OS and Tyy14up has to be due to changes in T}.

We also rule out the possibility of a Ty increase solely due to the closing
of s-shell. At high pump powers with dominant p-shell emission, the s-shell
orbital tends to be filled with paired electrons which do not disturb nuclear
spins and hence result in less nuclear spin depolarization and thus longer
T;. However, even at high pump powers, there remains significant emission
from neutral/charged excitons of the s-shell (Fig. 4.6(a) inset) which consist

of unpaired electrons that interact with the nuclear spins. Furthermore, the
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residual electron after the recombination of X~ could facilitate depolarization.
The combined effects of the polarization and depolarization by the s-shell
excitonic complexes could at best give a small increase in T; as the s-shell
closes. Moreover, the closed s-shell cannot efficiently polarize the nuclear field
and hence cannot account for the continuous increase of the OS. Overall, there
is less likelihood of Tyy14p increasing along with continuous increase of the OS
due to the closing of s-shell. Therefore we propose that changes of the nuclear
spin dynamics arise, not from the changes in the s-shell but from the interaction

between p-shell electrons and nuclear spins in the QD.

4.4 Modelling of nuclear spin response under

circular polarization modulation excitation

To further support the abovementioned interpretation of nuclear spin dy-
namics, we carried out simulations using the rate equation described in Sec. 3.4.
To model the o + /o— polarization modulated square wave excitation, we
introduced (S.) = (S%)4/m Y02, q1/n [exp(inwt)—exp(—inwt)]. As DOP
= —2(S.) [84], the observed maximum DOP of 20% thus give (SY) = 0.1.

From equation of Ti., the derivative of 17, with respect to I, shows that
T'. varies slowly with I,. Therefore, ignoring the dependence of T}, on I, and
solving Eq. (3.11) as a linear first order differential equation, the following

steady state solution is obtained:

L(t) (4.1)

z
n=1,odd

- Emw@) f: (niT sin(nwt) — w cos(nwt))

3 nTi (1/T7)% + (nw)? ’
where 1 = T%g + %d For B,,=0, expressing OS = g.upBy = 2A4;(L.) [59],
Eq. (4.1) becomes a self-consistent implicit time dependent equation for I,.
From the response part of the solution, we can see that it is in fact analogous
to the Butterworth filter function. Following from this, we fit a simplified
Butterworth filter function, (I,) = «/ [wQ—I—(m)Q} ) to the data to obtain the
buildup time. In addition to the above analysis with linear approximation, we
performed numerical analysis of the non-linear form of Eq. (4.1) by including
the dependence of Ti, on (I).

For each modulation frequency, I, is first solved in the time domain for
a time period corresponding to the integration time of the detector or al-
ternatively over a few periods to reduce computation time. Figure 4.8 shows

the temporal response of I, under square wave circular polarization modulated

excitation. Despite the discrepancy between the magnitudes of the nuclear spin
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Figure 4.8: The temporal response of the nuclear spins is plotted against the
square wave excitation (black lines) at modulation frequencies of 10 Hz, 100
Hz, 1 kHz, and 10 kHz. The red (blue) lines correspond to solutions with
(without) linear approximation in Eq. (4.1). The two solutions are largely
consistent with each other albeit the difference in the value of I,. As the
modulation frequency increases the modulation amplitude of the nuclear spin
polarization decreases as observed in the experiments.

polarization for the solutions with and without linear approximation, both gave
similar modulation of the nuclear spin polarization with the excitation. The
overall behaviour where the nuclear spin polarization decreases with increasing
modulation frequency can be clearly seen in the temporal behaviour.

