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Abstract

Semiconductor nanostructures and, in particular, quantum dots (QDs) have been

at the forefront of solid-state research for several decades and represent attractive

candidates for applications in quantum information and spintronics. QDs are char-

acterised by their quasi-three-dimensional quantum confinement of electrons and

holes which results in an ‘artificial-atom’ like structure with discrete but access-

ible energy levels. In addition, the spin of carriers in QDs are relatively isolated

from typical spin relaxation mechanisms. This thesis investigates the spin physics

of self-assembled InAs/GaAs QDs grown by molecular beam epitaxy. The design

and growth of QD structures is described and it is shown how spin effects may be

investigated using circularly polarised (CP) light. This work demonstrates how spin

physics may be resolved through analysis of the emission polarisation of a QD en-

semble. In particular, a slope in the polarisation spectrum induced by CP excitation

is shown to correlate with a splitting between polarisation states of the QDs. This

idea is developed to create a new technique capable of resolving spin splittings far

narrower than the ensemble inhomogeneous linewidth. The technique is validated

by resolving Zeeman splitting, allowing g-factors and QD fine-structure effects to

be measured. The sensitivity to external magnetic field and the dynamics of the

optically induced polarisation splitting are investigated. A novel QD spin memory

is demonstrated with a long lifetime consistent with dynamic nuclear spin polarisa-
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tion (DNSP). However, a rapid initialisation of the effect contradicts the traditional

understanding of DNSP and may open the door to new spin physics in QDs. A

connection is demonstrated between the polarisation splitting and the phenomenon

of negative circular polarisation (NCP). It is shown that NCP, previously only ob-

served in n-doped QDs, is in fact a general property of all QDs regardless of doping

level, calling into question the currently accepted generation mechanism.
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1 Introduction

1.1 Standing on the nanostructures of giants

Semiconductor technology has been without doubt one of most important and pro-

ductive areas of scientific research over the last century and continues to push for-

ward the limits of human ingenuity. Integral to this success is the ability to engineer

semiconductor devices on the nanoscale. Current state of the art computer chips

are mass-produced with a feature size measuring just 22 nanometres, representing

merely a stepping stone in technological progress, with working transistors construc-

ted from a single atom already demonstrated in the laboratory [1]. Amongst the

most important consequences that have emerged from semiconductor nanostructure

engineering is the ability to confine electrons (and holes) on the quantum scale. The

reduced dimensionality of these quantum confined systems results in quantised en-

ergy levels (in the confined direction) with energies that can be designed by choice

of material and manufacturing parameters. Quantum well (QW) devices, which ex-

ploit the confinement in one dimension, are used for solid state light emitting diode

(LED), laser and detector technologies which have driven a revolution in commu-

nication and optical media technologies (among others) over the last few decades.

By further confining electrons in two dimensions (quantum wire) or all three dimen-

sions to produce a ‘zero-dimensional’ quantum dot (QD), just a small inclusion of
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Chapter 1 Introduction

one material inside another, the possibility is opened up for a whole new range of

devices which may prove just as revolutionary.

Semiconductor quantum dots (QDs) are of particular interest as their confine-

ment and quantisation in all three spatial directions leads to discrete energy levels

where carriers are well isolated from their surroundings, much like a single atom,

but with the advantage of inherent tunability and ease of integration with solid

state electronic devices. QDs have already been used to produce a range of devices

including QD LEDs, lasers [2] and semiconductor saturable absorber mirrors (SES-

AMs) [3], with potential applications in the more novel expanding fields of single

or entangled photon emitters [4, 5], quantum communication and quantum inform-

ation processing. However, QD device technology is still a relatively young field

compared with more mature nanoscale QW or transistor technologies. Much work

is still being done on optimisation of the design and growth of QD structures, as well

as investigation of their fundamental physical properties, with the goal of producing

devices which can be successful in existing markets or open up new possibilities in

the nascent fields of spintronics and quantum information.

The study of quantum dots, in particular a novel means of probing their structure

and resultant spin physics using optical techniques, forms the basis of this work.

1.2 Spinning research into revolution

As classical computing and communication technology gets ever closer to the bound-

aries of what is physically possible new approaches must be developed to harness

cutting edge research and drive the devices of the future. One such approach comes

from the emerging field of spintronics, exploiting spin, an intrinsic form of angular

momentum carried by elementary particles or nuclei, to store and transport inform-
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1.2 Spinning research into revolution

ation. This could lead to potentially huge advances in both classical computing and

the new field of quantum information.

Spin is a purely quantum mechanical phenomenon, which has no classical analogue

but can be treated as a vector quantity with both magnitude and direction. The

intrinsic spin of a particle can only assume certain discrete values but, as is the

nature of quantum mechanics, can also exist in a superposition of these states. For

a particle with spin S = 1
2 , such as an electron, two such states exist: spin up

Sz = +1
2 and spin down Sz = −1

2 . These states can be used to store the information

of a classical bit (e.g. spin up = 0, spin down = 1). This could be exploited to

create classical computer operating on spintronic principles which would be able to

store and process information with great speed and efficiency using bits formed from

just a single electron or provide fast integrated memory which requires no power to

maintain [6].

Classical computation based on storage of digital bits in states 0 or 1 using spin

may yield significant progress. However, quantum computing, which utilises the

quantum nature of spin to store information, may represent a far more revolution-

ary advance. Whilst the classical bit can be represented using the spin up |0〉 and

down |1〉 states of an electron, the quantum bit (qubit) can exist in any arbitrary

superposition of these states |ψ〉 = α |0〉 + β |1〉. This can be represented using the

Bloch sphere form shown in Figure 1.1. In this picture classical bits are represented

by the points at the top and bottom of the sphere, but the spin (blue arrow) can

occupy any point on the surface of the sphere. This facilitates qubits storing con-

currently both 0 and 1, which could be used in quantum calculations to compute

the results of every possible outcome simultaneously1.

1It should be noted that whilst a quantum computer can perform a calculation on every possible
input, the quantum nature of the states means that only one result can be read out when a
measurement is performed. As such, care must be taken to design the quantum algorithm to
ensure that the correct result is obtained. For a deeper understanding of quantum states and

13



Chapter 1 Introduction

Figure 1.1: Bloch sphere repres-
entation of a two level quantum
system such as an electron spin.
Classical bits can be represen-
ted by spin up |0〉 and down |1〉
states. However, the spin can ex-
ist in an arbitrary superposition
of these states (blue arrow) oc-
cupying any point on the surface
of the Bloch sphere. This fact
allows a quantum computer to
calculate using all possible input
states simultaneously.

z

x

y

Quantum computing promises a technology which, if realised, would result in

a paradigm shift in the world of computing and communications. The most well

known and profound consequences would be the invalidation of the most widely

used cryptography schemes, through greatly enhanced prime number factorisation

algorithms, and a potential revolution in search technology, as well as scientific sig-

nificance through facilitating faster and more intelligent simulations of quantum

phenomena based directly upon a pure quantum mechanical base. However, a func-

tional quantum computer, just like the classical computer before it, could open up a

whole new realm of computational possibilities in areas as yet unimagined. Schemes

for quantum communication or quantum cryptography, which secures communica-

tion using fundamental principles of quantum mechanics, are already finding real

world applications as concern over data security grows and show the first shoots of

growth in an budding quantum information industry, which may reach fruition with

quantum dot device technology.

quantum computing see [7, 8, 9].
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1.3 Quantum dots: Up and (artificial) atom

1.3 Quantum dots: Up and (artificial) atom

Quantum dots (QDs) are solid-state semiconductor nanostructures which allow

three-dimensional confinement of electrons and holes. The confinement quantises

of the electron and hole energy levels, resulting in discrete atom-like states. This

‘artificial atom’ may be comprised of 104 − 106 physical atoms but, like a single

atom, has addressable states which are potentially well isolated from decoherence

or relaxation due to their surroundings. The solid state nature, inherent tunability

of the energy levels and strong optical interaction of QDs makes them attractive

for many applications including light emitting devices, spintronics, quantum optics,

quantum communication and quantum information processing.

Quantum dots may be fabricated using a variety of techniques: they may be

defined by lithography [10], using electrostatic surface gates to confine an underlying

two-dimensional electron gas [11]; formed from colloidal nanocrystals [12]; monolayer

fluctuations in ultra-thin quantum wells [13] or self-assembled due to strain effects

during the epitaxial growth. This work will focus on ensembles of self-assembled

QDs, which are formed spontaneously during growth of Indium Arsenide (InAs) on

a Gallium Arsenide (GaAs) surface.

Self-assembled QDs have advantages in that they are smaller than externally

defined QDs, can be easily embedded in a device structure and have well confined

optically active states with relatively large energy separation between the levels.

Since the self-assembly process results in the spontaneous formation of indiviual

QDs across a GaAs surface, the QDs are produced in layers containing an ensemble

of QDs with a range of sizes and compositions. The emission energy of the QDs de-

pends on their size (therefore confinement energy) and InAs content (due to changes

in the band gap and strain); ensemble emission energies are therefore spread inhomo-
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Chapter 1 Introduction

genously according to the size distribution of the QD ensemble. A typical QD has

a lens like shape and may be 2-5 nm high and tens of nm wide. Figure 1.2 shows

a cross-sectional image of two closely spaced layers of self-assembled quantum dots

obtained using transmission electron microscopy, the close stacking of the layers

allows the QDs to electronically couple resulting in a QD bilayer or quantum dot

molecule.

Figure 1.2: Transmission elec-
tron micrograph showing two
layers of self assembled QDs.
This close stacking results in
a QD bilayer or QD molecule
structure (image courtesy
S. Kadkhodazadeh and D.
W. McComb, Department of
Materials, Imperial College
London).

1.3.1 Quantum dots for quantum computation

Any potential scheme for quantum computation must aim to satisfy the DiVincenzo

criteria [14] if it is to be functional, namely:

1. A scalable physical system with well characterised qubits (scalability).

2. The ability to initialise the state of the qubits (initialisation).

3. Long decoherence times, relative to the gate operation time (memory).

4. A ‘universal’ set of quantum gates (manipulation).

5. A qubit-specific measurement capability (readout).

16



1.3 Quantum dots: Up and (artificial) atom

(Two further criteria exist which relate to the creation of a quantum internet)

Carrier spin in semiconductor QDs has long been thought to be a potential basis

for quantum computation[15]. The ‘artificial atom’ like structure means that QDs

have distinct and separate energy states which are well isolated from the bulk semi-

conductor surroundings, with the potential for many separate QDs to be used to

form many separate “well characterised” qubits. Most current schemes for manipu-

lation of quantum information within QDs utilise the spin of an electron (or hole)

within individual QDs [16] as their quantum bit (qubit) with coupling between QDs

to allow two qubit operations, either with electrical control and readout for gate

defined QDs [17] or schemes using self-assembled QDs and optical manipulation.

Methods for satisfying each individual DiVincenzo criterion within these schemes

are all active areas of research and present challenges to any potential system for

quantum computing with QDs. Not least of these is the length of the spin memory

(relative to the initialisation and manipulation time), which governs how many op-

erations can be performed on a qubit before any information it contains is lost.

1.3.2 Spin decoherence and relaxation in QDs

QDs have been the subject of much interest because of their potentially very long

electron spin lifetime, which can in principle be of the order of milliseconds [17, 18,

19, 20]. In a bulk semiconductor or QW a well defined quantum state such as the

electron spin state will quickly be lost due to interactions with lattice vibrations

(phonons). By confining the electron within a QD this interaction is much reduced

since electron spin states may only interact indirectly with phonons via the spin-

orbit interaction and thus should possess a much longer spin lifetime. However,

despite their more isolated nature compared with bulk semiconductors, there are a

number of mechanisms which lead to a decoherence or loss of information stored

17



Chapter 1 Introduction

in an electron spin state in a QD and they present a major obstacle to creating

functional quantum information devices [21].

Loss of spin information is categorised into two separate mechanisms with asso-

ciated spin lifetimes. The longitudinal spin relaxation time (T1), is the time taken

for a spin polarised ensemble to decay to a thermal population via spin flip events.

On the Bloch sphere shown in Figure 1.1 this would represent decay from a well

defined spin state (e.g. spin up) to a distribution with an equal number (if the

states are degenerate) of spin up and spin down states. In this case the overall spin

vector averages to zero and cannot be measured as either predominantly spin up or

spin down. The transverse spin relaxation or spin decoherence time (T2), gives a

measure of the coherence time of a quantum state. This is the time that a single

spin state, represented by the blue arrow on the Bloch sphere shown in Figure 1.1,

can be retained before it is moved to another unknown point on the Bloch sphere

surface, for example, by precession about a random or fluctuating magnetic field.

The two most significant causes of spin relaxation and decoherence for a single

electron in a typical QD are the hyperfine interaction and interaction with phonons

via the spin-orbit interaction. The hyperfine interaction is present in all III-V semi-

conductors [22] and has perhaps the most significant decohering effect in QDs. The

interaction couples the electron spin to the effectively random and varying magnetic

field Bn produced by the nuclei inside the QD [23, 24, 25, 26, 17]. The electron

spin will then precess about the fluctuating field resulting in a decoherence of the

spin state and a short T2 time of only tens of nanoseconds. Although the nuclear

spins present a significant challenge in obtaining spin coherence over long periods of

time they can also offer an advantage by allowing a means of coupling between two

qubits [17] or as a means of long term of spin memory [27, 28]. When bound electron-

hole pairs (excitons) are contained within a QD the most significant spin relaxation
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1.3 Quantum dots: Up and (artificial) atom

mechanism is the electron-hole exchange interaction, which allows rapid decay via

exchange of spin between the carriers. A deeper discussion of spin relaxation effects

in QDs will be presented in Chapter 4.

This work will investigate spin relaxation effects and spin physics in QD ensembles,

considering spin information stored on both confined carriers and QD nuclei and the

development of a new technique for measuring spin and fine-structure effects in QDs.

This results in the demonstration of a novel QD spin memory with long relaxation

time and, crucially, rapid initialisation.

1.3.3 Qubit initialisation, manipulation, readout and scalability

(an overview)

Whilst a long spin decoherence time is the goal of any potential QD computation

scheme it would be irrelevant without the ability to initialise and control the state

of the qubit to allow computational operations to be performed. For each qubit

in the system there must be a means of initialising the qubit into a specific state

to begin a calculation, a non-reversible operation equivalent to the clear operation

in a classical computer. There must also be a means of manipulating the state of

the qubit once initialised, both for qubits individually in an operation which leaves

the rest of the system unaffected and for two (or more) qubits together in a non-

trivial operation which allows entanglement of the qubit states. It is through this

entanglement, for which there is no analogue in classical computing, that the power

of quantum computing is unleashed. With just a simple set of these operations,

consisting of a suitable two-qubit gate and single qubit operations, it is possible

to form a ‘universal’ set of quantum gates with which (given sufficient number of

operations) any quantum calculation could be performed [14]. Finally it must be
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Chapter 1 Introduction

possible to measure the state of each qubit after the calculation has been performed

in order to readout the result of the calculation.

Gate defined QD with all electrical control have long been considered a potentially

ideal system for quantum computation because of their on-chip nature and potential

for integration with existing semiconductor technology [15]. Controlled coupling of

electrons can be achieved using rapidly switchable voltages applied to electrostatic

gates to control the exchange interaction. In this way two-qubit systems have been

achieved which are capable of state preparation, coherent manipulation and project-

ive readout [17]. However, there is still much work to be done to produce a working

quantum computer with this approach.

An alternative is to use self assembled QDs with an inherently more optical ap-

proach to the initialisation and control. Stacking techniques producing quantum

dot molecules (QDMs), such as shown in Figure 1.2, may allow scalability of this

scheme. Coupling between dots has been exploited to produce entangled quantum

states within a QDM [29] or allow robust decoherence avoiding two-electron spin

qubits [30]. Quantum computing schemes have also been proposed which use this

coupling and the electron spin degree of freedom in such QDMs under largely optical

control [31, 32, 33, 34, 35, 36], among others2. This method has disadvantages com-

pared to gate defined schemes, such as the lack of direct electrical control. Neverthe-

less, qualities such as reduced hyperfine interaction (due to fewer nuclei in the QDs)

and good optical characteristics, allowing ultra-fast intialisation [37, 38, 39], control

[40, 41, 42, 43] and readout [18] of qubits using polarised light, combined with a

natural crossover with quantum communication schemes, makes self assembled QDs

an attractive proposition. Injection and readout of spin in QDs forms an integral

part of this work.

2Most of these implementations consider nominally identical QDs, although obtaining such QDs
requires sophisticated growth techniques.
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1.4 Thesis outline

1.4 Thesis outline

The remainder of this thesis is structured as follows:

Chapter 2 Details the growth of self-assembled QDs with examples and introduces

the samples which will be studied for the remainder of the thesis.

Chapter 3 Shows how QDs may be investigated using optical techniques and gives

an overview of the experimental methods used.

Chapter 4 Introduces the interactions that control spin generation and relaxation

in QDs and the QD fine structure.

Chapter 5 Demonstrates an extension of exciton spin lifetime by p-doping of QDs

and spin-filtering effects resulting in enhanced excited state emission

polarisation.

Chapter 6 Investigates the phenomenon of sloping polarisation across a QD en-

semble and shows how a technique may be developed to allow access to

spin splitting information otherwise unavailable using QD ensembles.

Chapter 7 Investigates the behaviour of ensemble spin splitting in external magnetic

fields and demonstrates that QD fine structure and spin physics may be

revealed using the new technique.