To obtain the time average value of I, i.e. ([,) for each modulation
frequency, the mean of the absolute value of I, in the time domain is calculated
(the mean values would be effectively zero as I, oscillates between positive and
negative values). The mean of the absolute value is taken as (I,) in this case
since the double Gaussian fitting does not distinguish the direction of the OS.
Simulation results of the change of OS with modulation frequency is consistent
with that from experiments, allowing us to conclude that the linearization
assumption is valid, so are the analytical solutions of I,(t) and Tyuiidup

For a fixed value of 7Y, = 40 ms, Fig. 4.9 shows how the nuclear spin

polarization response to modulation frequency changes for different values of
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Figure 4.9: The plots show the change of the nuclear spin polarization with
modulation for 7; = 2, 4 and 6 ms without linear approximation. Other
parameters are fixed at 77, = 40 ms and 7, = 60 ps. As T, increases
(ratio TY., /Ty decreases) nuclear spin polarization starts to decrease at lower
modulation frequency, meaning longer Tyyizgup-

T,. For longer T}, there is less nuclear spin diffusion per unit time and thus the
maximum achievable nuclear spin polarization at low modulation frequency is
higher. The normalized plots show how the nuclear spin polarization starts to
decrease at lower frequency for longer buildup times and vice versa.

Figure 4.10 shows a series of simulated OS as a function of T{, and T under
three different 7., (all other parameters are fixed). It is apparent that the
maximum OS essentially depends on the ratio T, /T;. A small ratio reflects
a high rate of polarization to decay and thus giving large OS while a large
ratio gives the opposite. The resultant OS is also dependent on the electron
correlation time, 7.;. Increasing 7.; narrows the energy broadening which in
turn decreases the probability of spin flips and therefore lowers the resulting
nuclear spin polarization. However, regardless of the value of 7., the regions
which span the observed OS in the experiment indicates that T, > Ty as
expected.

Matching the experimentally-observed OS to the simulation results, OS of
1 peV to 13 peV corresponds to 17, between 40 ms to 120 ms, while T} ranges
from 2 ms to 6 ms, or possibly larger for both timescales. It is worth noting
that unlike 77, T}, is magnetic field dependent such that with any magnetic
field (in our case, nuclear field B,,), the value of Ty, is always greater than Tp..
Given the relatively large T, its reciprocal should remain relatively constant,
therefore leaving 7y,i14up to be easily affected by the increase in Tj, supporting

experimental observation.
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Figure 4.10: Color plot of the maximum OS obtained over a range of Ty, and
T, values for 7, = 20, 40 and 60 ps. Systems with short spin flip time and
long nuclear spin decay time will give high OS corresponding to the top left
corner of each plot. For higher values of 7., the spin flip probability decreases
and thus for the same values of T7, and T}, the achievable (I,) is less. The
dashed line marks the approximate maximum OS observed in the experiments
indicating that we are essentially operating in the regime where T, > Ty.

4.5 Summary

We observed p-shell assisted DNP in QD at zero external magnetic field.
We observed continued increase of the OS and a jump in Tyyizgyp as the p-shell
emission becomes dominant. It was found that p-shell carriers are responsible
for the increase in nuclear spin polarization after the saturation of the s-shell.
The contribution of p-shell electrons to DNP is supported by measuring the
power dependence of the nuclear spin buildup time. We consider that p-shell
electrons slow down the nuclear spin diffusion by increasing the inhomogeneity
of the Knight field. These in turn led to a continuous increase of OS after
closing the s-shell together with the marked increase in the nuclear spin buildup
time.

We presented a technique which uses time-averaged measurements to in-
vestigate the nuclear spin buildup time via polarization modulated excitation.
Despite the various simplifying assumptions in the semi-classical model we
have validated the technique by comparing experimental results with simula-
tions, both resulting in nuclear spin buildup times of the order of milliseconds,
consistent with previously reported values. The buildup time is governed by
the Ty, parameter which is consistent with the phenomenological modelling in
reference [60].

The use of the p-shell also enables more nuclear spin polarization due to
increased electron-nuclear spin interaction. Control over the population of the

p-shell could allow us to break the current limit in nuclear spin polarization.



Chapter 5

Control of Dynamic Nuclear
Spin Polarization by Vacuum
Field Engineering

Optical spin pumping into QD embedded in a photonic nanostructure
represents an important step towards quantum computing technologies, which
utilize the carrier spin as a qubit resource. In addition to being able to
facilitate generation of spin polarized carriers, photonic nanostructures also
allow us to manipulate the local spin environment of a QD including the
nuclear spins. In this chapter, we describe experiments to manipulate the
dynamic nuclear spin polarization by engineering of the photonic environment
using 2D air-hole photonic crystals (PhC). We find that the achievable degree
of nuclear spin polarization can be controlled through the modification of
exciton radiative lifetime due to the photonic bandgap effect. We find a
tendency where the increase in radiative lifetime, results in lower degree of

nuclear spin polarization.

5.1 Sample and experiment details

The sample consists of a single layer of InAs/GaAs QD embedded within
a lithographically defined PhCs (lattice constant of 250 nm, triangular lattice
with air hole radius of 72.5 nm, air bridge structure with 130 nm slab thickness)
(Fig. 5.2(a)(inset)). The embedded QD has a density of about 1.0x10% cm™2
emitting mostly between 920 nm and 950 nm. This emission band is well
within the simulated photonic bandgap, in which the photonic density of
state is significantly reduced and hence the QD radiative emission rate 1/7x
as described by the Kleppner effect[140]. Detailed description of the PhC
fabrication can be found in reference [141].

The sample was set in a cryostat at 7 K and was investigated using a micro-



5.1. SAMPLE AND EXPERIMENT DETAILS 39

PL setup. A continuous wave semiconductor laser operated at 785 nm was
focused on the sample with an objective lens (50x, NA = 0.65). The emitted
PL was subsequently collected by the same objective lens and was analyzed
with polarization detection optical components where relevant, before being
dispersed with a spectrometer and detected with a CCD. To measure the
QD emission radiative lifetime 7g, a linearly polarized semiconductor pulsed
laser (PicoQuant) with an emission peak at 785 nm and ~50 ps pulse length,
was used together with an avalanche photodiode detector with an estimated
resolution (instrument response) of 400 ps. External magnetic field was applied
using permanent magnets - a ring magnet placed on top of the cryostat to give
0.07 T and a flat cylindrical magnet placed directly underneath the sample
inside the cryostat to give 0.15 T in the Faraday geometry (Fig. 5.1). The
magnetic field strength was first measured using a magnetometer over a range
of distances and positions from the magnets in order to determine the field

strength at the position of the QD sample.

(a) 0.07 T configuration (b) 0.15 T configuration

Objective Lens Objective Lens

Ring magnet Flat cylindrical

magnet

Sample

Figure 5.1: Different configurations are used to generate the external magnetic
field around the QD sample: (a) a ring magnet placed on top of the cryostat
for 0.07 T and a flat cylindrical magnet placed underneath the sample inside
the cryostat for 0.15 T.

Micro-PL spectroscopy was carried out on bare QDs (outside of PhC) and
QDs in PhC on the same sample.We focus on X given that it is the dominant
exciton observed in our QD-in-PhC sample (Fig. 5.2). Basic characterization
such as power dependence and polarization dependence of the emission was
first carried out to determine QD with X (see also Sec. 4.1). The excitation
power was chosen to be sufficiently high such that the carrier injection rate
is high, giving maximum X' emission intensity, in order to maximize the
achievable degree of nuclear spin polarization. In this case, the radiative rate
is limited by the radiative lifetime. As X is the dominant exciton in the QDs,
it is the main contributor to the nuclear spin polarization and thus maximizing

X emission will bring the OS to saturation or close to saturation. Given the
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Figure 5.2: PL spectrum of the bare QD showing dominant X emission.
(Inset) Scanning electron micrograph of a 2D PhC embedded with QD. (b)
Exemplary time-resolved measurements comparing a bare QD and a QD in
PhC giving 1.1 ns and 3.0 ns radiative lifetime respectively. The dark blue
and magenta lines indicate fit to the measurement to extract the radiative
lifetime. The arrows indicate the area on the sample where the two types of
QDs can be found. (c, d) Plots showing the corresponding Zeeman splitting
obtained for bare QD and QD in PhC under RCP excitation at B., = 0 T,
giving 20 and 12 peV respectively. The relative peak intensity under RCP
and LCP detection shows co-polarized emission as expected of X . The large
(small) magnitude of DOP for bare QD (QD in PhC) is in accordance to
the respective radiative lifetimes. Under LCP excitation (not shown), nuclear
field of opposite direction is generated and thus the Zeeman splitting takes the
opposite sign compared to that under RCP excitation.