Chapter 8 Probes the dynamics of the polarisation slope, showing it can be used

to form a spin memory which is both long lasting and fast to initialise.

Chapter 9 Considers the phenomenon of negative circular polarisation (NCP) in

QDs and shows how the accepted mechanism for development of NCP

may be called into question.
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2 Growth of quantum dots by

molecular beam epitaxy

2.1 Overview

Self assembled QDs formed by Stranski-Krastanov growth [44] provide a simple and

reproducible means of producing good quality coherent QDs embedded in a semicon-

ductor crystal, with a range of available densities, sizes and emission wavelengths

depending on the materials and growth conditions used. This work focuses on

InAs QDs grown on GaAs substrates [45] using molecular beam epitaxy (MBE).

This chapter will introduce the concepts important for the epitaxial growth of self-

assembled QDs. Examples will be shown of how the structural properties of QDs

can be tailored for different applications by alteration of the growth conditions and

the structure and growth procedure of the samples studied throughout this thesis

will be presented.

2.2 Molecular beam epitaxy

Molecular beam epitaxy (MBE) is a method for depositing single crystals with

atomic layer precision. MBE is an established and well used means of producing
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Chapter 2 Growth of quantum dots by molecular beam epitaxy

high quality crystal structures, in particular semiconductor materials, using layer

by layer epitaxial growth. The process is neither cheap nor simple to run due to

the necessity for high vacuum and potential for significant downtime, which may be

incurred due to the need for (often unscheduled) machine maintenance. However

MBE allows a greater degree of control than other epitaxial growth methods (such

as metal organic chemical vapour deposition, MOCVD) and is thus widely employed

for the growth of semiconductor nanostructures including InAs/GaAs quantum dots.

All of the samples discussed in this thesis were grown in a Vacuum Generators

V80H MBE machine at Imperial College London. The machine consists of two

chambers maintained at ultra high vacuum (UHV): a preparation chamber where

new substrates may be outgassed before growth and the main growth chamber. The

chambers are connected to allow manual transfer of substrates under UHV but may

be isolated by use of a bellows valve. Under idle conditions UHV (∼ 10−10 Torr) can

be maintained using ion pumps. A turbo-molecular and diaphragm pump located

at the entry/exit lock allows vacuum to be restored after sample exchange (or to

pump down the whole MBE machine following a vent for maintenance). Following

internal maintenance or refilling of source material the whole machine must be baked

at ∼ 200 ◦C for an extended period of time to remove impurities (in particular H2O)

and ensure a high vacuum. During growth the main chamber is shielded by a

cryopanel, which is filled with liquid nitrogen. The cryopanel acts as a further

vacuum pump by condensing gasses onto its surface and also cools the machine

preventing secondary sourcing from undesired heating of surfaces within the machine

at the higher temperatures used for growth.

The machine contains Knudsen effusion cells housing ultra-pure elemental group

III: gallium, indium (2 cells) and aluminium, and group V: arsenic (As4 and As2

through use of an arsenic cracker cell) sources, as well as dopants: silicon (n-type)
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2.3 Self-assembled quantum dots

and beryllium (p-type). Heating the cells (maximum temperature 1200 ◦C, although

most cells are operated at much lower temperatures) causes material to evaporate

or sublime allowing a beam to be directed at the sample substrate. The substrate is

held on a heated, rotatable sample holder to enhance uniformity and maintain the

desired growth temperature. The UHV ensures collision free transit of the evaporant

beam to the sample. Mechanical shuttering is used for independent control of each

cell and at typical growth rates this allows growth accuracy better than one ML

(monolayer) of thickness.

Cell temperatures and shutters are controlled using a dedicated programmable

process control system which may be interfaced with using specialised computer

software employing an obscure and poorly documented communication protocol.

Improvements were made during the period of this thesis to reverse engineer the

MBE control protocol, facilitating replacement of the outdated and unsupported

computer interface system with modern hardware and an in-house software solution

allowing remote monitoring and control of machine temperatures and pressures.

Remote monitoring is particularly useful during bake-out of the MBE system, which

was undertaken on many occasions during this work, allowing accurate observation

of pressure and temperature changes. The flexibility and control allowed by this

system has also proved invaluable for much of the day to day running of the MBE

machine, saving considerable time and effort.

2.3 Self-assembled quantum dots

MBE growth of InAs/GaAs quantum dots is achieved using strained layer heteroep-

itaxy via the Stranski-Krastanov mechanism. As InAs is deposited on a GaAs sur-

face the 7% mismatch in lattice constant results in the formation of a highly strained
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Chapter 2 Growth of quantum dots by molecular beam epitaxy

Figure 2.1: A schematic of self-
assembled (Stranski-Krastanov)
quantum dot (QD) growth. Islands
of InAs form spontaneously after
deposition of a thin wetting layer
(WL), during growth of InAs
on GaAs. This is energetically
favourable due to strain induced
by the lattice mismatch between
the two materials. Subsequent
growth of GaAs caps the InAs
islands, flattens them and results
in a nanoscale inclusion of InAs
exhibiting 3-dimensional quantum
confinement.

GaAs

InAs

Ga
As

Cap

QD
WL

2-dimensional (2D) layer known as the wetting layer (WL). As further material is

deposited strain in the WL increases until at a critical thickness, θcrit, it becomes

energetically favourable to form 3-dimensional (3D) islands of InAs. For InAs/GaAs

θcrit is around 1.7 ML (monolayers) at 500 ◦C [46] and the islands remain disloca-

tion free for small amounts of further InAs deposition [47]. Subsequent growth of

GaAs caps the islands and results in a nanoscale inclusion of InAs exhibiting 3D

quantum confinement of carriers. The QDs are typically tens of nanometres wide

and 2-5 nm high after capping (∼ 10 nm before capping) depending on growth con-

ditions, though intermixing between InAs and GaAs during growth prevents sharp

QD boundaries [48]. This process of QD production is commonly known as self-

assembly and is illustrated in Figure 2.1. The number, size and shape of the QDs

depends strongly on the growth parameters and results from an interplay between

kinetic and thermal effects which govern adatom diffusion on the growth surface.

QD energies and density can be tuned by altering the growth conditions, the emis-

sion wavelength can be extended by the use of a strain relieving InGaAs cap or
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2.4 Control and measurement of growth parameters

stacking of QD layers, or altered by post growth techniques such as annealing [49].

To understand how growth of QDs can be tailored to suit differing applications it is

necessary to consider how MBE growth parameters can be calibrated and controlled.

2.4 Control and measurement of growth parameters

The primary controllable factors which affect MBE growth are:

Arsenic pressure: During growth an arsenic overpressure is maintained (chamber

pressure . 10−8 Torr, consistent with the molecular flow regime) such that

growth rates are determined by the flux of the group III elements. Arsenic pres-

sure can affect QD growth and can be monitored using the beam-monitoring

ion gauge or chamber background pressure.

Substrate temperature: This can monitored optically using a pyrometer or using

a thermocouple. Heaters on the substrate stage allow temperature control.

Cell fluxes: These can be monitored using the beam-monitoring ion gauge and var-

ied by changing the cell temperature. Growth rates are determined by the cell

flux and may be calibrated using several methods. Reflection high-energy elec-

tron diffraction (RHEED) techniques are used to monitor layer by layer growth

of very thin films. Reflectance measurements of relatively thick ∼ µm layers

of GaAs and AlAs are preferred for accurate measurement of GaAs and AlAs

growth rates. Dopant calibration can be determined using capacitance-voltage

profiling or Hall measurements of GaAs slabs of known thickness.
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Chapter 2 Growth of quantum dots by molecular beam epitaxy

2.5 Characterisation and growth tailoring

A number of structural characterisation techniques may be used to analyse the

growth and fundamental properties of quantum dots, including transmission electron

microscopy (TEM) [50, 51], scanning tunnelling microscopy (STM) [52, 53] and X-

ray diffraction [54]. This section briefly describes the methods used to characterise

samples for this work and examples of how, as a result of this, growth parameters

may be altered to tailor the resulting QDs for different applications.

2.5.1 Reflection high energy electron diffraction (RHEED)

RHEED is an in-situ technique for the monitoring of MBE crystal growth [55]. A

15 kV electron beam is directed at the substrate at a shallow angle (1− 3◦) so that

the reflected beam strikes a phosphor screen. The diffraction pattern produced is

characteristic of the sample surface. RHEED oscillations can be used to calibrate

cell flux and growth rate. Reconstruction of growth surfaces can be observed using

RHEED allowing further verification of substrate temperature and arsenic pressure.

However, in this work, the most important application of RHEED is the ability

to determine the 2D-3D transition at θcrit, when the RHEED pattern undergoes

a pronounced change from ‘streaky’ to ‘spotty’. This allows growth of QDs to be

accurately monitored and indium flux can therefore be calibrated by using the known

transition thickness.

2.5.2 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is a post-growth technique which can be used to

determine QD densities and sizes (although the QD dimensions will change once
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2.5 Characterisation and growth tailoring

capped). It utilises a scanning tip to ‘feel’ a sample surface by measuring the tip

deflection due to forces between tip and sample surface. Samples produced for

AFM must be uncapped so that the 3D islands can be measured directly, thus the

measurements do not give a complete reflection of the resulting QD structure. In

particular the QD height will reducing significantly due to capping. Changes in

structure may also occur during cool-down of uncapped samples.

2.5.3 Growth example - Controlling QD density

Figure 2.2: AFM showing higher (upper) and lower (lower) density InAs islands.
QD density may be controlled by altering growth rate and substrate temperature.
(Higher density: 492 ◦C, 0.014 ML s−1, density ∼ 2 × 1010 cm−2; lower density
500 ◦C, ∼ 0.001 ML s−1, density < 108 cm−2.)

Figure 2.2 shows AFM images obtained from uncapped QD samples where growth
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Chapter 2 Growth of quantum dots by molecular beam epitaxy

has been altered to produce ensembles with high (∼ 2 × 1010 cm−2)1 and low (<

108 cm−2) areal density. By using a very low growth rate (∼ 0.001 ML s−1 in this

case) QD density can be reduced by orders of magnitude [56]. The QD density is also

strongly affected by the substrate temperature [57, 58]. Increasing temperature also

results in a larger θcrit [59] affecting the total amount of InAs that can be deposited

before dislocations appear.

Higher density QD structures are more useful for ensemble measurements or

devices such as QD lasers, where the increased number of QDs increases the max-

imum possible light output. Lower density QD ensembles are more useful for single

QD studies where isolation of a single QD is important. The low density sample

shown in Figure 2.2 was grown for such a purpose as part of a body of MBE activity

supporting the work presented in this thesis.

2.5.4 QD bilayers and the persistent template effect

After capping with a thin layer of GaAs further layers of QDs may be grown on

top of an initial QD layer. If these layers are sufficiently closely spaced, strain

from the underlying (seed) layer affects growth of the second layer, and results in

preferential QD nucleation above buried QDs [60]. QD bilayers utilise the strain

field of an underlying ‘seed’ QD layer to provide a template for QD growth in the

second layer, which allows greater control of the size and composition of the QDs

in the upper layer with a much larger range of possible growth parameters [61, 62].

The more favourable growth sites in the second layer allow a greater amount of

InAs to be deposited in the QD formation, this can be used to produce larger QD

and extend the emission wavelength of closely stacked layers [61]. The QDs are

electronically coupled [63, 64] and such QD stacking techniques may prove useful
1Higher densities, up to ∼ 1011 cm−2 are possible.
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2.6 Description of studied QD structures

for future scalable multi-qubit schemes [31, 32, 33, 34, 35, 36, 65]. (An example of

such a QD bilayer was shown in Figure 1.2.)

It has been observed that for single QD layers, after the deposition of around 3

ML InAs, large plastically deformed regions are produced where excess InAs will

accumulate. Further addition of InAs will result in growth of these larger islands

and eventually the migration of all InAs from the smaller regular (QD) islands,

such that by 4ML InAs deposition all of the regular islands have disappeared [66].

This therefore results in a complete loss of QD emission [67] as the larger coalesced

regions are not optically active.

Analysis undertaken as part of work supporting this thesis and published by Clarke

et al. [58] shows that QD emission wavelength can be extended to 1515 nm at room

temperature using bilayer techniques to allow enlargement of the QDs and InGaAs

capping. It was also observed that further addition of InAs to high density bilayers

does not result in a significant extension of emission wavelength since most additional

material migrates to coalesced InAs islands. However, in contrast to single layers,

a substantial population of regular QDs remain even at very high InAs coverage

levels. This shows that the template effect allows more persistent and robust QD

growth in the seeded layer.

2.6 Description of studied QD structures

The samples which have been used in the work which comprises the bulk of this

thesis consist of a standard single layer of relatively high density InAs QDs. The

samples cover a range of doping, which is provided by a 2 nm layer of doped GaAs

contained by sandwiching the QDs and doping layer between AlGaAs barriers. The

AlGaAs sandwich ensures confinement of doped and photo-excited carriers close to
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Chapter 2 Growth of quantum dots by molecular beam epitaxy

the QDs. Samples with a range of p-doping were grown before the commencement

of this work and have been previously used by Harbord et al. to study the effect of

doping on QD radiative lifetimes [68]. Further samples with different doping levels

but adhering to the same design were grown as part of the work contained in this

thesis to complement the p-doped samples. The structure and growth procedure for

these samples is described in detail in order to provide relevant information and as

an example of a typical MBE quantum dot growth procedure.

Figure 2.3: Illustration of the doped
QD ensemble structure, used
throughout this thesis. A single
layer of QDs (density 2×1010 cm−2)
and 2 nm layer of doped GaAs are
grown between AlGaAs blocking
layers. The AlGaAs layers ensure
that photo-excited electron-hole
pairs and the doped carriers are
confined close to the QDs

doped GaAs 

GaAs

AlGaAs

InAs QDs

GaAs

AlGaAs

G
aA

s 
bu

er

GaAs cap
2 nm
13 nm

15 nm

50 nm

50 nm

50 nm

2.4 ML

The samples were grown on semi-insulating GaAs (001) substrates. Following

desorption of the oxide layer (at ∼610 °C) a 200 nm GaAs buffer layer was grown,

followed by a 50 nm Al0.3Ga0.7As layer and a subsequent 15 nm of undoped GaAs

(all at 580 °C). Prior to QD growth the GaAs surface is annealed at a substrate

temperature of 580 °C under an As2 flux for 10 minutes. The substrate is then

cooled to the desired QD growth temperature of 492 °C and the indium cell opened

to allow 2.4 MLs of InAs to be deposited at a growth rate of 0.018 ML s−1 . The 2D to

3D transition is monitored using RHEED to ensure correct growth rates and indium
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2.6 Description of studied QD structures

deposition. Samples were then capped with GaAs (at the growth temperature of

the QD layer); 15 nm for the undoped samples and 13 nm undoped GaAs followed

by 2 nm doped GaAs for the doped QD samples. Beryllium was used for p-doping

and silicon for n-doping of QDs. The temperature is then raised again to 580 °C for

the deposition of a further 50 nm Al0.3Ga0.7As and 50 nm GaAs cap.

AFM scans obtained from uncapped QD layers grown under the same conditions

show a QD density of 2 × 1010 cm−2. This allows doping levels to be calibrated on

a per QD basis (e.g. a doping level corresponding to 1, 3 or 10 holes/QD). The

exact level of doping per QD cannot be confirmed as the possible presence of any

background doping levels have not been measured. However, the influence of any

background doping on the number of resident carriers per QD should be minimised

due to the containment within the AlGaAs barriers, which will limit the resident

carriers to those resulting from dopants within the contained region.
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3 Optical characterisation of QDs

3.1 Overview

The structural and electronic properties of quantum dots may be elucidated using

optical characterisation techniques. This can be used to optimise growth procedures,

but also allows investigation of underlying QD physics necessary for the creation of

future QD devices. Luminescence measurements of self-assembled QDs render a

wide range of properties available to study such as the electronic structure, car-

rier dynamics, state blocking and spin effects. Optical measurements of QDs are

typically performed either on ensembles of QDs, facilitating simple characteristic

measurements but limited in resolution by variations between QDs, or on single

QDs, allowing greater resolution and access to QD fine structure but subject to the

stringent experimental requirements needed to resolve and maintain luminescence

from a single QD. It will be shown in later chapters that QD fine structure can

also be probed using ensemble measurements, allowing the development of a further

characterisation technique, building upon existing methods. The chapter introduces

the concepts involved in determining QD properties from optical measurements and

the main experimental methods used throughout this thesis are discussed. Further

experimental detail will be given, where required, in subsequent chapters.

35



Chapter 3 Optical characterisation of QDs

3.2 Photoluminescence (PL)

3.2.1 QD ensembles

Photoluminescence (PL) is perhaps the most commonly exploited technique for char-

acterisation of QDs because of its simplicity and the insight it provides into the

electronic level structure of semiconductors. All of the characterisation techniques

presented in this chapter are variations on the simple PL experiment.

Electron-hole pairs are created in the sample via absorption of photons, typically

using laser excitation. The photo-excited carriers will thermalise through the avail-

able electronic levels, losing energy to the crystal lattice until they reach the lowest

level (or a bottleneck with sufficiently long lifetime to collect a substantial number of

carriers) where, after a time corresponding to the radiative lifetime of the state, they

may recombine producing photons characteristic of the specific electronic level (i.e.

the energy separation between electron and hole level). The luminescence produced

is collected using conventional optical methods and dispersed with a spectrometer to

allow wavelength resolved detection with a suitable detector. These methods allow

complete spectra with emission peaks corresponding to the different QD states to be

produced. By varying the wavelength of the excitation used carriers may be injected

into different energy regions of the sample, for example into the bulk GaAs, WL or

the confined states of the QDs. Focusing the excitation beam and/or increasing

the beam intensity results in a greater excitation density. This allows higher energy

levels to be probed by filling up the lower levels sufficiently that carriers will reside

and recombine in the excited states. This can be used to provide an insight into the

carrier dynamics and state blocking in the system.