low external magnetic field in the experiments, neutral excitons, multiexcitons
or other excited state process are not expected to have significant contribution
to nuclear spin polarization [142]. The polarization of the emitted photon
is mainly determined by the spin polarization of the electron before radiative
recombination. Nuclear spin polarization could also screen its own fluctuations
and thus reduce spin decoherence, as such the degree of polarization (DOP) of
emission can give insights about the nuclear spin polarization. Therefore for

each QD, we measured 7, Zeeman splitting. EZ and DOP.
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An exemplary measurement of intensity decay curves of a bare QD and
a QD in PhC at zero external magnetic field is shown in Fig. 5.2(b). By
performing a linear fitting to the exponential decay curve, 7z can be extracted.
In this example, the QD in PhC shows longer 7 of about 3 ns, almost 3 times
longer than the 1 ns of the typical bare QD. Consequently, lower EZ and DOP
was observed for QD in PhC (EZ = 12 peV, DOP = 30%) than for bare QD
(EZ = 20 peV, DOP = 15%).

5.2 Nuclear spin polarization with photonic

bandgap effect

We repeated these measurements for many single QDs, both with and with-
out PhC, as well as with varying B.,. The observed emission rate inhibition
in this sample ranges up to more than 10 times which is consistent with the
reported values different types of PhCs [136, 143—145]. The large variation of
the radiative rate in the data is most likely due to a combination of dot-to-dot
variation and also due to the variation of the local density of states depending
on the position of the QD on the PhC [145].

In Fig. 5.3, we can see a number of features in EZ associated with the
change in 75 and B.,. Observed under all experimental conditions, the mag-
nitude of EZ decreases with increasing 7r, reaching a minimum, under both
RCP and LCP excitation. As 7g increases, there is less number of excitation
and deexcitation processes per unit time and so less transfer of spin from the
electron to the nuclei resulting in lower degree of nuclear spin polarization,
therefore smaller £Z.

Under a finite external magnetic field, there is a y-offset due to the Zeeman
shift by the permanent magnetic field giving an average of about 7 peV and
16 peV for 0.07 T and 0.15 T respectively. In addition, data scattering is
observed especially around the 1 — 4 ns region, showing that EZ takes a range
of values even for similar 7.

Regarding the DOP plotted in Fig. 5.4, in each case, we find an initial
decrease in a range 7g <~2 ns. This observation reflects the decreasing
effective spin polarization due to spin dephasing. Due to the electron spins
precession around the “frozen” nuclear field fluctuations, the degree of electron
spin polarization as measured from the DOP decreases to 1/3 of its initial value
within the dephasing time of the order of 1 ns [31]. Around this timescale, a
short radiative lifetime means that spin experiences less dephasing and vice

versa.
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Figure 5.3: Plots of the change of Zeeman splitting and (d-f) degree of
polarization with the radiative lifetime on a semilog scale for B., = 0, 0.07
and 0.15 T. Blue (magenta) spheres and black (red) lines correspond to
experimental and simulation results under RCP (LCP) excitation respectively.
The solid and broken lines are simulations obtained for different values of Ty
as labelled. Other parameter values are fixed: S, = 0.14, g. = 0.7, 7o, = 320
ps, ne = 0.86 and N = 3.5x 105.
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Figure 5.4: Plots of the change of degree of polarization with the radiative
lifetime on a semilog scale for B, =0, 0.07 and 0.15 T Blue (magenta) spheres
and black (red) lines correspond to experimental and simulation results under
RCP (LCP) excitation respectively. The solid and broken lines are simulations
obtained for different values of T as labelled. Other parameter values are fixed:
S, =0.14, g. = 0.7, 7, = 320 ps, n. = 0.86 and N = 3.5 x 10°.
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5.3 Modelling the responses with radiative life-

time

5.3.1 Nuclear spin response

To verify the radiative lifetime dependence of EZ and DOP, we performed
simulations using a rate equation model for the coupled electron-nuclear spin
system including a decay channel due to coupling to the environment. We
apply the rate equation for the dynamic equilibrium between the electron and
nuclear spin described in Sec. 3.4.

By expressing fo = n.7./Tr [71], where n, is the electron density, we could
introduce an explicit 7g dependence into T}, and thus the rate equation. The
explicit 7r dependence will also naturally be incorporated into the steady state
solution of (1) [73]

4 Ii(It+ 1)

L () 1 (3) (g2 B + ALL)

neTegl Ty

: (5.1)

Again the OS is then given by the relation OS = g upBy = 24;(L.) [59)].

For the simulations, values of QD parameters are chosen within constrained
ranges in accordance to values reported in the literature [59, 73, 127]: A;=50
eV, mzli’).l S, =0.14, g. = —0.7, 7,y = 320 ps, n. = 0.86 and N =
3.5x10*. There is a certain inhomogeneity in the parameters as measurements
were performed on many single QDs. Following from this, since T} is expected
to be the parameter that varies most significantly from QD to QD [119], we
also simulated curves with different T}.

The simulation results are also plotted in Fig. 5.3 and 5.4, which re-
produces the main feature of increasing EZ and DOP with decreasing 7,
validating the 7z dependence in this model. Simulations for different T} allow
us to partially account for the spread in the experimental data, especially for
EZ. Under applied magnetic fields, the simulated curves exhibits winding
in their curves. This arises from the existence of multiple configurations of
the nuclear spin ensemble, analogous to bistability behaviour with respect to
TR [70, 71, 73].
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5.3.2 Nuclear spin bistability with respect to radiative

lifetime

A key requirement to observe bistability in the nuclear spin polarization
is the negative feedback in the electron-nuclear spin system. In the case of
RCP excitation, with the external field and nuclear field parallel this negative
feedback is present: an increase in 7 decreases B,,, which in turn reduces the
energy mismatch between the electron and the nuclear spin, therefore facil-
itating mutual spin flip-flops. Within the bistability regime, there exist two
observable nuclear spin polarization configurations for a given 75, accompanied
by abrupt increase or decrease at the “edge” of the regime. The feature of EZ
at 0.07 T could be the onset of bistability behaviour while the two “columns”
of scattered data points along 2 and 3 ns at 0.15 T could correspond to the
abrupt increase and decrease of nuclear spin polarization, marking the edges
of the bistability regime. Figure 5.5 gives an intuitive understanding of how
bistability arises by looking at the mathematical form of the steady state
solution of (I,) (eqn. 5.1).

! 1 !

4 6 8 10
<lz> Radiative lifetime (ns)

Nuclear spin polarization, <l >
(arb. unit)

Figure 5.5: To illustrate the bistability of the nuclear field with respect to
the radiative lifetime, the above plots are produced using a different set of
parameters S, = 0.2, g. = —2, 7y = 90 ps, n. = 0.1 and N = 2.0x10%, T}
=50 ms and B, =0.2 T. (a) The lorentzian curves represent the right hand
side of the steady state solution for different values of 75 as labelled while the
red line represents the left hand side of the solution. The intersection between
the curves and the straight line gives solutions of nuclear spin configuration.
For the case of T = 3 ns, there are 3 intersections, as opposed to only one
intersection for the other 7. (b) Plot of the (I,) values of the intersection
points over a range of 7p showing an “inverted-S” behaviour characteristic
of bistability. The points highlighted as yellow circles correspond to the
intersection points in (a). For the range of 7z where 3 solutions exist, the
high and low values of (I,) are stable solutions and are thus observable.
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5.3.3 Degree of polarization response

The procedure to calculate DOP follows that in reference [74], i.e. where we
consider the frozen field model, in which the electron spin precesses about the
random nuclear field, 0B,, (typically of the order of tens of milli-Tesla) with
a characteristic dephasing time. This dephasing time can be thought of as
the electron ensemble decoherence time as experiments constitute an average
over many measurements. In each measurement, the electron is subjected to
different random nuclear magnetic field. The typical dephasing time is of the
order of To = 0.5—1 ns. As such, the time-integrated DOP of X is given by:

DOP = 2/7'3/(52(15)) exp(t/Tr)dt, (5.2)

where (S,(t)) is the electron spin evolution averaged over the distribution of

random nuclear fields expressed by the following equation ([31]:

o= 5200l ) e (L)) 69

The flip-flop rate for a photogenerated X electron interacting with N nuclei,

including the first order spin relaxation mechanism can be deduced from
Eq. (3.11) and (3.12) as

1 AI(I'+1)N 1 EZ \?
T_ff B g fel Tle {1/ |:1 * (ge,uB(SBn) :| } (54)

T¢s can be thought of at the average time it takes for one single electron-

nuclear spin flip. The term (S.) in Eq. (5.2) is modified to include the spin
relaxation term as: (S,)—(S.)/(1+ 7r/T}y).