A typical PL experiment on a QD ensemble will sample many millions of QDs, due

to the potentially very high areal density and finite excitation spot size (from tens
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Figure 3.1: (Left) Example photoluminescence (PL) spectra of QD ensemble
(main) and single QD (inset). (Right) Energy level structure of a typical QD;
electron-hole pairs excited into the bulk GaAs or wetting layer (WL) will relax
into the QDs where they will combine emitting photons. QD ground (GS) and
first excited state (X1) can be easily resolved in the ensemble PL, however the
smaller (.1 meV) spectral features of the individual lines of single QDs (charged
excitons, biexcitons etc.) cannot be resolved due to inhomogeneous broadening
resulting from the variation in QD size and composition across the ensemble.

of microns to millimetres). The QDs have a distribution of sizes and compositions

this leads to an inhomogenous broadening of the ensemble emission profile, where

the QD ensemble ground state (GS) peak may have a full width at half maximum

(FWHM) of around 30 meV. An example of such an QD ensemble PL spectrum and

corresponding energy level diagram is shown in Figure 3.1. The energy separation

of the ground state (GS) and excited state (X1) peaks give information on the

confining potential and energy level structure of the QDs, while the peak width gives

an indication of the variation in size and composition of QD within the ensemble.

Lasers used for excitation in PL experiments presented in this thesis include:

• Mode locked Ti:Sapphire laser - Pulsed laser pumped by a diode pumped Verdi
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Chapter 3 Optical characterisation of QDs

laser at 515nm, the Tsunami Ti:Sapphire laser was operated with an emission

wavelength of ∼790 nm, pulse width 2.4 ps and a repetition rate of 82MHz

with maximum power of ∼500 mW. Used for time-resolved PL (TRPL). The

laser may also be operated in continuous wave (CW) mode for simple PL.

• Continuous wave Ti:Sapphire laser - Tunable emission wavelength from 750-

910 nm. Pumped using the same diode source as above and with maximum

output power ∼500 mW. Used for PL and photoluminescence excitation (PLE)

measurements.

• Pulsed diode lasers (Picoquant) - Lasers operating at 781 nm, 896 nm, 1060

nm and 865 nm (the latter chosen to provide optical injection into WL heavy

hole state, see Section 4.2.3). Sub-ns pulse widths (FWHM 50-250 ps) with a

repetition rate of 0-40 MHz and output power up to 5 mW. Used for TRPL

and PL measurements.

• HeNe laser - Emitting at 632.8 nm, used for basic PL.

Detection was provided by an InGaAs charged coupled device (CCD) array, In-

GaAsP photo-multiplier tube (PMT) or Germanium diode detector.

3.2.2 Single QD spectroscopy

PL measurements performed on an ensemble of QDs can yield valuable information

as to their characteristics. However, the significant inhomogeneous broadening of

the QD ensembles means that it is not possible to resolve the individual emission

lines of single QDs, which may contribute 10 or more very narrow peaks across the

emission peak, corresponding to excitons (bound electron-hole pairs) of different

charge or spin configurations. This problem has led many to conclude that meas-

urement of various important QD properties related to spin and fine-structure is not
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possible using QD ensembles [69] and provided the original motivation for single QD

spectroscopy. The work contained in this thesis will hopefully show that this is not

entirely the case and that such properties can be revealed from the emission of QD

ensembles. Nevertheless, single QD spectroscopy remains a vital tool for the study

of QDs.

Single QD experiments are conceptually simple, allowing precise measurement of

individual QD emission lines, but are limited by the stringent experimental require-

ments needed to resolve emission from a single QD. By contrast optical measure-

ments of QD ensembles are far simpler to obtain. The main challenges associated

with single QD measurements are; isolating a single QD, collecting sufficient light

from the QD to allow effective detection and maintaining the signal against any

vibration or drift for long enough to perform the desired measurements. In addition

QDs must typically be grown with a low areal density to allow isolation using near-

field optical techniques. Small aperture masks or mesas may also be used to limit the

experiment to a low number of QDs and aid in reacquiring the same QDs if lost as

a result of drift (relocating with confidence the same nanometre scale QD, amongst

the millions that may reside in the area covered by even a small drift, without such

aids is unfeasible). Since the light produced by a single QD is naturally much less

than for an ensemble, where there is a vast number of QDs emitting photons, single

QD experiments have typically been performed using shorter wavelength (smaller)

QDs, to take advantage of more efficient Silicon based detector technology. How-

ever, work on single QDs at longer wavelengths is possible, despite the reduced

detector efficiency. In addition, new and more efficient technologies are becoming

available such as superconducting nanowire detectors or high efficiency InGaAs/InP

avalanche photodiodes.

Figure 3.1 shows an example of a single QD spectrum collected as part of work
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supporting this thesis using confocal microscopy apparatus developed concurrently

with the work presented here. The confocal microscope arrangement implemented

for this was adapted from the endlessly single mode fibre based microscope setup

developed at the National Physical Laboratory (in collaboration with Imperial Col-

lege) and described in [70]. It can be seen that the sharp emission lines of individual

states can be resolved using single QD spectroscopy. The energies and polarisa-

tion of these resolvable lines can be used to deduce the QD fine structure and spin

behaviour. This direct resolution is not possible using QD ensembles but the relat-

ive simplicity in obtaining high quality ensemble emission spectra (compared with

single QD emission spectra) means that a method to indirectly resolve variations

in the energies and polarisation of individual QD emission lines, as will be intro-

duced in Chapter 6, could be of significant practical benefit. This work will present

QD properties deduced using ensemble measurements, where previously single QD

spectroscopy has been the accepted, or only, technique.

3.3 Temperature control

Many of the properties of semiconductors depend on temperature. These include

the band gap (Varshni’s law), non-radiative carrier losses which determine the PL

intensity, carrier relaxation and spin effects. In addition QD emission lines will

broaden with temperature due to thermoactivated processes related to acoustic and

optical phonons [71], necessitating the use of very low temperatures for single QD

spectroscopy (ensemble PL may be performed at room temperature). To mitigate

these problems the samples are mounted in a cryostat allowing QDs to be studied at

cryogenic temperatures (typically ∼ 10 K) where carrier escape and spin relaxation

effects are minimised. In this work both closed cycle helium cryostats and liquid
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helium flow cryostats have been used to hold samples at temperatures in the range

of 4− 300 K.

3.4 Time resolved photoluminescence (TRPL)

PL measurements using a pulsed laser system with suitable detection and signal

processing can be used to probe the time dynamics of the QD luminescence. Time-

correlated measurements of PL synchronised to short (picosecond) excitation laser

pulses allow a time-resolved trace of the PL to be obtained. The exponential decay

rate of the PL can be used to give the luminescence lifetime of a particular state.

The PL rise time or deviations from single exponential form also yield considerable

insight into QD dynamics.

Time resolved experiments detailed in this work were obtained using a pulsed

Ti:Sapphire laser operating with a pulse repetition rate of 82MHz and 2.4ps dura-

tion to excite the sample. Pulsed diodes (Picoquant) with pulse width < 1 ns were

also used. The PL was dispersed in a monochromator, allowing collection from a nar-

row spectral bandwidth and detected using a Hamamatsu H10330-45 InP/InGaAsP

photo-multiplier tube (PMT) with a transit time spread (at FWHM) of 0.3 ns, rise

time of 0.9 ns and fall time of 1.7 ns. A detector with a fast response time and

ability to detect photons in very low numbers is required. Obtaining a fast enough

detector is typically the limiting factor for time-resolution in TRPL measurements,

with the shortest resolvable timescale limited to several hundred ps in this case. Us-

ing a time-amplitude converter (TAC) and time correlated single photon counting

system (TCSPC) synchronised to the laser pulses, a histogram of total counts per

time bin (∼ 12 ps wide) is obtained. The decay can then be analysed from the

resulting TRPL traces using suitable software with a resolution dependent on the
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Chapter 3 Optical characterisation of QDs

PL signal to noise.

3.5 Polarisation resolved photoluminescence
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Figure 3.2: Polarised photoluminescence (PL) obtained from a p-doped (10
holes/QD) ensemble under circularly polarised excitation resonant with the QD
WL. The sample is subjected to a small applied magnetic field. Emission is re-
solved into co-polarised (black) and counter-polarised (red) components. Optical
spin injection results in greater emission intensity from the co-polarised compon-
ent. An energy level schematic of the PL process is also shown (inset). Polarised
excitons are created which relax (black arrows) into the lowest QD state (any
spin relaxation which may occur is not shown), where they recombine emitting a
polarised photon. Understanding and analysing such spectra will form the basis
of this thesis.

The ability to excite with and detect specific optical polarisations, in particular

circular polarisation (CP), is a vital tool for the investigation of spin effects in

semiconductors. The polarisation of an absorbed or emitted photon correlates with

the spin of the corresponding created or recombining electron-hole pair. (Optical
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3.5 Polarisation resolved photoluminescence

generation of spin will be discussed in depth in Chapter 4.)

Polarisation resolved spectra can be obtained by the addition of a combination of

linear polarisers and quarter wave plates to the standard PL setup. These optical

elements must be chosen to match the wavelengths of the light used, typically 700-

900 nm for excitation and 1000-1300 nm for detection.

To obtain circularly polarised excitation the λ/4 plate must be placed in the laser

beam path, after a linear polariser, with its axis oriented 45° to the polarisation

orientation. A wave plate consists of a medium with perpendicular “fast” and “slow”

axes such that light polarised along the slow axis will be retarded relative to the fast

axis by an amount dependent on the thickness. A λ/4 plate is designed to introduce

a π/2 phase shift between these two components, thus linearly polarised light at 45°

to the axes will have a π/2 phase shift introduced between its fast and slow axes

resulting in CP light. The sense of the circular polarisation may be switched by

rotating the wave plate through 90° to swap the fast and slow axes. Wave plate

axes may be located using crossed polarisers to produce beam extinction; only when

the plate is oriented with fast or slow axis parallel to the direction of polarisation

will linear polarisation be perfectly preserved.

The collected luminescence can be resolved into its circular polarisation compon-

ents using a reverse of the same principles. A broadband 1000-1300nm wave plate

is used to convert incident CP light into linearly polarised light; this is then passed

through an infra-red linear polariser at 45° to the wave plate axes to select the de-

sired polarisation, before entering the monochromator. As for excitation, the sense

of the polarisation detected may be changed by rotating the wave plate through 90°.

This is preferred to rotation of the linear polariser, which should be kept fixed to re-

move any effects of polarisation sensitive transmission through the monochromator.

The polarisation of the emitted light, ρ , (in this case under σ+ excitation) can then
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Chapter 3 Optical characterisation of QDs

be deduced from the relative intensities of the σ+ (Iσ+σ+) or σ− (Iσ+σ−) emission,

according to,

ρ = Iσ+σ+ − Iσ+σ−

Iσ+σ+ + Iσ+σ−
. (3.1)

Alternatively, by using an automated system to collect emission from a greater range

of waveplate angles, the Stokes parameters and thus the full polarisation state of the

emitted light can be resolved directly. This method is discussed further in Section

7.2.

3.6 Photoluminescence excitation (PLE)

Photoluminescence excitation (PLE) is a variant of the photoluminescence tech-

nique. In PL a fixed excitation wavelength is used to excite the sample and lumin-

escence is detected over a broad spectral range; in PLE the detection wavelength is

fixed at a particular point of interest (typically the emission peak) and the excitation

wavelength is tuned over a broad range. Since the emission intensity is proportional

to the carrier density, the strength of the signal observed correlates with the ab-

sorption coefficient at the laser wavelength1. This allows the absorption at different

energies to be mapped out and features such as the QD wetting layer to be identi-

fied. Polarisation resolved PLE may also be performed, using the same techniques

as for polarisation resolved PL, allowing spin injection to be characterised. This will

be shown in Section 4.2.3.

1It should be noted that whilst PLE signal is frequently compared with the absorption spectrum
this is only valid if the relaxation processes to the emitting state are fast enough to ensure that
luminescence does not become a limiting factor.
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4 Spin and fine structure in quantum

dots

4.1 Overview

Much attention is given to the study of spin physics in quantum dots and under-

standing of the QD fine-structure. This is motivated by potential applications in

quantum information, spintronics and quantum optics. This chapter gives an intro-

duction into the main phenomena important for the study of spin effects in QDs

and for understanding the fine-structure of QDs (further discussion can be found

in [65, 72]). These concepts will form the foundation of the work contained in the

remainder of this thesis.

4.2 Optical spin generation

To study effects such as spin relaxation in semiconductors it is first necessary to be

able to create a spin polarised population of carriers. Much focus has been given to

electrical injection schemes using magnetic contacts [73] or through layers of mag-

netic semiconductor [74, 75], which is desired for the construction of spin devices

such as spin-LEDs [76, 77]. However, a more direct approach yielding fast spin ini-
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Chapter 4 Spin and fine structure in quantum dots

tialisation, manipulation and readout is achieved using optical techniques. Optical

spin injection or optical orientation of spin in semiconductors is possible because cir-

cularly polarised (CP) photons carry angular momentum (±~ for σ±). This angular

momentum is imparted to the semiconductor when the photon is absorbed in the

creation of an electron-hole pair. Thus carriers are created with a spin according to

the photon absorbed (the electron and hole spin must sum to ±1 for a σ± photon)

and this can be used to generate a net polarisation of carriers using a circularly

polarised optical beam.

Figure 4.1: Band structure (left) and spin sub-levels at k=0 (right) of a direct gap
III-V semiconductor (such as GaAs). Heavy hole (hh) and light hole (lh) bands
are degenerate leading to two possible transitions for absorption of a CP photon
at the band gap energy, Eg.

The simplified band structure of a direct gap III-V semiconductor material (with

cubic zinc-blende crystal structure), such as GaAs, is shown in the energy-wave

vector (E-k) diagram in Figure 4.1 (left hand side). The four band model shown

consists of a single s-like conduction band and three p-like valance bands. All the

bands have a nearly parabolic dispersion with the electron (e) band having positive

curvature and the hole bands negative curvature. The top of the highest valence

band is marked as E = 0 and the valence bands will be full of electrons, the lowest

energy point of the conduction band (at k = 0) therefore represents the band gap
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4.2 Optical spin generation

energy, Eg and the Fermi level lies in the middle of the band gap. Two of the hole

bands are degenerate at k = 0. These are known as the heavy hole (hh) and light

hole (lh) bands, with the smaller curvature of the hh band attributable to the larger

effective mass of the heavy holes. The third hole band lies at lower energy due

to spin-orbit coupling and is known as the split-off (so) band. A more complete

discussion of semiconductor band structures and resulting optical properties may be

found in [78, 72].

Absorption of a circularly polarised photon with the band gap energy Eg (at k = 0)

results in an electric-dipole transition of an electron from the valence band (orbital

angular momentum quantum number L = 1) to the conduction band (L = 0). The

selection rules for this process, arising from conservation of angular momentum,

are shown in Figure 4.1. The electrons have spin angular momentum S = 1
2 and

therefore total angular momentum J = L + S = 1
2 , giving rise to two degenerate

sub-levels with angular momentum projection Jz = ±1
2 , corresponding to spin up (↑)

or spin down (↓). The valence band is more complicated with two possible J values,

J = 1
2 and J = 3

2 . The J = 1
2 split-off band can be neglected here as it lies at a lower

energy. This leaves four degenerate sub-levels of the J = 3
2 holes, corresponding to

the heavy hole Jz = ±3
2 and light hole bands Jz = ±1

2 . Photons with σ
± polarisation

can only induce transitions with 4Jz = ±1 and thus four transitions are possible

(diagonal arrows in Figure 4.1), two for each polarisation corresponding to light hole

and heavy hole transitions. The transition probability is three times larger for the

heavy holes than the light holes. Thus for excitation with σ+ photons the total

electron spin polarisation generated ρ = (3 (↓)− 1 (↑)) / (3 (↓) + 1 (↑)) = 50% (↓);

likewise excitation with σ− gives ρ = 50% (↑). A similar argument can be applied

to calculate the hole polarisation, but the very rapid hole spin relaxation in bulk

material (due to spin-orbit coupling and mixing of hole states) means that the
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Chapter 4 Spin and fine structure in quantum dots

hole polarisation can be assumed to be negligible. In order to generate a higher

polarisation, without the use of a magnetic field it is necessary to inject into a

quantum confined structure.

4.2.1 Spin injection in quantum confined nanostructures

Figure 4.2: Quantum confinement lifts the heavy hole (hh) light hole(lh) degen-
eracy allowing selection of a single optical transition, thus 100 % optical spin
injection can be achieved.

Quantum confinement of carriers in a potential well (e.g. 1D confinement in a

quantum well or 3D confinement in a quantum dot) results in a series of discrete

levels, shifted from the band gap, at energies corresponding to the confining potential

and the carrier effective mass, as illustrated in Figure 4.2 (again, for a more complete

discussion see [72]). This results in a lifting of the light (lh) and heavy (hh) hole

degeneracy seen in bulk semiconductors, due to the difference in the effective mass.