Dips in DOP curves correspond to where the electron-nuclear spin flip-flop
time is close to 7x (Fig. 5.4). Here, each excitation is likely to be followed
by a spin flip event. A flipped spin before radiative recombination gives
emission of the opposite polarization and when averaged out over many cycles,
this results in lower DOP. These simulated features of the multiple nuclear
spin configurations and dips in the DOP could partially account for the data
scattering observed in the experiments. However, the main contribution is

most likely the inhomogeneity in QD characteristics.
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5.3.4 Towards higher degree of nuclear spin polariza-

tion: the case for short radiative lifetimes

Given the influence of 74 on DNP, it is worth investigating the maximum
achievable nuclear spin polarization simply via 7z modification. Since, the
mechanism of DNP involves the electron spin injection rate, electron removal
rate and the spin transfer rate, to investigate the optimum 75 for DNP, we
performed simulations at short 7z. To take into account of the situation where
the short 7 becomes the limiting factor of the electron-nuclear spin correlation
time, we explicitly express 7 in a form of 1/7,; = 1/79 + 1/7g, where 73 consist
of contribution from all other processes besides 7 (e.g. spin relaxation, charge
fluctuation) [146].

Figure 5.6 shows a simulation with the same parameters as in Fig. 5.3(c).
As 7p is reduced from 1 ns, the increasing spin injection rate helps to achieve
higher magnitude of Zeeman splitting up to a maximum. The optimum range
of Tr for most efficient DNP occurs where 7 ~ Teol. In this range, the 7 allows
for minimally sufficient interaction time between the electron and nuclear spins
while maintaining a well-defined electron spin and large enough electron spin
broadening. Reducing 7 even further results in decreasing OS. At this stage,
there is too little time for the electron and nuclear spins to interact. Even
with a lot of spin injection events, the low probability of mutual spin flip
gives inefficient DNP. In constrast, with a constant 7.;, the magnitude of OS
increases monotonically with decreasing 7z which is unphysical. Additional
feature of multiple nuclear spin configurations can seen at longer 7 around 2
ns.

As for DOP, reducing 75 simply increases it up to saturation. At short 75,
the electron completely preserve its spin information which is then transffered
into the emission polarization. In the multi-nuclear spin configuration the
ratio 7r/Ts approaches 1 signifying almost one electron-nuclear spin flip per
excitation.

As can be seen in Fig. 5.7, higher external magnetic field causes the
maximum OS to shift to lower 7z while also reducing its magnitude. Based on
these simulations, depending on the QD and experimental parameter values,
the regime of DNP that is routinely access in the reports for bare QDs with
Tr = 0.6 — 1 ns is not always optimum. This highlights the importance of
engineering the optimum 75 to achieve high DNP. One way to attain optimum
Tr is by using cavity effect such as the Purcell enhancement [136, 143, 144].
Given the reported Purcell enhancement factor of about a few tens [147], the

enhanced emission rate should allow us to access the maximum achievable

DNP.
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Figure 5.6: Simulation results of (a)Zeeman splitting, (b)DOP and (c)ratio
Tr/Tss vs Tr under RCP (black) and LCP (red) excitation, carried out with
with Be, =0.15T, T; =40 ms, S, = 0.14, g. = 0.7, 7, = 320 ps, n. = 0.86, N
= 3.5x10%, Ta = 1.9 ns and §B,, = 7 mT. Solid (dashed) lines correspond to
using explicit (constant) 7, in simulations. The region shaded in yellow shows
optimum range of 7 for maximum degree of nuclear spin polarization. The
maximum OS is achieved at different 7z under RCP and LCP excitation due
to the breaking of symmetry by B.,. The region in light blue shade shows the
occurrence of bistability.
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Figure 5.7: Plot showing the response of the OS against 7z under different
external magnetic field suggesting how the optimum DNP requires lower 75 at
higher fields. Other simulation parameters are as follows: Ty = 40 ms, S, =
0.14, g. = 0.7, 7, = 320 ps, n, = 0.86, N = 3.5x 10*.

5.4 Summary and outlook

In summary, by measuring the change in £Z and DOP with 7z, we showed
that engineering of photonic environment using PhC can be used to control the
dynamics of nuclear spin polarization. Shorter 75 is favourable to obtain high
nuclear spin polarization. A viable next step is to introduce nanocavities to
achieve high Purcell factor leading to higher degree of nuclear spin polarization
without the use of complex excitation scheme.

Our work suggests the possibility of realizing a high degree of nuclear
polarization through the DNP via exciton lifetime modulation and thus has
immediate implications on the study of the integration of QD in PhC for spin-
photon interfaces [148-151] and scalable quantum computing [95, 152, 153].

In addition to accessing short radiative lifetimes for higher nuclear spin
polarization, the use of cavity allows for the observation of the change in DNP
with radiative lifetime with a single QD which could eliminate the scattering
that arises from multi-QD measurements. However, the use cavity imposes
further experimental constraints such as spatial and spectral matching. Tech-
nologies of site-controlled QD [154] and QD position detection [155] will pave
the way to circumventing the problems with spatial matching between QD and
local electric field in the photonic crystal. We could also relax the conditions

for spectral matching by using a cavity of a lower Q-factor and thus broader
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resonance. For a standard PhC nanocavity with a mode volume of ~0.5(\/n)3,
where ) is the resonant frequency and n is the refractive index, a low Q factor
of ~100 is enough to obtain a Purcell factor of ~10, which is large enough
to access the maximum possible nuclear spin polarization given the current
experimental conditions and parameter values. In this case, the stringent
conditions for the spectral matching are mitigated as the cavity possesses a
large bandwidth for the Purcell effect. The enhancement of emission rate to
modify DNP can also be achieved using plasmonic effects, with the added

benefit of a small structure footprint as compared to photonic cavities [156].



Chapter 6

Conclusion and outlook

Self-assembled quantum dots possess attractive properties for various appli-
cations, in particular spin-based technologies such as spintronics and quantum
information. The confined carrier spins are the main resource in these technolo-
gies, however, the fluctuating nuclear spin ensemble in the QD causes carrier
spin dephasing. This issue can be addressed by manipulating the nuclear spins.
In this thesis, we have investigated the optical orientation of the electron spin
confined in a QD for the purpose of manipulating the nuclear spin dynamics.
We looked at 3 different approaches: 1) dealing with the energy states of QD
by p-shell carrier excitation 2) modifiying the mechanism of DNP and 3) using
OAM of light as a new degree of freedom of excitation.

We demonstrated that even without any applied external magnetic field,
the electrons in the p-shell of the QD can polarize the nuclear spins. We
probed the nuclear spin buildup time using circular polarization modulation
excitation, enabling us to extract temporal dynamics from time-averaged mea-
surements. In addition to mutual spin flips with the nuclei, the p-shell electrons
reduce nuclear spin diffusion out of the QD due to the inhomogeneity in its
spatial wavefunction. These effects of the p-shell electrons are reflected in the
abrupt increase in the nuclear spin buildup time, together with the increase
of OS with p-shell emission intensity. The limited spatial extent of the s-shell
electrons could be aided by that of the p-shell electrons and the combined
effect is such that the electrons from both shells together interact and thus
polarize an overall larger number of nuclear spins.

Besides the spatial wavefunction, the QD emission radiative rate is another
limiting factor of the degree of nuclear spin polarization. By controlling the
QD emission radiative rate using the photonic bandgap effect of a photonic
crystal, we manipulated the achievable degree of nuclear spin polarization. A
higher radiative rate gives more spin transfer from the electron to the nuclei
which results in larger nuclear spin polarization and vice versa. Furthermore,

we observed the nonlinear behaviour of the nuclear spins with radiative rate
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such as the presence of multiple spin configurations even at a small applied
external magnetic field of a few tens of milliTesla.