In addition, as a consequence of the reduced symmetry, strain effects may also result

in splitting of the hh-lh states. In self-assembled quantum dots the heavy- and light-

hole states are split in energy by at least several tens of meV due to strain [79]. The

heavy hole states typically form the lower lying hole states (i.e. closer to the Fermi

level) due to the larger effective mass. The resulting sub-level structure and possible
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4.2 Optical spin generation

optical transitions are shown in Figure 4.2. The different energies of the light and

heavy hole states means that optical excitation resonant with the heavy hole state,

but below the energy of the light holes, will now allow just a single transition to

be addressed. This means that 100% spin injection of electrons can be achieved

using circularly polarised excitation resonant with a heavy hole state of a confined

nanostructure (such as the WL1). It should also be noted that linearly polarised

excitation will always result in an unpolarised injection due to equal excitation of

σ+ and σ− transitions.

The achievable injected (or emitted) polarisation in quantum dots will depend on

the extent of any mixing of the light and heavy hole states. Studies of hole states in

InAs/GaAs QDs have suggested that they mainly have heavy hole character [83, 84,

85, 86, 87]. However, other reports have indicated some mixing of hole states may

exist due to in-plane anisotropy or strain effects [88, 89, 90, 91, 37, 92]. Polarisation

has also been shown to be sensitive to emission direction with measurement along

the growth direction giving near unity conversion of spin to photon polarisation [86].

This geometry is employed in all of the work contained in this thesis.

4.2.2 Optical spin detection

The optical selection rules shown in Figures 4.1 and 4.2 apply in reverse for the

emission of photons from a bulk semiconductor or quantum confined nanostructure.

Thus the circular polarisation of photons emitted from a quantum dot in the growth

direction will correlate exactly with the spin of the recombining carriers. This fact

will be used to measure the spin polarisation of the electrons and holes throughout

this work.

1The holes are also injected with a defined spin state, but very efficient hole spin relaxation is
observed in the WL due to the presence of strong hh-lh mixing [80, 81, 82].
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Chapter 4 Spin and fine structure in quantum dots

Other methods that may be used to measure the spin polarisation in QDs include

Kerr [93, 94] or Faraday rotation [95, 20, 96, 97, 98], where observation of the

polarisation rotation of a reflected (Kerr) or transmitted (Faraday) laser beam,

caused by the sample magnetisation, yields a measure of the overall spin orientation.

4.2.3 Optical excitation energy
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Figure 4.3: Low temperature (10 K) PLE using CP (σ+) excitation for a sample
doped at a level of 10 holes/QD. Luminescence is measured at the ground state
peak (at 1166 nm) under co- and cross-polarised detection (lines), yielding the
emission polarisation (squares). Broad absorption peaks can be seen for the bulk
GaAs and WL states. The polarisation is greatest for the WL heavy hole state.
(In this data uncorrected variations in laser power resulted in sharp systematic
noise in the intensity spectra. This can be ignored.)

Figure 4.3 shows an example of an investigation of the optical spin injection into

a QD ensemble sample typical of those used in the remainder of this work. Polarised
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4.3 Spin relaxation mechanisms

photoluminescence excitation (see Sections 3.5 and 3.6) is used to probe the absorp-

tion and corresponding spin injection fidelity of the bulk GaAs and InAs wetting

layer states. Injection into the bulk GaAs (λ . 820 nm) results in ∼ 12% emission

polarisation, less than the maximum possible due to spin relaxation phenomena

which may occur before emission. Injection resonant with the WL light hole state

at ∼ 835 nm results in decreased polarisation (some absorption into the heavy hole

state may also occur at this energy reducing the injected polarisation). Optical

excitation resonant with the WL heavy hole state at ∼ 865 nm results in a injected

spin polarisation of ∼ 24%, double that of the bulk GaAs, as would be anticipated

due to the expected higher spin injection fidelity. The results of this experiment

motivated the purchase and use of lasers with emission wavelengths of 865 nm for

the investigations of QD spin effects which comprise much of this thesis. In both

cases the polarisation is reduced from the ideal case due to spin relaxation before

emission. This will be discussed further in Section 4.3 and probed directly in the

following chapters.

4.3 Spin relaxation mechanisms

There are several important mechanisms that are responsible for spin relaxation and

decoherence in III-V semiconductors. A more detailed discussion of these effects can

be found in [80]. The most well-known mechanisms include:

The D’yakonov-Perel mechanism (DP) [99]. In crystals which lack a centre of

inversion symmetry, the spin-orbit interaction causes spin splitting of the elec-

tron states. This acts as a wave-vector dependent magnetic field, depolarising

the electrons by a series of random rotations.

The Elliott Yafet mechanism (EY) [100, 101]. Also arises from the spin-orbit in-
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Chapter 4 Spin and fine structure in quantum dots

teraction, which mixes the electron spin states allowing spin to be scattered

by phonons, impurities or other carriers, changing the carrier momentum and

randomising the spin.

The Bir-Aranov-Pikus mechanism (BAP) [102]. The exchange interaction allows

spin flips to occur between electrons and holes. This is particularly important

where both electrons and holes are present.

The Maialle-Andrada-Sham mechanism (MAS) [103]. Similar to BAP, the ex-

change interaction is strongly enhanced by confinement. Significant in quantum

confined nanostructures such as QWs.

The hyperfine interaction. A coupling between electron and nuclear spins can lead

to depolarisation of electron spin via rotations about a randomly aligned nuc-

lear field. This is particularly important in QDs and will be dealt with separ-

ately in Section 4.6.

A combination of these mechanisms, in particular DP and EY, lead to a rapid

spin relaxation in bulk semiconductors. Both the DP and EY mechanisms are

suppressed by quantum confinement, whereas the exchange interaction (BAP, MAS)

is strongly enhanced. This leads to a greater significance of exciton spin relaxation

mediated by electron-hole exchange in QWs and QDs. For single carriers in QDs,

or where the exchange interaction is suppressed, the hyperfine interaction becomes

the limiting factor in electron spin relaxation [23, 24, 25, 26, 17], resulting in spin

decoherence times (T2) of only tens of nanoseconds. Further suppression of the

hyperfine interaction leads to spin relaxation governed by the spin-orbit interaction

[104, 105]. However, it has been shown that this mechanism can be suppressed in

some QDs by manipulating the orbital states, giving spin relaxation times (T1) on

the order of 1s [105].
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4.4 Electron-hole exchange and exciton fine structure in QDs

4.4 Electron-hole exchange and exciton fine structure

in QDs

The electron-hole exchange interaction is perhaps the most significant mechanism

affecting the spin of excitons in QDs. This is due to suppression of other common

spin relaxation mechanisms and a dramatic enhancement of the exchange interaction

resulting from quantum confinement [103, 106]. The electron-hole exchange interac-

tion can be viewed simply as a mechanism that couples the electron and hole spins

allowing fast simultaneous relaxation (this will be studied in Chapter 5). However,

the exchange interaction results in several important modifications to the exciton

fine structure in QDs which prove crucial in understanding the polarisation and spin

behaviour of QDs. For a detailed overview of the fine structure of excitons in QDs

see [79].

As has previously been described, excitons in QDs are constructed from a heavy

hole with Jh = 3
2 , Jh,z = ±3

2 and an electron Se = 1
2 , Se,z = ±1

2 . From these

states four possible excitons can be formed, bright excitons with angular momentum

M = Se,z + Jh,z = ±1 which are optically active (as shown in Section 4.2) and dark

excitons withM = ±2, which cannot couple to the light field (due to conservation of

momentum). The exchange interaction causes bright and dark exciton states to split

by an energy δ0, the electron-hole exchange energy [107]. The dark exciton states are

then further split by an energy δ2 into hybridised spin eigenstates 1√
2 (|+2〉 ± |−2〉).

For QDs with rotational (D2d) symmetry this results in two degenerate bright exciton

states |±1〉, which are optically active (emitting a CP σ± photon on recombination

as previously discussed) and the mixed dark exciton states, which do not produce

photons. This is shown in Figure 4.4 (left hand side).

If the rotational symmetry is broken (<D2d) due to elongation of the QDs, which

53



Chapter 4 Spin and fine structure in quantum dots

Figure 4.4: (Top) Rep-
resentation of different
QD symmetries. (Bot-
tom) Schematic of the
exciton fine structure at
zero magnetic field. In
a QD with rotational
D2d symmetry (right)
the exchange interaction
splits the bright |±1〉 and
dark |±2〉 states by the
exchange energy δ0 and
further hybridises the dark
states, splitting them by
δ2 (left). Reduction of QD
symmetry < D2d (right)
results in a splitting of the
bright states into linearly
polarised mixed states,
due to the anisotropic
exchange interaction.

may occur along the
[
1̄10

]
direction as a result of indium migration during QD

growth and capping [108, 109] or due to asymmetry of the confinement potential

[110], the anisotropic exchange interaction will further mix the two bright exciton

states. This results in eigenstates which are symmetric and antisymmetric linear

combinations of the angular momentum states |±1〉, giving 1√
2 (|+1〉 ± |−1〉). These

states are split by an exchange energy δ1, which is known as the fine structure

splitting. The resulting states couple to photons which are linearly polarised parallel

and perpendicular to (110) [79, 110]. This situation is shown on the right side of

Figure 4.4. Both symmetries shown in Figure 4.4 represent realistic possibilities for

a self assembled QD [79] although studies show that QD fine structure splittings on

the order of tens of µeV are typical [111], implying that some small asymmetry is

common in QDs.
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Studies looking at the polarisation dependence of time-resolved PL [112] and

quantum beating between the mixed states [113, 114, 115, 116] have shown that,

where a fine structure splitting exists, the mixed states produced by the exchange

interaction are long-lived at zero magnetic field and that the pure spin up or down

states are correspondingly very short-lived. A correlation has also been observed

between the size of δ1 and the exciton spin relaxation rate [117], indicating the

importance of the exchange interaction strength for exciton spin relaxation in QDs.

Another important consequence of the fine structure splitting affects the poten-

tial use of single QDs as entangled photon sources [5, 118]. For the rotationally

symmetric QD shown in Figure 4.4, a cascade from the biexciton (XX) state (full

QD ground state containing one spin up and one spin down electron and hole2) via

the exciton (X) state shown will result in the production of 2 photons with opposite

circular polarisation. This corresponds to a cascade via the |+1〉 (σ− XX photon,

σ+ X photon) or |−1〉 (σ+ XX photon, σ− X photon) exciton states. Since the

exciton states are degenerate the two possible paths are indistinguishable in energy;

this leads to an entanglement of the polarisation state of the two emitted photons.

However, in the lower symmetry case the fine structure lifts the degeneracy of the

exciton states resulting in linearly polarised photons which are distinguishable and

therefore the cascade path can be measured and the entanglement is destroyed.

Thus, minimisation of the fine-structure splitting is important in QDs. Post growth

annealing [111, 119, 120, 118], lateral electric [121, 122] or magnetic fields [5], and

applied uniaxial stress [123] have all been used in an attempt to mitigate these ef-

fects. The existence of a simple experimental means of measuring fine structure

splitting in QD samples could aid considerably in optimisation of growth and fine

2Electron-hole exchange is not possible for the biexciton as there are no available states to ex-
change into; therefore the XX state is unsplit. Likewise charged excitons are also unsplit due
to filled electron or hole states. This will be discussed in Section 4.7.
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structure minimising techniques in QDs. Such a potential method will be discussed

in Chapter 7.

4.5 Spin in magnetic fields

Spin effects are strongly influenced by the presence of magnetic fields. The magnetic

field Zeeman splitting results in significant modifications to the fine-structure dis-

cussed in the previous section. Spin coherence and relaxation is also directly affected

by the interaction between the magnetic field and the spin magnetic moment.

4.5.1 Zeeman effect

The Zeeman Hamiltonian in an external magnetic field aligned with the growth

direction Bz (Faraday geometry) is given by [79]

HF
Zeeman(Bz) = −µB

(
ge,zSe,z −

gh,z
3 Jh,z

)
Bz, (4.1)

where ge,z & gh,z are the electron and heavy-hole g-factors and Se,z = ±1/2 and

Jh,z = ±3/2 their spin projections. When added to the exchange Hamiltonian, this

acts as a modification to the fine structure seen in the previous section. In a QD ex-

hibiting rotational symmetry the |±1〉 states become split, with the energy difference

increasing linearly with increasing magnetic field. The resulting Zeeman splitting of

the counter-polarised bright excitons, with angular momentum Se,z + Jh,z = ±1, in

a single QD is:

4Z = gX,zµBBz, (4.2)
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4.5 Spin in magnetic fields

where gX,z is the bright exciton g-factor (ge,z + gh,z). For the dark excitons there is

also an increase in splitting with applied magnetic field, but the situation is more

complicated; there is a non-linear dependence on Bz because of the hybridisation of

the states at zero field [79].

Figure 4.5: Exciton fine struc-
ture in magnetic field for QDs
which have zero (left) and non-
zero (right) fine structure split-
ting. Zeeman splitting causes
a CP splitting which increases
linearly with magnetic field but
fine structure splitting results
in a quadratic dependence that
changes from LP to CP split-
ting with applied field.

X

bright

dark

Faraday geometry

(CP)

Figure 4.5 shows the exciton fine structure under an applied magnetic field in the

Faraday geometry. In a QD with lower (<D2d) symmetry the bright excitons are

linear combinations of the |±1〉 states where the degree of mixing depends on the

magnetic field. At low field values there is a quadratic dependence on Bz. At higher

fields, when the Zeeman interaction energy is much larger than the fine structure

splitting, a linear dependence on Bz is recovered [107, 79]. At these higher fields the

mixing of the spin states is removed and the two Zeeman split spin levels |±1〉 will

again recombine producing circularly polarised emission. Overcoming the exchange

interaction via Zeeman splitting also results in a long lifetime of the unmixed CP

spin states [112]. Thus the application of magnetic field can be used to effectively

restore the rotational symmetry of a QD.

If the magnetic field is applied perpendicular to the growth direction (Voigt geo-

metry), the in-plane character of the magnetic field destroys the rotational symmetry

and results in a mixing of the bright and dark states. This allows the observation
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of the QD ‘dark’ states, resulting in a quadruplet of emitting states [37, 79], split

by the exchange energy and a component due to the magnetic field which increases

with applied field. The mixing of the spin states in Voigt geometry leads to very

rapid spin relaxation. In the classical picture this can be viewed as a precession of

the carrier spins about the magnetic field which couples the spin states together (see

Section 4.5.2).

One further modification of the QD exciton energy levels in an applied magnetic

field is due to the presence of a diamagentic shift [124, 125]. An interaction between

the magnetic field and the exciton wave function results in a characteristic quad-

ratic increase in the energy of all the spin-split levels with magnetic field, which is

independent of the exciton spin orientation. The diamagnetic shift is therefore po-

larisation independent, is not influenced by hyperfine effects and can thus generally

be subtracted or discounted altogether in the analysis of other QD fine structure

effects.

4.5.2 Spin precession

To understand spin relaxation and decoherence effects in magnetic fields it is helpful

to consider the classical picture of spin precession. This work is primarily concerned

with the circular polarisation of photons absorbed or emitted in the growth direction

and therefore with spin which is parallel to the z axis. The z projection of a spin

S0 precessing in an oblique magnetic field B = (Bx, By, Bz) is given by

Sz (t) = S0

(
B2
z

B2 +
B2
xB

2
y

B2 cos Ωt
)

(4.3)

where Ω = µBgB/~ is the Larmor precession frequency. The precession period
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4.5 Spin in magnetic fields

Tp = 2π/Ω is thus dependent on the magnetic field B and the g-factor of the carrier.

For a single spin in a constant magnetic field this leads to a coherent precession of the

spin state about the magnetic field vector. This is shown for an oblique magnetic

field at 45◦ to the z axis in Figure 4.6. This coherent precession is exploited in

many quantum computation schemes in order to allow manipulation of the spin

state; however its usefulness is limited by the need to rapidly switch the magnetic

field in order to perform different operations. Even for a small applied field of the

order tens of milli-Tesla the precession period is at most several nanoseconds. This

is on the same timescale as the luminescence lifetime in QDs and therefore can

strongly affect the emission polarisation. The time averaged measurements of spin

polarisation in a magnetic field will be reduced to the average spin value

Sz = S0
B2
z

B2 or Sz = S0 cos2 θ, (4.4)

where θ is the angle between the magnetic field and the z axis. Thus the time-

averaged polarisation can be significantly reduced from the initial spin in oblique

magnetic fields. Spin precession in different magnetic field orientations and resulting

time averaged spin values are shown in Figure 4.6.

In a QD ensemble, small variations in g-factor lead to changes in the precession

frequency between QDs. In an oblique field this leads to a rapid decoherence of the

spin in different QDs, resulting in an averaging of the spin projection and thus a

corresponding decrease in polarisation. Variations in nuclear magnetic field between

QDs, can also lead to a similar rapid decoherence (see Section 4.6).
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Figure 4.6: (Left) Bloch sphere representation of the precession of a spin initialised
in the spin up direction (blue arrow) in an oblique external magnetic field at 45◦ to
the z axis. (Right) Time evolution of spin precessing in oblique fields at different
angles (θ) to the z axis. The time averaged spin is shown as the dashed lines.