Photonic crystal nanocavity enables us to use twisted light to manipulate
the nuclear spins. By embedding the QD in a suitably designed PhC nanocav-
ity, we could couple twisted light excitation to the cavity modes. By having a
QD coupled to the cavity, the orbital angular momentum in the twisted light
can be transferred into the QD as carrier spins in accordance to conservation
of angular momentum. We have outlined such an OAM-to-SAM converter
scheme — the physical mechanisms and experimental requirements — with PhC
nanocavity, twisted light and QD as our main components. We proposed to
use this scheme for the optical spin pumping to polarize the nuclear spins in
the QD.

As mentioned in chapter 1, the formation of nuclear spin dark states which
is insensitive to the hyperfine contact interaction has been proposed as a
possible factor limiting the complete polarization of nuclear spins [54, 87].
Along with this idea, it was also proposed that the solution to the nuclear spin
dark states is by modifying the spatial wavefunction of the confined electron
using external electric field and /or having an inhomogeneous Knight field [86].
We could instead excite p-shell electrons in place of using external electric field.
The p-shell electrons have a different spatial wavefunction compared to that
of s-shell electrons, which could possibly give the same effect as modifying the
electron wavefunction with external electric fields. Furthermore, the short p-
shell electron lifetime would broaden its spin state which is known to improve
the efficiency of electron-nuclear spin flip. For this purpose, it is worth to
further investigate the polarization or the spin configuration of the p-shell
states, in order for deterministic optical orientation of the p-shell electrons.
As such, our results on DNP by p-shell electrons could give insights to allow
us to verify the concept of nuclear spin dark states and possibly a means to
couple to these states.

The demonstration of manipulation of nuclear spin polarization degree with
the photonic bandgap effect paves the way for further work of active control of
the nuclear spin dynamics. By enhancing the radiative rate using the Purcell
effect exhibited by coupling between QD with cavity or plasmonic effects, we
could achieve higher degree of nuclear spin polarization. This active control
could even be utilized as a switch [157] to allow us to tune the radiative rate
to access the regime of highly polarized nuclear spin. By exploiting the high
radiative rate, A QD embedded in a PhC nanocavity could first have its nuclear
spin polarized to a high degree before an electron spin state is initialized. The

reduced nuclear spin fluctuation and the generated strong nuclear field are
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both advantageous for long electron spin lifetime. They could also reduce the
need for large applied external magnetic field so often used to alleviate electron
spin dephasing.

Quick ejection of the electron to leave an “empty” or “dark” QD has been
found to allow the nuclear spin to remain coherent for long periods of time of
up to 1s [83, 158]. While complete nuclear spin polarization is an important
requirement, the coherence of the nuclear spin is indispensable to realize a
functional quantum memory device [80]. In light of this, Purcell enhanced high
radiative rate and consequently short radiative lifetime could allow for a quick
removal of the electron after “saving” its state as nuclear spin states, ensuring
that the nuclear spin states can remain coherent long relative to gate operation
times. Here the quick electron removal is a passive process in contrast with
active electrical switching with a microseconds long pulse in charge-tunable
QDs [63]. Such possibility afforded by the control of the radiative rate could
mean a memory device with operation speeds in excess of 1 GHz, limited by
the radiative rate.

It has been proposed theoretically that twisted light could induce precise
“diagonal” transitions in a QD where interband transitions are also accom-
panied by a change in the shell, for example an electron can be excited from
the heavy hole [159] or light hole [160] valence s-shell to the conduction p-
shell. Therefore, twisted light holds the promise for selective excitation of
p-shell carriers. In addition, such transitions can also be a key component in
a nuclear spin-based quantum memory and spin-photon interface, where the
entangled twisted light first transfer its quantum state to a confined electron
spin which then passes it to the nuclei for storage and retrieval. However,
since the transition is relatively weak, it may be necessary to make use of
nanostructures such as a PhC nanocavity or plasmonic grating [161].

The coupled electron-nuclear spin system in a QD contains rich physics,
even more so when the QD is embedded in a photonic nanostructure. As
much as it is an imperative to understand the system in order to utilize it for
practical application, we should also appreciate the wonder of exploration and

discovery, true to the spirit of science.
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