4.6 Hyperfine interaction with QD nuclei

For single carriers in QDs at low temperatures the dominant spin relaxation mechan-

ism arises due to the hyperfine interaction with surrounding nuclear spins. Electrons

(and to a much lesser extent holes [126, 127]) are subject to effective magnetic fields

which arise due to coupling with the 104 − 106 nuclear spins typically found in a

QD. All of the nuclear species found in a III-V semiconductor have non-zero spin,

with indium having the largest spin of 9
2 (Ga and As have spin 3

2). The Hamiltonian

characterising the interactions of a collection of nuclear spins in a QD divides into

five distinct terms and is given by [128]

HI = HZ +Hhf +Horb +Hdd +HQ. (4.5)

Here HZ describes the Zeeman energy in a magnetic field. Hhf characterises the

hyperfine interaction and is comprised of two parts Hhf = Hc + Ha, where Hc is
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the contact hyperfine interaction and Ha the anisotropic hyperfine interaction. Horb

describes the coupling of nuclear spin to electron orbital angular momentum, Hdd

gives the magnetic dipole-dipole coupling between the nuclear spins and HQ is the

quadrupolar interaction between nuclear spins and an electric field gradient.

When considering an electron spin in a QD the most important of these is the

contact hyperfine term. However, for a hole the p-orbital nature of the valence band

states leads to a wavefunction which is zero at the location of the nuclei, thus sup-

pressing the contact term and the hyperfine interaction is then given by the weaker

anisotropic and orbital angular momentum terms [129]. These nuclear interactions

can result in significant spin decoherence effects and large nuclear magnetic fields

which are directly controllable using optical orientation.

4.6.1 The nuclear frozen fluctuation field

The random alignment and fluctuation of nuclear spins within a QD can lead to a

small (several mT [130]) effective magnetic field Bf acting on electron spins within

the QD. The variation in this field is sufficiently slow that it can be considered

frozen on the timescale of the electron coherence (� 1µs). This frozen nuclear field

will lead to rapid precession of electron spin about the randomly oriented magnetic

field, resulting in significant decoherence of the electron spin state. In a QD ensemble

the situation is made worse by the random variation between nuclear fields in QDs,

resulting in rapid decoherence of the ensemble average spin. Since all field directions

are equiprobable the spin is averaged over all three directions Bf,x = Bf,y = Bf,z

and the polarisation quickly decays to 1
3 of its initial value [131] (see Equation 4.4).

The effects of the frozen field can be counteracted by application of a moderate

external magnetic field (> 100 mT) [131]. This can be seen (in large part) to be
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a narrowing of the angle about which the electron spin will precess by increasing

the Bz component. At higher magnetic fields (> 4 T) long spin relaxation times

(T1) reaching 1 ms have been reported [19, 18]. Decoherence may also result from

non-uniformity of the hyperfine interaction due to spatial variation of the electron

wavefunction in the QD [132]. Electron spin relaxation is also possible through a

corresponding flip of a nuclear spin state [130, 133, 134, 27, 131], but this is generally

far weaker and can be suppressed by applying an external magnetic field [131].

Several methods have been implemented or proposed to alleviate this nuclear deco-

herence source such as narrowing the nuclear spin distribution by measurement and

projection of the nuclear spin state [135, 136, 137, 138, 139] or spin echo techniques

[135, 17, 140, 141]. This has allowed an increase of the electron spin decoherence

time (T2) towards 1µs. Another possibility is to use the spin of a hole state as

the store for quantum information as it is only weakly affected by the hyperfine

interaction [142, 143, 129, 87, 126, 144, 43, 39] due to its p-type atomic wavefunc-

tion. Alternatively two exchange-coupled electron spins in two coupled QDs can be

used to produce a single qubit that is not susceptible to hyperfine decoherence [30].

However, the hyperfine interaction itself provides a mechanism for reducing decoher-

ence via nuclear spin polarisation [23, 135, 145]. Alignment of nuclear spins can be

achieved using optical pumping, resulting in a large effective magnetic field (Over-

hauser effect) which can be oriented along the growth direction, thus narrowing the

spin precession angle and calming the nuclear spin variation.
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4.6.2 The Overhauser effect

The presence of spin polarised electrons in a semiconductor, which may be in-

troduced via optical orientation3, facilitates a transfer of spin to the nuclear en-

semble via the hyperfine interaction, a phenomenon known as the Overhauser effect

[147]. In QDs this process of optical pumping of nuclear spins is known as dy-

namic nuclear polarisation (DNP) or dynamic nuclear spin polarisation (DNSP)

[148, 149, 132, 150, 136, 151, 152, 69]. DNSP can result in a large effective mag-

netic field, the Overhauser field BN , which can be of the order of several Tesla

[148, 153, 154, 152] and acts on the spin-polarised electrons (with a much smaller

effect on the holes [126, 127]). Overhauser fields are generally measured via the

energy shift of the electron Zeeman levels caused by the effective magnetic field,

resulting in a splitting of the polarised excitation lines (similar to the Zeeman ef-

fects discussed in Section 4.5.1). A small applied magnetic field also enhances the

ability to polarise the nuclear spin system by restricting precession of the nuclear

spin about the effective dipole-dipole field due to other nuclei, which occurs on a

timescale of 10−4s. This is much faster than the anticipated timescale for nuclear

polarisation by electrons, expected to be of the order of milliseconds or longer [155].

However, it has been shown that buildup of significant nuclear polarisation can be

achieved even at zero field [156, 157] due to the effect of the magnetic moment of

the polarised electron on the nuclei, resulting in an effective magnetic field Be, of

the order of mT, known as the Knight field [158].

The nuclear magnetic field can have a profound effect on the depolarisation of

electrons due to the frozen field, narrowing the spin precession angle in a similar

manner to an external magnetic field applied in the growth direction. The addition

3Recently light polarisation independent effects have also been observed arising from interactions
with dark excitons[146].
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of an external magnetic field Bz can be used to enhance this effect further and

reduce spin relaxation. However, to achieve the best possible extension to the spin

coherence time a very large nuclear polarisation is required [135]. For In(Ga)As

quantum dots the maximum reported nuclear polarisation achieved via DNP is only

around 50% [153, 159].

Spin information stored via the polarisation of nuclei in QDs also presents an

attractive candidate for a long lasting spin memory in QDs [27, 28] on the or-

der of microseconds, limited by the dipole-dipole interaction between nuclear spins.

Switching of such a nuclear spin memory by DNSP [160] and fast control using

nuclear magnetic resonance techniques have been demonstrated [161].

4.7 Charging of QDs

Spin dynamics in QDs can be significantly altered by the presence of resident carriers

which may be introduced by doping of the material surrounding the QDs or charging

via embedding in a Schottky diode structure [162, 163, 164]. For an exciton in a

QD which contains an additional electron (X− exciton) or hole (X+) the emission

energy will be altered slightly due to Coulomb effects, resulting in distinct emission

lines in the fine structure of a single QD. An important consequence of charging

the QDs is that the X+and X− states possess a full QD ground state of either

electrons or holes (one of each spin orientation). Thus the exchange interaction, as

described in Section 4.4, is cancelled out (no spin flip exchange is possible in the full

state). Thus exciton recombination from a charged QD results in circularly polarised

photons reflecting the pure spin states |±1〉 of the recombining excitons, which do

not show any fine structure splitting that would be expected for the neutral exciton

X state in QDs without rotational symmetry.
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The PL polarisation of QDs under circularly polarised excitation is considerably

affected by doping the QDs. In general p-doping enhances the polarisation due to

the cancellation of the electron-hole exchange interaction, resulting in a longer spin

lifetime [165, 166, 167, 168, 169], but also as a result of faster carrier capture and

relaxation times [168, 170, 166], and a decrease in the exciton luminescence lifetime

[171, 172, 68]. The effects of p-doping will be investigated in Chapter 5.

The situation for n-doping is quite different. The presence of excess electrons in

the QDs is seen to broadly reduce the PL polarisation, even to the point where,

under certain conditions, a significant negative circular polarisation (NCP) may be

observed [173, 174, 175, 27, 93, 157, 176, 152, 151]. NCP is commonly attributed

to electron flip-flop in an excited trion of singularly negatively charged QDs and

has been observed as a general property of n-doped QDs [177]. Chapter 9 will deal

extensively with n-doping of QDs and the phenomenon of NCP. It will be shown that

NCP is observed for samples with greater negative doping (more than one electron

per QD), nominally undoped QDs and even samples doped with small numbers

of holes. This suggests that the mechanism causing NCP may be a more general

property of QDs than previously thought, calling in to question the validity of the

traditional negative trion explanation.

4.8 Excitation power and population of excited states

This chapter has so far focussed on spin and fine structure effects which are contained

entirely within in the QD ground state (a single electron or hole, X, X+, X−, XX

etc.). However in a QD which is excited with a large number of electrons and holes,

or which has an excess population due to doping, the effects of the QD excited

states modify the spin behaviour of the QDs. Detailed consideration of the fine
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structure of QD excited states (which necessarily consist of many carriers within

the QD) is non-trivial and thus for much of this work low excitation power will be

used to minimise their effect. However, observations of some relevant excited state

spin effects will be considered, particularly in Chapter 5 where Pauli blocking effects

are shown to be important in QDs under higher excitation levels. This observation

will be expanded upon in Chapter 9.

4.9 Polarisation slope

In measurements made of the polarisation of QD ensemble states it is apparent that

the polarisation does not generally display a constant value across the ensemble.

This raises questions about the determination of exact polarisation of the QD states.

However, it will be shown that the shape of this polarisation can be used to give

an indication of the QD fine structure effects discussed in this chapter. This is a

novel and surprising observation as it may allow simple investigation of properties

with energy scales far smaller than the ensemble width. The revelations that arise

from this approach and the implications for measurement and understanding of spin

physics and fine structure effects in QDs form the foundation of this thesis and will

be covered extensively in Chapters 6 - 9.

66



5 The optical spin-filtering effect

5.1 Overview

The previous chapters have introduced the concepts important for the study of spin

relaxation in QDs. This chapter shows how, through the use of doping, the exciton

spin lifetime in QDs can be extended and how this can be used to aid investigation

of time-integrated polarisation effects in QD ensembles. Time resolved photolu-

minescence results using non-resonant polarised light show that the luminescence

lifetime is reduced by almost a factor of two due to the presence of holes while the

spin-flip lifetime is increased by a factor of five in a sample containing 10 holes per

quantum dot. This allows spin effects to be seen in steady state measurements. Un-

der continuous wave circularly polarised excitation into the bulk GaAs the degree

of optical polarisation of the ground state is found to be around 10%. However, the

polarisation of the excited state is twice this value. This effect is attributed to Pauli

blocking [82] of the injected spin population captured into the dots. This leads to a

spin-filtering effect in the QD excited states which results in emission polarisation

much higher than the overall electron polarisation. The spin-filtering effect is also

shown to persist up to room temperature. This work has been published in [169].
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5.2 Sample and experiment details

The structural and growth details of the samples were presented in Section 2.6. Un-

doped and p-doped samples with doping levels of 0, 1, 3 and 10 holes/QD are studied

here. Steady state and time resolved photoluminescence measurements were per-

formed using a Ti-sapphire laser operating in CW or pulsed mode at a wavelength

of 790 nm (corresponding to injection into the bulk GaAs). Circularly polarised

excitation was obtained using a Glan-Thompson polarising prism and quarter wave

plate. The PL was resolved into co- and cross-polarised components using a broad-

band (1000-1300 nm) quarter wave plate and near infrared linear analyser, dispersed

with a Spex 0.85 m double monochromator and detected either with a microchannel

plate with an extended S1 response or an InGaAsP photomultiplier with a response

from 950-1400 nm, using time-correlated single-photon counting techniques for the

time-resolved measurements.

5.3 Extending spin lifetime using p-doping

Photogeneration of carriers results in the creation of excitons whose spin lifetimes in

QDs are limited to a few hundreds of picoseconds due primarily to the electron-hole

exchange interaction [107, 115, 131] (see Sections 4.3 and 4.4). This is much shorter

than the typical exciton recombination time of 1 nanosecond and thus observation

of exciton spin polarisation is severely limited. However, p-doped samples exhibit

reduced electron capture and relaxation times [166, 170], reduced radiative lifetimes

[68] and enhanced exciton spin lifetimes [165, 167, 168] compared with undoped

QDs, this enhancement being attributed to suppression of the anisotropic electron-

hole exchange interaction by formation of a ground state spin singlet consisting of

one electron and two holes [115, 131] (see Section 4.7).
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Figure 5.1: Time resolved PL measured at the GS emission peak for the most
heavily doped sample (10 holes per dot) excited with σ+ light at 790 nm. The
inset shows the co- and counter polarized emission. The main part of the figure
shows the sum and difference spectra.

The inset to Figure 5.1 shows time resolved PL (TRPL) for the QD sample doped

at a level of 10 holes per dot excited using σ+ light and resolved into σ+ or σ−

components. At this excitation wavelength absorption occurs into the bulk GaAs

creating a 50% spin polarised population of excitons (as explained in Section 4.2).

Rapid spin relaxation of the holes occurs leaving a relatively small majority of spin

polarised electrons captured into the QDs. This is not evident in the TRPL traces

where the maximum signal is dependent on the integration time. Recombination of

either spin up or spin down electrons with a randomised population of holes should

not result in any difference in the PL decay time, τlum, and this is evident in the

data. Nevertheless, some electron spin flipping is anticipated prior to recombination

with a lifetime, τsf . The two spin populations are modelled using the following rate

equations:
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dN+

dt
= −N

+

τlum
− N+

τsf
+ N−

τsf
(5.1)

dN−

dt
= −N

−

τlum
− N−

τsf
+ N+

τsf
(5.2)

where N± are the initial spin up/down populations. By adding (S = N+ + N−)

and subtracting (D = N+−N−) these rate equations the spin-flip and luminescence

lifetimes can be separated according to:

S = S0e
−t
τtum (5.3)

D = D0e−t(
1

τlum
+ 2
τsf

) (5.4)

p-doping (holes/QD) 0 1 3 10
τlum 1.19 ns 1.27 ns 1.10 ns 0.70 ns
τsf - 0.62 ns 0.93 ns 3.60 ns

Table 5.1: Low temperature (12 K) luminescence and spin-flip lifetimes obtained
from TRPL measurements from samples p-doped at a level of 0, 1, 3 and 10 holes
per QD.

The time evolution of S and D are shown in Figure 5.1 for the most heavily

p-doped sample. Table 5.1 shows the values of τlum and τsf extracted for all four

samples: undoped and doped with 1, 3 and 10 holes per dot. The results show a

significant reduction in the luminescence lifetime as expected due to the resident

hole population [68]. The most striking result is the dramatic increase in the spin-
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flip lifetime to 3.6 ns for the 10 holes per dot sample; a factor of 5 greater than the

luminescence lifetime for this sample. For the samples doped with 3 holes per dot the

luminescence and spin lifetimes are similar. The increased spin-flip lifetime can be

attributed to suppression of the electron-hole exchange interaction due to the filling

of the lowest hole states, with the sample containing 3 holes per dot representing

the point where this effect becomes significant. This enhanced spin-lifetime allows

spin effects to be more easily resolved in time-integrated CW PL experiments.

5.4 Time-integrated spin polarisation

If τsf is long compared with τlum, evidence for spin polarisation should also be

present in time-integrated frequency domain spectra. Figure 5.2 shows the CW

spectra obtained for the most heavily doped sample excited using σ+ light with

the detection system measuring co-polarised (Iσ+σ+ black line) or counter-polarised

(Iσ+σ− red line) emission. Using linearly polarised excitation there is no measurable

polarisation in the emitted light (as expected). In order to account for the effect

of emission from the ground state (GS) of small QDs that is coincident with the

peak of the first excited state (X1) emission [178], the emission is also measured

under conditions of extremely low excitation to deduce the emission spectrum due

to the GS alone; this is indicated by the shaded region which in this case has been

normalised to the peak of Iσ+σ+ . By subtracting this from the spectrum the true

X1 emission can be obtained. The measured degree of optical polarisation, given

by ρ = (Iσ+σ+ − Iσ+σ−)/(Iσ+σ+ + Iσ+σ−), is deduced to be 6% for GS emission and

14% for X1 emission (without GS subtraction) at a relatively high excitation of 600

Wcm−2. The polarisation magnitude is measured at the emission peaks, as will be

shown to be important in Chapter 6. The inset shows the spectra obtained from the
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undoped sample excited with σ+ light. The difference in intensity of the σ+ and σ−

emitted light is less than 1%. This is attributed to the much shorter exciton spin

lifetime in undoped compared with p-doped QDs.
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Figure 5.2: Low temperature (12 K), high excitation power polarisation resolved
PL spectra obtained from the most heavily doped sample. The measured po-
larisation is indicated for the GS and X1 peaks. The shaded region shows the
spectral shape of the unpolarised PL obtained at very low excitation where the
X1 signal is negligible normalised to the σ+σ− spectrum. The inset shows the
high excitation power polarised data obtained from the undoped sample.

5.5 Dependence on excitation power

The relative populations of GS and X1 are dependent on the laser excitation level

and the degeneracy of the states. A higher excitation power generates more carriers

which fill the QD to a higher level. Figure 5.3 shows the results of an investigation

of the relative polarisation of the GS and X1 emission over a range of excitation
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Figure 5.3: Variation in polarisation measured for the GS and X1 emission as a
function of excitation density Φ for the most heavily doped sample (10 holes/QD).
The lines are fits to the data applying a random population model. Note the factor
of two difference in polarisation for the two optical transitions. The open circles
show the measured data ignoring the scaling of the X1 signal due to overlap with
the GS signal.

density, Φ. GS polarisation (black squares) and raw X1 polarisation (open circles)

are measured at the corresponding emission peaks and the pure X1 emission (red

circles) is calculated by measuring the raw X1 emission and subtracting the effects

of the residual GS emission (this is covered in more depth in Section 5.6.2).

For the GS, the emission polarisation ρ is 10.5% at the lowest value of Φ; this can

be taken as a measure of the residual spin polarisation of electrons captured by the

dots [170] and is indicated by the dashed line. This value of the spin polarisation

is larger than has been reported for spin injection into undoped QDs [179, 77] and

is comparable to previous reports for p-doped QDs [165, 131] (although here no
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applied magnetic field is used). The reduction from the expected initial spin po-

larisation of the photogenerated carriers (50% for bulk excitation) to the measured

spin polarisation from the QDs, over a timescale of τlum, is attributed to electron

spin relaxation during capture into the QDs and to relaxation due to the hyperfine

interaction between the electron and nuclei in the QD [131], as discussed in Chapter

4. With increasing Φ the ground state polarisation drops almost linearly to 6% for

the highest excitation power used here. It is well known that carrier capture during

relaxation from the bulk is a random process and this may have some influence on

the results. Thus, a simple statistical model, first proposed in [180], was developed

to account for the random population of the dots in the ensemble. This is covered

in more detail in Section 5.6. The full black line in Figure 5.3 is a fit to the GS

data using the random population model and is seen to give excellent agreement

with the results. To understand the deviation from the dashed line, representing

the polarisation of carriers within the QDs, we need to consider X1 emission. No X1

emission is observed for the lowest Φ, as expected. As Φ increases, emission at the

X1 peak (indicated by the open circles) is detected and the measured ρ is compar-

able with that measured for the GS. With increasing Φ, ρ increases and saturates

at a value around 14%. This value is greater than the estimated overall polarisation

of captured electrons and shows that some preferential polarisation of the excited

state is achieved. As previously explained these raw data must be scaled to take

into account the overlap with emission arising from GS emission of smaller dots.

The scaled data are shown by the full circles and indicate a factor of two increase

compared with the GS polarisation across the whole excitation range. Thus there

appears to be a clear spin filtering of polarised carriers in the QD excited states,

leading to increased X1 polarisation and correspondingly decreased GS polarisation.

Applying the random population model to the X1 data generates an excellent fit as
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indicated by the full red line. Thus, by modelling the random population of QDs and

the resulting population of individual QD states an explanation of the polarisation

effects can be achieved.

5.6 Modelling the QD population

An approach was developed to model the spin population, and hence emission po-

larisation, in the QDs in order to explain the effects observed in Section 5.5. The

model is based upon the QD random population theory proposed by Grundmann

and Bimberg [180], but considers two separate spin populations, weighted according

to the value of ρ in the limit that τlum � τsf . Therefore the average population of

each spin in all the QD states across the whole ensemble can be modelled using this

random population approach.

5.6.1 QD excitation rate

In order to consider the effects of excitation density on the filling of the QD levels

it is first necessary to estimate the carrier generation rate per QD used in the

experiment. This generation rate depends upon the laser intensity, spot size, GaAs

absorption coefficient at the laser wavelength, sample structure and QD density.

The samples are known to have a QD density ∼ 2 × 1010 cm−2 surrounded by

15nm GaAs layers and clad with 50nm AlGaAs barriers with a final 50nm GaAs

capping layer (for more details see Section 2.6). At the laser wavelength of 790 nm

the GaAs absorption coefficient α ' 9.5 × 103 cm−1[181] and the AlGaAs barriers

can be assumed transparent. The maximum laser power incident on the sample is

estimated as 300 mW, of which ∼ 30% is reflected at the sample surface, giving 210

mW, with an excitation spot size of 3.5× 10−4 cm2 (∼ 200µm diameter). Thus the
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incident laser power per unit area may be estimated as

I0 = 210× 10−3

3.5× 10−4 = 600 Wcm−2. (5.5)

Using the absorption formula

I(z) = I0e−αz (5.6)

the power deposited between the AlGaAs barriers can be estimated as

Ibulk = (I0e−α∗50nm)× (1− e−α∗30nm) ' 18Wcm−2, (5.7)

which, for a photon energy of 1.57 eV, corresponds to

Ibulk ' 7.2× 1019photons cm−2s−1. (5.8)

Given the QD density ND ' 2 × 1010cm−2 this gives IQD ' 3.6 × 109 photons

per QD per second. Giving an exciton generation rate (in units of ND/τlum) at the

highest excitation power, for a measured luminescence lifetime τlum = 700 ps, of

G ' 2.5 ( ND

τlum
). (5.9)
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Thus an excitation density of 600 Wcm−2 is estimated to result in an average

occupation of 2.5 photo-generated electrons per QD. This allows an approximate

conversion between laser power and electron generation rate which is crucial for

modelling the filling of QD levels at different laser intensities.

5.6.2 Random population model

The model considers the random population of QDs according to the model of

Grundmann and Bimberg [180], split into two separate random populations corres-

ponding to each electron spin, in the limit that the spin relaxation is much longer

than the radiative lifetime once carriers reach the QD states. All the corresponding

hole states are considered to be filled due to the p-doping of the QDs and are there-

fore neglected. The system is therefore modelled as two separate sets of discrete

electron levels, one for each spin, with maximum occupancy 1 for GS, 2 for X1 etc.

(the maximum level emission in units ND/τlum therefore equals the maximum level

occupancy). The filling of the levels is then governed by the electron generation rate

G (Equation 5.9) and the electron polarisation (ρe) given by

ρe = eσ+ − eσ−
eσ+ + eσ−

. (5.10)

The random population of QD levels for increasing excitation power and hence the

corresponding emission for the QD system (with electron polarisation determined

by fitting as detailed below) is shown in the upper part of Figure 5.4. Using the

calculated emission of each level it is possible to determine emission polarisation for

comparison with experimental data. Polarisation may be calculated simply as in

Equation 5.10. By varying the parameter ρe the spin random population model was
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then used to fit the GS polarisation data using a least squares regression technique.

The fit produced is shown in Figure 5.4 and corresponds to an injected electron

polarisation of 10.5% as discussed previously.
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Figure 5.4: Spin random population model, emission from each QD level (upper)
and corresponding polarisation (lower) as compared with experimental data from
Figure 5.3.

Whilst the GS polarisation can be accurately reproduced using the level filling

and polarisation equation described, a fit of the X1 polarisation using the same

parameters (blue dashed line in Figure 5.4) produces a poor correlation with the

experimental data. As previously shown in Figure 5.2 the GS peaks possess a high
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energy shoulder which overlaps with the X1 peak. Since the GS polarisation is lower

than the pure X1, the measured value for X1 polarisation will therefore be reduced.

This effect can be accounted for in the calculation of X1 polarisation by including

a fraction of the GS intensity overlaid with the calculated X1 values. Thus the

effective X1 polarisation is given by

ρX1 = IX1σ+ − IX1σ− + fGS(IGSσ+ − IGSσ−)
IX1σ+ + IX1σ− + fGS(IGSσ+ + IGSσ−) (5.11)

where fGS is the fraction of the full GS intensity (as calculated) which overlaps

with the X1 peak. A best fit for this parameter (using ρe as for GS) yields a GS

fraction of 18% and is shown in Figure 5.4. This correction allows a good fit to

experimental data (blue line) and supports the polarisation factor as determined for

the GS.

Interestingly the X1 polarisation exceeds the electron polarisation injected into

the QDs. This can be seen to be a manifestation of the effect of Pauli blocking

in the GS. Spin relaxation into the lower lying levels is blocked by the presence

of resident carriers. Blocking is more likely for the spin with the higher overall

population and thus results in an increasing proportion of majority carriers in X1.

This can be considered as an optical spin filter since optically injected electrons will

either occupy X1 due to Pauli blocking or fall to the GS depending on their spin.

The maximum polarisation of each level therefore depends on the degeneracy of the

state, with X1 having a maximum polarisation twice that of the injected polarisation

as there are twice the number of available states for each spin compared with the

GS. Extending the model to higher excitation suggests that the second excited state

polarisation should be increased even further (up to triple the GS polarisation) due
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to the increased degeneracy.

5.7 Temperature dependence
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Figure 5.5: Temperature dependence of GS and X1 polarisation under 377mW
excitation.

It is arguable that these measurements have been obtained under the favourable

condition of low temperature where lack of thermal escape is likely to enhance the

degree of polarisation. A study of the temperature dependence of the polarisation

at highest excitation power is shown in Figure 5.5. It can be seen that while the

overall polarisation decreases with temperature, a measurable GS polarisation and

larger X1 polarisation persist over the whole temperature range. Some decrease in

the polarisation might be anticipated due to an increase in the bulk spin relaxation

mechanisms as the temperature is increased and hence a corresponding reduction in
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the effective spin polarisation injected into the QDs. An interesting feature to the

temperature dependence is that the polarisation increases slightly between 80K and

150K. This could be due to changes in carrier capture rate, luminescence lifetime or

thermal spreading and carrier escape within the system which generally occur within

this temperature region [182, 183] and could form the basis of future investigation.

5.8 Summary

The difference between GS and X1 polarisation seen in Figures 5.3 and 5.4 is at-

tributed to the effects of Pauli blocking [82]; under circularly polarised excitation a

majority spin polarisation is generated indicated by the dashed line in Figure 5.3.

Since the GS is two-fold degenerate the exclusion principle forbids spin-conserving

relaxation from X1. Consequently X1 retains more of the majority spin carriers than

GS. The p-doped dot therefore acts as a spin-filter offering polarisations around 20%

(16%) at the X1 emission energy under low (high) excitation, for an optically in-

jected polarisation of half this value. A study of the temperature dependence of

these experiments shows that a temperature of 300 K halves the value of ρ, but

the measured value of 7% is nevertheless substantial. An improvement in this value

would be expected for resonant excitation into a dot level or the wetting layer (WL)

(raising the value of the dashed line in Figure 5.3), as explained in Section 4.2.3.

An example of this can be seen in Figure 6.1 in the next chapter.

This work shows that non-resonant optical excitation into p-doped QDs results

in a spin polarisation far greater than for undoped QDs due to a cancellation of the

electron-hole exchange interaction. This shows how doping of QDs can be used as

a tool for the investigation of QD spin properties and how variation in polarisation

between QD states in conditions of high excitation power can be attributed to spin
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effects within the QDs. These observations aid in the measurement and understand-

ing of QD spin polarisation effects and will be used in the following chapters where

the focus will turn to understanding the information that may be contained in the

shape of the polarisation spectrum across a QD ensemble.
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6 Polarisation slope and the

ensemble splitting technique

6.1 Overview

The previous chapter showed how the magnitude of QD PL emission polarisation

can be used to probe spin physics in QD ensembles. This chapter investigates how

the shape of the emission polarisation spectrum of QD ensembles may reveal ad-

ditional information about spin behaviour in QDs. In particular, a linear slope is

observed in the emission polarisation across the QD ensemble ground state under

low power circularly polarised excitation. This behaviour is observed for all QD

samples measured but has not been commented upon in other studies of QD en-

semble polarisation, even though it is apparent in some published data [131]. This

chapter will investigate the possible origins of this slope and argue that it is consist-

ent with a splitting between the spin states of QDs in the ensemble and that this

offers a new a technique for the measurement of spin and structural properties of

QDs. The ensemble splitting technique that is developed allows measurement of po-

larisation splittings using QD ensembles where the splitting may be far smaller than

the ensemble width and therefore makes it possible to access important information

previously only resolvable in measurements made on single QDs.
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Chapter 6 Polarisation slope and the ensemble splitting technique

6.2 Polarisation slope under polarised excitation

6.2.1 Circularly polarised excitation
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Figure 6.1: Low temperature (10 K) PL spectra of a QD ensemble p-doped at a
level of 10 holes/QD resolved into circularly polarised components (black, red) and
the corresponding polarisation spectrum (blue). CP excitation resonant with the
wetting layer (WL) heavy hole state is used. A slope in polarisation is observed
across the QD ground state which corresponds to an equivalent splitting between
polarisation states of 1.3 meV. Polarisation and slope are effectively doubled in
comparison with excitation into bulk states.

It has been shown in Chapters 4 and 5 that the magnitude of QD emission po-

larisation correlates with the spin polarisation of carriers within the QDs. The be-

haviour of this polarisation magnitude (usually measured at the ensemble emission

peak) has been used extensively to investigate spin phenomena in QD ensembles,

see [131, 157, 152, 151, 173, 177] for examples. However, the information which may

be contained within the shape of the polarisation spectrum of an individual QD
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Figure 6.2: Low temperature (10 K) PL spectra of a QD ensemble p-doped at a
level of 10 holes/QD resolved into circularly polarised components (black, red)
and corresponding polarisation spectrum (blue). CP excitation into bulk GaAs
is used. A slope in polarisation is observed across the QD ground state which
would correspond to an equivalent splitting between polarisation states of 0.6
meV. Polarisation and slope are reduced compared with resonant excitation due
to reduced spin injection.

ensemble state has so far not been discussed.

Figures 6.1 & 6.2 show photoluminescence spectra obtained from the same p-

doped (10 holes/QD) ensemble under circularly polarised (CP) excitation at two

different excitation energies. The emission is resolved into CP emission components

from which the resulting polarisation spectra (blue) are calculated (using Equa-

tion 3.1 on page 44). The degree of polarisation injected into QDs depends on the

energy of the excitation (as shown in Section 4.2.3). Excitation resonant with the

wetting layer (WL) heavy hole state (Figure 6.1) results in an emission polarisation

roughly double that for excitation into the bulk GaAs (Figure 6.2). However, an im-

portant feature that is observed in both spectra is a clear slope in polarisation across
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the QD ground state, with polarisation decreasing linearly from high to low as the

emission energy decreases. A polarisation slope of this kind has been observed in all

QD ensemble samples that have been studied under CP excitation during this work

(a selection of these are shown throughout this thesis). Section 6.4 will show that

the gradient of the polarisation slope can be quantified using the metric of an equi-

valent energy splitting (∆) between two Gaussians corresponding to each emission

polarisation. It can be seen that the gradient is greater when the spin polarisation

is higher; indeed ∆ appears to double for spin injection into the WL. This strong

correlation between injected polarisation and the degree of the polarisation slope

suggests that this observed slope is due to either:

• a static effect which is revealed by polarisation. For example, a preferential

distribution of spin amongst different QDs (inhomogeneous) or between states

in every individual QD (homogeneous)

• a dynamic effect which is strongly linked to the polarisation. For example, a

splitting between QD spin states (homogeneous) which is created or enhanced

by the presence of spin polarised carriers.

Understanding the possible origins of this slope in the polarisation across a QD

ensemble GS will form the basis of the remainder of this chapter.

6.2.2 Linearly polarised excitation

To confirm the that the slope results from the injection of spin into the QD ensemble

Figure 6.3 shows the circular polarisation spectrum obtained from the same QD en-

semble under linearly polarised excitation. There is no overall emission polarisation,

as is expected given that under linearly polarised excitation there is no net spin in-

jection. The absence of any polarisation slope shows that the effect cannot arise
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Figure 6.3: Low temperature (10 K) circular polarisation spectrum (blue) of a QD
ensemble, doped at a level of 10 holes/QD, under linearly polarised excitation.
No overall emission polarisation or polarisation slope is observed.

from, for example, a static splitting between QD states (or indeed a polarisation

offset in the detection system), but correlates with the polarisation of excitation.

6.3 Ensemble homogeneity

To consider an apparent variation of polarisation across an ensemble state it is ne-

cessary to determine if the behaviour may be due to an inhomogeneous effect, where

different dots in the ensemble display different spin characteristics. Alternatively a

homogeneous effect, where all dots display the same behaviour, may be responsible.

A homogeneous splitting of spin states will be explored in Section 6.4.
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6.3.1 QD ensembles (a brief recap)

The typical areal QD density of the samples studied in this work is ∼ 2 × 1010

QDs/cm2. This means that a typical PL experiment, even with a fairly small excit-

ation spot, will excite a large number of QDs. For example, an excitation spot of

diameter 40µm would excite around 106 QDs at this density1. Typical experiments

may excite a far larger number of QDs. Since QD formation results from a stochastic

process there is a distribution of sizes and compositions of QDs within an ensemble.

The energy levels of each QD are determined by these properties and whilst each

individual QD will display sharp emission lines for every confined state, emission for

a large number of QDs is inhomogeneously broadened due to the distribution of QD

energies. Thus the emission from a QD ensemble typically displays a Gaussian-like

distribution of QD energies with each state (ground state, first excited state etc.)

having a full width half maximum (FWHM) ∼ 30 meV for the samples studied

here. This inhomogeneous broadening defines the shape of QD ensemble photolu-

minescence emission spectrum. Thus, where changes in the shape of the emission

polarisation are apparent, it is important to consider if these may also be due to the

inhomogeneity of the QD ensemble.

6.3.2 Polarisation slope due to QD ensemble inhomogeneity

The main factors affecting emission from individual QDs in an ensemble arise from

differences in QD size and composition. Therefore the effect of size and composition

on the factors that determine the polarisation of the photoluminescence should be

considered. In general the emission polarisation of QDs is affected by:

• Spin injection and capture efficiency

1More if the diffusion of carriers outside of the excitation spot area is considered.
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6.3 Ensemble homogeneity

• Spin relaxation mechanisms within the QDs

• Luminescence lifetime

For carriers injected into the WL or bulk GaAs the major limiting factor in spin

injection efficiency is spin relaxation before capture into the QDs. Thus it is expected

that if the capture rate is the same between different QDs then the injected spin

should be broadly the same for all QDs. Any significant variations in capture rate,

which might affect spin injection, should be evident in the luminescence lifetime.

Spin relaxation within the QDs can also produce significant variations in emission

polarisation between different QDs, as described in Chapter 5 for QDs of different

doping levels. However, amongst QDs of the same ensemble a significant variation

in doping level of QDs, that is dependent on QD size, is not expected. Thus, the

primary exciton spin relaxation mechanism seen for the same samples in Chapter

5, the electron-hole exchange interaction, should be broadly the same in all the

QDs of the ensemble. Other prominent spin relaxation mechanisms within the QDs

(see Chapter 4), such as interaction with QD nuclei [23, 24, 25, 26, 17], should also

display little significant variation in strength between QDs as structurally similar

as those within the same ensemble. Bigger QD may possess more nuclei but within

the same ensemble the variation is small.

An increase in luminescence lifetime would allow significantly more relaxation of

spin within the QDs (more time to relax). A change in luminescence lifetime ex-

plains a similar slope in polarisation which is observed across emission from quantum

wells [184]. In QWs, higher energy excitons have a much shorter lifetime due to the

additional relaxation channel to the lower lying states and thus a higher emission

polarisation is observed. This is not the case for the QD ensemble ground state

emission where no such additional relaxation channel between QDs of different en-

ergies is present. Nevertheless, any changes in luminescence lifetime could have a
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significant effect on the emission polarisation. For example, a very short lifetime

has been shown to facilitate the generation of strong optical polarisation in QDs at

room temperature [185].
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Figure 6.4: Luminescence lifetimes, deduced from TRPL measurements, across a
QD ensemble compared with the observed polarisation slope. The ensemble is
p-doped at a level of 10 holes/QD and excitation is into the bulk GaAs.

The variation in luminescence lifetime across a QD ensemble is displayed in Figure

6.4. There is a reduction in lifetime and increase in polarisation at higher energies

due to an increased contribution from excited states, which have a shorter lifetime

[178]. There is also a reduction in lifetime in the low energy tail of the QD en-

semble emission [178], which may explain the slight increase in polarisation seen

for these energies (this region of the spectrum will be considered further in Section

6.5.2). However, across the majority of the QD GS there is little change in lumines-

cence lifetime, indeed there is a slight decrease in lifetime towards lower energies, in

contradiction to the decrease in polarisation observed. Therefore, the polarisation
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6.4 Polarisation slope due to a homogeneous splitting of QD spin states

gradient across the QD ground state cannot be ascribed to increased relaxation due

to changes in luminescence lifetime across the QD ensemble.

Perhaps the strongest argument against increased spin relaxation in bigger QDs

being responsible for the decrease in spin polarisation seen towards the lower energy

side of the QD ensemble is the development of negative circular polarisation that

is observed in QDs beginning at the low end of the polarisation slope (if relaxation

was responsible then the minimum polarisation should be 0%). Discussion of this

phenomenon will be reserved until Chapter 9.

For these reasons an inhomogeneous origin to the polarisation slope behaviour

observed in QD ensembles is unlikely. Therefore homogeneous effects, which affect

every QD in the ensemble in the same manner, should be considered.

6.4 Polarisation slope due to a homogeneous splitting

of QD spin states

A potential mechanism for the generation of a slope in the PL polarisation across

a QD ensemble is a splitting between spin states for each QD in the ensemble,

resulting in an average splitting between ensemble polarisation components. The

possible physical origins of such a splitting will be discussed in Section 6.7. However,

a simple example of a mechanism which would cause such a splitting is the Zeeman

effect (as explained in Section 4.5.1) where neutral exciton lines are split by an

external magnetic field into a doublet with lines of opposite circular polarisation.

Such a situation will be demonstrated for QD ensembles in Chapter 7. By resolving

the QD ensemble emission in the circular polarisation basis emission from differently

polarised spin states can be selected. This yields two emission spectra (one for each
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polarisation) split by the energy difference between the spin states. Such a splitting

would produce a polarisation spectrum displaying a clear dependence on emission

energy.
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Figure 6.5: Gaussian fit (black) to a typical QD ensemble photoluminescence spec-
trum (thick grey). A second Gaussian curve is simulated (red) to represent emis-
sion from counter-polarised states with an energy splitting ∆ = 1 meV and overall
polarisation ρA = 20%. The resulting polarisation spectrum (blue) displays a
linear slope across the QD ensemble.

A typical photoluminescence spectrum of a QD ensemble can be approximated

using a Gaussian form G given by:

G(E) = AGe−[ (E−Ec)
Γ ]2 , (6.1)

where AG is the amplitude, Ec the Gaussian centre and the FWHM = 2
√

ln 2× Γ.

This is shown as the black line in Figure 6.5. If a small energy splitting ∆ exists
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6.4 Polarisation slope due to a homogeneous splitting of QD spin states

between differently circularly polarised (CP) emission lines of individual QDs, the

ensemble emission will now consist of two counter polarised Gaussian distributions:

Gσ+ and Gσ−, which are split by an amount corresponding to the average splitting

across all the QDs of the ensemble. In the more general case there may also be an

overall net circular polarisation

ρA = (Aσ+ − Aσ−)
(Aσ+ + Aσ−) , (6.2)

which may, for example, arise from optical injection of spin polarised carriers.

This is simulated in Figure 6.5, where the red and black curves represent the σ−

and σ+ emission, with a splitting ∆ = 1 meV and polarisation ρA = 20%. The

emission polarisation spectrum

ρ (E ′) = (Gσ+ −Gσ−)
(Gσ+ +Gσ−) , (6.3)

is then given by:

ρ (E ′) = Ae
−(E′−∆/2)2

Γ2 − e
−(E′+∆/2)2

Γ2

Ae
−(E′−∆/2)2

Γ2 + e
−(E′+∆/2)2

Γ2

, (6.4)

where E ′ = E − E0, E0 is the midpoint between the peaks and A = Aσ+/Aσ− ,
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this reduces to

Ae
E′∆
Γ2 − e

−E′∆
Γ2

Ae
E′∆
Γ2 + e

−E′∆
Γ2

= elnAe
E′∆
Γ2 − e

−E′∆
Γ2

elnAe
E′∆
Γ2 + e

−E′∆
Γ2

= e
E′∆
Γ2 + lnA

2 − e
−E′∆

Γ2 −
lnA

2

e
E′∆
Γ2 + lnA

2 + e
−E′∆

Γ2 −
lnA

2
= tanh

(
E ′∆
Γ2 + lnA

2

)
.

(6.5)

At small values (around the centre of the spitting, for small ∆) this becomes

tanh
(
E ′∆
Γ2 + lnA

2

)
=

tanh E′∆
Γ2 + tanh lnA

2
tanh E′∆

Γ2 tanh lnA
2 + 1

= lim
E∆→0

E ′∆
Γ2 + tanh lnA

2 , (6.6)

which reduces to

ρ (E ′) ' E ′∆
Γ2 + ρA. (6.7)

Thus, a QD ensemble with a Gaussian emission profile and a small energy splitting

between spin states will exhibit a linear slope ∆/Γ2 in the polarisation spectrum,

offset from zero at the centre by the overall circular polarisation ρA. This can be

seen as the full blue line in Figure 6.5.

6.4.1 The ensemble splitting technique

The analysis shown above, culminating in Equation 6.7, represents a simple yet

powerful technique for resolving spin splitting (∆) and overall polarisation mag-

nitude (ρA) in QD ensembles using a simple linear fit to the polarisation spectrum.
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The resulting resolution of ∆ can be greatly exceed the ensemble width and is lim-

ited by the PL signal to noise rather than spectral resolution2. Due to the Γ2 factor

in the polarisation slope the technique favours QD ensembles with a narrow, well

defined FWHM. This also shows that to measure an overall polarisation magnitude,

which may be unclear due to the significant variation in polarisation across a QD

ensemble, the correct place to measure ρA is at the emission peak, as was done in

Chapter 5. Use of this technique may allow many important spin parameters to be

investigated in QD ensembles as will be shown in later chapters.

Using this ensemble splitting technique to fit the optically induced polarisation

slope across the ensemble GS, for a range of different QD ensembles, yields equivalent

splittings of 0-2 meV (e.g. Figures 6.1 & 6.2), compared with an ensemble FWHM

of ∼30 meV. A shift to lower energy of the emission counter-polarised to that of

the excitation and a shift to higher energy of the co-polarised emission is observed

in each case, as deduced from the slope direction. Regardless of the origin of this

polarisation slope the ensemble splitting technique provides an effective quantitative

measurement of its magnitude.

6.5 Deviation from the Gaussian form

It is clear in all of the data presented so far that whilst a slope of the polarisation with

constant gradient exists across at least part of the ensemble GS there are areas where

the polarisation deviates from this constant gradient. This would not be expected

for the case of pure Gaussian distributions split by a small amount (Figure 6.5) but

can be explained by analysing features of the real QD spectra where deviation from
2The measured value of the FWHM also strongly affects the measured ∆. However, most meas-
urements are concerned with how ∆ changes under experimental conditions where the FWHM
is expected to remain constant (as it is largely determined by the QD structure). Thus, differ-
ences between ∆ values can be measured with surprisingly high precision.
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a pure Gaussian-like distribution is possible.

6.5.1 Ground state high energy emission

It was shown in Chapter 5 that emission from a QD ensemble may differ significantly

from an ideal Gaussian on the high energy side due to a sub-population of smaller

QDs which skew the distribution [178]. The non-Gaussian areas of the ensemble

emission will therefore display different polarisation characteristics under splitting

(the effect of this will be investigated in Section 6.6).

6.5.2 Low energy tail

It can be seen from time-resolved photoluminescence measurements (Figure 6.4)

that the low energy side of the ensemble emission contains states with a shorter

lifetime than the remainder of the ground state. This could explain the different

polarisation characteristics observed on the low energy side of the Gaussian peak

since these states will reflect the polarisation of the injected carriers more than the

adjacent states of longer lifetime (there is less time for spin relaxation). This can

result in a large contrast between the low polarisation at the end of the slope and

the higher polarisation of the low energy states. This is particularly evident when

negative circular polarisation is observed and can result in a pronounced change in

the polarisation shape (as will be discussed in Chapter 9).

These low energy states appear to become more pronounced at higher excitation

powers (as will also be shown in Chapter 9) and may account for an increase in

ensemble FWHM which is seen in the high power regime [178]. Resolving emission

into CP components shows that there is also an appreciable difference in FHWM

between the circular polarisation components at high excitation powers. This is
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not the case at the lower excitation power used for the majority of this work. At

higher powers the co-polarised emission tends towards a larger FWHM than emis-

sion counter-polarised to the excitation, reflecting the greater emission from the

co-polarised states at low energy.

These low energy states with high polarisation may result from the presence of

polarised multi-excitonic complexes that develop at higher excitation powers. It

is expected that the co-polarised emission from such multi-exciton states may be

redshifted by several meV due to intershell exchange interactions [186, 187]. This has

been used to explain similar regions of higher polarisation observed on the low energy

side of QD states in emission from spin-LEDs [188]. This multi-exciton explanation

is consistent with the short lifetime and strong excitation power dependence observed

for these states.

In order to mitigate the effects of the ensemble low energy tail when measuring

the polarisation slope the excitation power must be kept sufficiently low to observe

solely GS emission.

6.5.3 Excited states

It was shown in Chapter 5 that QD excited states generally display a higher degree

of polarisation than the ground state due to Pauli blocking of majority spin carri-

ers. This results in a higher emission polarisation in the region of the PL emission

spectrum around the first excited state (X1). Therefore, when excited states are

visible, there will be an increase in polarisation with emission energy as the emis-

sion changes from GS to X1, resulting in a slope in the polarisation. The situation

is complicated by the appearance in X1 of a separate polarisation slope (which may

be due to spin splitting) across the state. This results in a slight dip in polarisation
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due to the crossing points of the two Gaussian curves corresponding to individually

split GS and X1 states. Examples of this behaviour can be seen in higher excitation

PL spectra such as Figure 7.4 in Chapter 7 and Figure 9.4 in Chapter 9. To avoid

the complications arising from the QD excited states the excitation power is kept

to a level where emission is almost entirely from the QD ground states.

6.6 Modelling real QD ensemble polarisation

It was shown in Section 6.4 that QD ensemble emission following a Gaussian dis-

tribution with two energetically split polarisation components will lead to a po-

larisation slope across the QD ensemble. This simple observation can be used to

reproduce many of the features of the polarisation of real QD ensembles. However,

the deviation of the QD emission from the Gaussian form can be significant leading

to changes in this polarisation behaviour. Thus it is necessary to explore the real

QD emission spectra in more detail in order to correctly deduce the effects of a

polarisation splitting and compare with the observed behaviour.

6.6.1 Profiling ensemble emission

Figure 6.6 shows the same example PL emission for a QD ensemble under low excit-

ation power (thick grey) as seen in Figure 6.5. The excitation power is sufficiently

low that the excited state population of the QDs is minimal. Therefore, the shape

of the emission can be ascribed purely to the inhomogeneously distributed ground

state energies of the QD ensemble. It is clear from Figure 6.6 that whilst a Gaussian

approximation (black line) may be valid for the low energy side of the emission peak

there is a significant deviation from this on the higher energy side.
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Figure 6.6: PL spectrum obtained from a typical QD ensemble (thick grey). Low
power excitation ensures emission is almost entirely from QD ground states. A
non-uniform energy distribution is seen but there is a clear Gaussian-like region.
Fits to this data are shown (black) using a Gaussian (solid) and a Gauss-Lorentz
sum fit (dashed), which better approximates the data over the full range. Using
these fits simulated spectra are produced (red), shifted by 1 meV and scaled to
produce a 20% net overall polarisation. The resulting polarisation spectra (blue)
show an identical polarisation slope across the Gaussian-like region.

The deviation from the Gaussian-like emission shape may explain the change in

the polarisation slope from the pure linear form to the form seen in the emission

of real QD samples. In order to consider the effect the emission shape may have

on the polarisation profile it is necessary to explore distributions which may better

fit the observed emission than the simple Gaussian approximation. Nevertheless,

it should be noted that in all QD ensembles studied there is a significant portion

of the emission spectrum which can be reproduced using a Gaussian form. Thus

by confining analysis to this spectral region equivalent splitting information can be

deduced using a linear fit.
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6.6.1.1 Asymmetric Gauss-Lorentz sum distribution

A more accurate approximation to the shape of the emission of the QD ensembles

studied can be achieved using a combination of Gaussian (G) and Lorentzian (L)

distributions given by:

G(E) = exp
− ln 2

[
(E − Ec)

β

]2
 (6.8)

L(E) =
1 +

[
(E − Ec)

β

]2

−1

(6.9)

which are completely characterised by the peak position Ec and β, where β is 1/2

of the full width at half maximum. Asymmetry may be introduced into these distri-

butions by substituting the parameter β with β+α (E − Ec) , where α characterises

the asymmetry. The weighted sum of these distributions gives:

f(E) = AMv

1 +
[

E − Ec
β + α (E − Ec)

]2

−1

+A(1−Mv) exp
− ln 2

[
E − Ec

β + α (E − Ec)

]2
 ,

(6.10)

where in addition to Ec, β and α; A is the peak amplitude and Mv the Gaussian-

Lorentzian mixing ratio. A fit to the PL emission spectrum using this distribution

is shown as the black dashed line in Figure 6.6. This fit is chosen purely empirically

to reproduce as much of the emission form as possible and no physical significance

is attributed to the distribution.
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6.6 Modelling real QD ensemble polarisation

Figure 6.6 shows that a good qualitative fit can be achieved using this profile.

There are some minor differences between the observed emission and the fit, par-

ticularly in the low energy tail, but overall the profile gives a good representation

of the QD emission. Using the parameters of the PL fit a second distribution can

be modelled (red dashed line), where there is a splitting between the spin states

∆ = (Eσ+ − Eσ−) and overall polarisation ρA = (Aσ+ − Aσ−) / (Aσ+ + Aσ−). Fig-

ure 6.6 shows the resulting polarisation (blue dashed line) with ∆ = 1 meV and

ρA = 20%. The form of this polarisation spectrum is much closer to those observed

from PL data (compare with Figures 6.1 & 6.2) and shows that a splitting between

ensemble emission polarisation components can explain the observed polarisation

spectra. For comparison, the polarisation obtained using pure Gaussian distribu-

tions with the same ∆ and ρA is also shown. It can be seen that the linear slope

of the the Gaussian profile is reproduced by the G-L sum distribution where the

emission is most Gaussian-like (on the lower energy side of the peak). This shows

that a linear approximation to the polarisation spectrum in this region can be used

to quantify the equivalent splitting for real polarisation data.

6.6.2 Verification by shifting of PL emission data

Perhaps the best approximation to the QD ensemble emission profile may be ob-

tained by using raw emission data, where the approximation is no longer limited by

the accuracy of a fit to the data but by the experimental signal to noise. Figure

6.7 shows ensemble PL spectra where the raw emission data is interpolated to allow

an arbitrary shift of the spectrum and recalculation of the resulting polarisation.

By shifting the spectra relative to each other by an energy determined from the

gradient of the polarisation slope, a polarisation spectrum is produced which has an

approximately flat profile across the QD ensemble ground state. This supports the
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Figure 6.7: PL emission spectra of a p-doped QD ensemble (10 holes/QD) where
spectra have been interpolated and manually shifted by 1.27 meV resulting in the
polarisation spectrum shown by the blue line. For comparison the raw polarisation
is also shown (cyan). The manually shifted polarisation is broadly flat across the
ensemble ground state showing that the polarisation slope may be attributed to
a splitting between spin states.

idea that the polarisation slope arises from a splitting between emission energies of

different spin polarisations. A polarisation slope is still observed in the region of the

excited state; this is expected as the polarisation of the excited state is generally

higher than that of the ground state due to Pauli blocking effects (Chapter 5) and

therefore the polarisation will increase as the X1 emission contribution increases.

6.7 Possible physical origins of the polarisation slope

This chapter has described the possible mechanisms which would result in the gen-

eration of a linear gradient in the polarisation spectrum across the GS of a QD

ensemble. So far, little consideration has been given to the physical origin of this
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slope. The potential mechanisms are:

Inhomogeneous A significant change in QD properties for QDs of different energies,

resulting in a change in polarisation. Such a mechanism is unlikely for reasons

outlined in Section 6.3.2.

Homogeneous An effect which causes a splitting between spin states in each in-

dividual QD, as discussed in Sections 6.4-6.6. This could take the form of

either a dynamic effect which is caused by the spin polarised excitation or a

fixed distribution of spin states within a QD which is revealed by analysing

the polarisation of the emission under circularly polarised excitation. The key

distinction in this case is to determine if the splitting or slope can be altered

independently of the overall polarisation (i.e. a separate effect that is linked

to or caused by the polarisation of the excitation), or if the slope is merely a

manifestation of the polarisation magnitude which reveals an underlying static

feature of the QD fine structure.

Consideration should therefore be given to homogeneous splittings which could arise

from either fixed or dynamic effects.

6.7.1 Fixed polarisation splitting effects in QDs

6.7.1.1 Polarisation distribution of charged states within a QD

It has been reported in single charge tunable QDs [189, 190] that states corres-

ponding to charge complexes in QDs (particularly negatively charged states) may

display negative circular polarisation, this may be seen to be a consequence of the

hole (electron) spin limited nature of recombination with a resident electron (hole).

Such charged exciton states will occur at different energies to uncharged or oppos-

itely charged exciton states due largely to Coulombic effects. It can be seen from
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Chapter 6 Polarisation slope and the ensemble splitting technique

data shown in reference [189] that the states emitting negatively circularly polarised

light tend to emit at lower energy than the positively polarised states. If such a

situation were to exist in all QDs in an ensemble, and the ensemble contained a

distribution of QDs having different charge states, then it would be possible that

the inbuilt splitting between the negatively polarised states at lower energy and pos-

itively polarised states at higher energy could be revealed, resulting in a polarisation

slope. Alternatively, through the generation of spin polarised dark excitons in the

QDs, states exhibiting a polarisation splitting (e.g. X+ and X−) could be revealed

via recombination with unpaired carriers [190]. The influence of the presence of dark

excitons has been shown to be important to the PL polarisation of QD ensembles

[191]. However, a distribution of QDs containing different charges or dark excitons

is unlikely to occur in the same manner in both heavily p-doped QDs and undoped

QDs, both of which display a slope under polarised excitation. In addition such an

inbuilt distribution of spin states should also be revealed under linearly polarised

excitation, which is not observed.

6.7.1.2 Intershell exchange splitting

It has been predicted that the emission lines of polarised multi-exciton complexes

in QDs may display a complex energy structure, with co-polarised emission lines

exhibiting a significant redshift due to electron-hole exchange between, for example,

s and p-shell polarised electrons and holes [186, 187]. Observation of polarisation

variation across a QD spin LED (electroluminescence with spin injection via ferro-

magnetic contact) has been attributed to this effect [188]. However, the polarisation

of the redshifted lines is opposite to polarisation slope effect observed here and thus

does not adequately explain the effect.
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6.7 Physical origins of the polarisation slope

6.7.1.3 Predominant NCP in biexciton emission

A fixed energy splitting exists between the QD GS single exciton and biexciton

recombination. If it were possible for the biexciton to have a preferential recom-

bination polarisation different to the exciton under polarised excitation then this

splitting could be revealed as a slope in the polarisation. The exciton-biexciton

splitting lies within the meV range that has been observed and visibility of this

splitting would be enhanced by a greater biexciton contribution, thus supporting

the power dependence data described in Section 9.4. However, no such preferential

polarisation of biexcitons has been reported and no physical mechanism which might

result in such an effect is known to exist.

6.7.2 Dynamic polarisation splitting effects

6.7.2.1 Zeeman splitting caused by alignment of nuclei within a QD

Dynamic nuclear spin polarisation (DNSP) induced by excitation with polarised

light has been widely reported in QDs [23, 24, 25, 26, 17, 154]. The alignment

of QD nuclei with the spin of injected carriers results in a effective magnetic field

(Overhauser field) on electrons within the QD via the hyperfine interaction (see

Section 4.6). The Overhauser field Zeeman splits the QD levels according to their

spin orientation (and therefore emission polarisation), with an effective field which

could be as large as several Tesla [152]. The resulting Zeeman-like splitting could

potentially lie in the meV range with the negatively polarised state shifted to lower

energy, as is observed. The dependence of the DNSP on the injected polarisation

and number of polarised carriers is clear (more polarised carriers allows more nuclear

polarisation) and this supports all of the data presented so far.

This dynamic, homogeneous polarisation splitting represents the best candidate
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for an explanation of the physical origin of the polarisation slope. In order to test

this the following chapter will investigate the effect of Zeeman splitting by applying

an external magnetic under unpolarised excitation.

6.8 Summary

This chapter has shown that a slope in the emission polarisation exists across the

ground state of QD ensemble photoluminescence using circularly polarised excita-

tion. The polarisation slope can be attributed to a splitting between spin states of

QDs within the ensemble and this allows the development of a technique for the

measurement of spin splittings in QD ensembles with resolution far greater than the

ensemble width. This polarisation splitting could arise from dynamic polarisation of

nuclei within a QD, resulting in an effective Zeeman splitting of the QD states. In

the following chapters the association of the polarisation slope with a spin splitting

will be tested, allowing the ensemble splitting technique introduced in this chapter

to be developed into a general tool for the measurement of QD fine structure. This

will be used to investigate in more depth the origins of this polarisation splitting

and the potential ramifications for the understanding of spin physics in QDs.
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7 Spin splitting in an external

magnetic field

7.1 Overview

In the previous chapter the linear slope in the polarisation spectrum of a QD en-

semble observed under circularly polarised excitation was associated with an energy

splitting of the confined states of the QDs. Although the origin of this splitting has

been tentatively assigned to the presence of an effective magnetic field caused by

dynamic nuclear spin polarisation (DNSP), further evidence linking the polarisation

slope to spin splitting is necessary. To this end, this chapter will employ an external

magnetic field to Zeeman split the spin states of the QD ensemble under linearly

polarised excitation and measure the resulting polarisation slope. Not only does

this confirm the association but it also reveals how the ensemble splitting technique

outlined in Section 6.4 can be used to resolve sub-meV spin splittings in QD en-

sembles. The technique is then employed to probe the QD fine structure, allowing

measurement of g-factors and fine structure splittings in QD ensembles.

The behaviour of the optically induced polarisation splitting under applied mag-

netic field is also investigated. The sense of the splitting is shown to be purely

determined by the polarisation of optically injected carriers but strongly enhanced
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by a comparatively small magnetic field in the growth direction. This is consistent

with published studies of DNSP effects. However, a strong spin splitting effect is

measured in these samples that appears larger than any previous studies of DNSP.

This shows that potentially new QD spin physics can be revealed using the ensemble

splitting technique developed in this work.

7.2 Experimental Setup

The samples were mounted in a helium flow cryostat and maintained at a temper-

ature of ∼ 10 K. The cryostat contains a superconducting coil allowing application

of magnetic field in the Faraday geometry (parallel to growth direction) from -5

to +5 T. The restricted optical access of the magneto-optic cryostat necessitated

the use of microscopy techniques with coaxial excitation and detection paths. A

microscope objective lens was used to focus excitation and collect the luminescence.

A dichroic longpass mirror, chosen to transmit the QD luminescence, was used to

introduce the excitation beam and minimise collection of laser light reflected from

the sample. A shallow insertion angle (mirror face close to perpendicular, < 20◦ to

the optical path) was necessary to preserve the polarisation characteristics of the

collected luminescence.

Polarisation was resolved using a Stokes polarimetry techniques and detected

using a spectrograph with an InGaAs CCD array detector. The Stokes polarimeter

functions by rotating a quarter wave plate relative to a fixed linear polariser to

allow collection of PL with different polarisation states. The Stokes parameters

and thus the full polarisation characteristics of the light can then be deduced from

the variation in PL intensity at different waveplate angles. This has advantages

over the simpler CP resolving technique described in Section 3.5, which was used
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in previous experiments, since information related to the linear polarisation state of

the light is also produced. The automation of the polarimeter combined with the

use of CCD detection also facilitates a simpler and faster measurement. Excitation

light was polarised using a linear polariser and LCD waveplate. By adjusting the

LCD voltage the waveplate can be set to produce half or quarter-wave retardance

allowing switching between LP or CP excitation without altering the optical system.

7.3 Zeeman splitting of a QD ensemble under linearly

polarised excitation

A QD placed in a magnetic field aligned parallel to the growth direction and spin

quantisation axis (Faraday geometry) will experience a Zeeman splitting of the elec-

tron and hole energy levels due to interaction of carrier spin with the magnetic

field (see Section 4.5.1 for a more detailed discussion). The Zeeman splitting of the

counter-polarised bright excitons, in a single QD is

4Z = gX,zµBBz, (7.1)

where gX,z is the bright exciton g-factor (ge,z + gh,z). For an ensemble of QDs with

average g-factor g∗X,z the Zeeman splitting will lead to a slope in the polarisation

with a gradient determined by the splitting and hence by the magnetic field strength.

Figure 7.1 shows PL polarisation spectra of a QD ensemble using linearly polarised

excitation and subjected to applied magnetic fields of +5 and -5 T, the spectrum

obtained without a magnetic field is also shown for comparison. As expected a

polarisation slope is visible across the ensemble GS under magnetic field, which is

absent when the field is removed. The direction of the slope correlates with the
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Figure 7.1: Polarisation spectra of an undoped QD ensemble under applied mag-
netic fields of -5, 0 & +5 T in the growth direction. Inset shows variation of spin
splitting with magnetic field, as deduced from polarisation slope.

direction of the magnetic field, as would be anticipated for Zeeman splitting.

Using the methods outlined in Chapter 6 (see Equation 6.7 on page 94) the value of

the splitting ∆Z between the spin states at different field strengths can be determined

from the polarisation gradient and this is shown in the inset to Figure 7.1. The

polarisation splitting can be measured with a surprising precision; a resolution in

the range of tens of µeV is accessible, which significantly exceeds the ensemble

FWHM of ∼30 meV. For magnetic fields above 1 T, where Zeeman effects dominate

[107, 79] (see Section 4.5.1), ∆Z increases linearly with magnetic field and this allows

an ensemble g-factor g∗ex,z = −1.40± 0.05 to be determined for this sample.
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g Value QD energy Method Ref.
g∗ex -1.4 1.06 eV ensemble splitting Figure 7.1
gex -3 - -1 1.3-1.0 eV Single QD + theory [192]
gex -3 - -1 1.3-1.0 eV Single QD [193]
gex -0.5 - -1.5 0.94 eV Single QD [194]
gex -3 1.28 eV single QD [79]
gex 2.25 1.63 eV Single QD [195]
gex 1.3 1.6 eV GaAs single QD [149]

gex(QDM) -1.7-3 1.3 eV single QDM [196]
gex(theory) -0.x - -12 ? theory [197]
gex, ge, gh -3.02,-0.81,-2.21 1.31 eV single QD [107]
|gse| 1.51± 0.03 1.05 eV magnetocapacitance [198]
g confinement enhanced 1.4 eV patterned QDs [199]

|ge|
0.58-0.53 1.4 eV time-resolved [200](across ensemble) Faraday rotation

Table 7.1: A comparison of literature g-factor values (Faraday geometry) as de-
termined for different QDs.

Table 7.1 compares g-factors measured for different QDs using a range of methods.

The confinement of the QD has a strong effect on the g-factor and thus the smaller,

higher energy QDs used extensively in single QD measurements tend to have larger

g-factors. However, the average ensemble g-factor determined from Figure 7.1 does

fall into the range expected from single dot measurements of QDs with similar

emission energies [192, 193, 194]. This provides confidence in the applicability of

the ensemble splitting technique for the measurement of spin splittings in QDs using

the polarisation slope across a QD ensemble. This also supports the contention that

the optically induced polarisation slope can be attributed to a homogeneous splitting

of the QD exciton levels.

Given the large variation in predicted and measured g-factors in studies of QDs

of different emission energy, it is important to consider the possibility that the g-

factor of the QDs may vary across a QD ensemble. A large systematic variation

in g-factor across an ensemble would reduce the usefulness of the average g-factor
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measurement. Theoretical [201] and experimental [198, 200] studies have shown that

whilst the electron g-factor does vary across a QD ensemble the variation is small.

This supports the validity of the average g-factor used here, although further work

to measure the variation of exciton or hole g-factors across an ensemble would be

desirable.

The Zeeman splitting shown in Figure 7.1 diverges from the expected linear form

where |B| < 1 T. This is attributed to the effects of QD asymmetry where an

interplay between Zeeman splitting of CP components and a linearly polarised (LP)

fine structure splitting results in a more parabolic behaviour in ∆Z [107, 79], as

described in Sections 4.4 and 4.5.11. The observation of fine structure effects in QD

ensembles gives a further indication of the high resolution that may be obtained

using the ensemble splitting technique.

7.3.1 Fine structure of doped QDs

Figure 7.2 shows a comparison of Zeeman splittings measured for samples with p-

doping levels of 0, 1, 3 & 10 holes/QD under equivalent low power, linearly polarised

excitation. The data are offset for clarity and for each sample a line is drawn

which would correspond to a pure Zeeman behaviour with a g-factor of 1.4, as was

determined for the undoped QD sample. All of the samples show a linear Zeeman-

like splitting behaviour for |B| >1 T yielding g-factors similar to that measured for

undoped QDs. The QD ensembles studied here have comparable emission energy

and FWHM, differing only in doping level. An increase in doping between samples

should result in a greater proportion of emission from charged excitonic states but

not in a significant variation in other QD structural properties. Single QD studies

1Splittings are only resolved between circular polarisation components in this measurement, there-
fore any linear polarisation splitting is not visible.
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Figure 7.2: Comparison of Zeeman splitting behaviour for QDs ensembles of dif-
ferent doping levels. Splittings are offset for clarity. A line corresponding to a
g-factor of 1.4 is shown for each case. (Data for the sample doped at 10 holes/QD
shows some anomalous behaviour at higher positive field values. This is unfortu-
nate and is likely due to a drift or variation in the experimental setup.)

of similar low emission energy, large QDs have shown that charged exciton and

biexciton lines display almost identical g-factors to the neutral exciton (in the same

QD) and that the variations between the lines are much smaller than variations

between the different QDs in the ensemble [194]. This behaviour is expected as

consideration of initial and final states of charged exciton recombination yields a

splitting which is determined by the individual electron and hole, and is therefore

identical to that of a neutral exciton [79] (as discussed in Section 4.7).

The key difference between the measured splittings at different doping levels is

a change in the behaviour at low field values. The addition of holes suppresses

the non-linear behaviour in the low field region, with samples doped at 3 and 10

holes/QD displaying a linear form across the whole magnetic field range. This shows
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that the addition of carriers to the QDs can be used to remove the effects of fine

structure splitting. The suppression of the fine structure splitting can be attributed

to the presence of charged excitons, which will be predominant in the more heavily

doped QD samples2. The presence of an additional hole results in the formation

of a spin singlet, resulting in a cancellation of the exchange interaction responsible

for the fine structure splitting [79] (see Section 4.7). This gives further confirmation

that QD fine structure effects can be resolved using the ensemble splitting technique.

7.3.2 Direct observation of fine-structure splitting effects
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Figure 7.3: Polarisation splittings resolved in a linear basis (between LP emission
components) of the undoped QD ensemble under LP excitation and subjected to
applied magnetic field in the growth direction. The red line shows a Lorentzian
fit to the data and is provided to guide the eye.

The ensemble splitting technique has so far been applied to look at situations
2A random population of the QDs means that at the nominal 1 hole/QD level many of the QDs
may have no resident carriers and therefore fine structure splittings could still be observed.

114



7.3 Zeeman splitting

where a splitting may exist between circularly polarised emission components. How-

ever, the method can also be used to investigate a splitting that exists between linear

polarisation components resulting from a fine structure splitting [79] (as described in

Section 4.4). Figure 7.3 shows ∆ values for the undoped QD sample under LP excit-

ation and subjected to an external magnetic field in the growth direction (Faraday

geometry). The splittings between vertical and horizontal polarisation emission

components are resolved in this measurement. Unfortunately due to concentration

on the CP basis in these preliminary experiments it is unknown how the LP basis

of the polarimeter may correlate to the crystallographic axis of the QD ensemble

sample. Therefore, the absolute magnitude and direction of the splitting is unresolv-

able in this data. Future experiments should ensure that the LP basis is considered

more explicitly. However, a measurable change in splitting is observed in this linear

basis which follows the behaviour expected for a LP fine structure splitting that is

overcome by the application of magnetic field and thus changes to a CP Zeeman-like

splitting (see Figure 4.5 on page 57).

This LP splitting behaviour supports the assumption that a non-linear behaviour

of the Zeeman splitting at low field values is caused by QD asymmetry and the width

of the splitting peak compares with the flat region observed in the CP splitting (Fig-

ure 7.2). Additional work is required to improve the technique but measurements

of LP splitting in a basis referenced to the sample crystallographic axes may allow

the technique to be developed to directly measure magnitude of the fine-structure

splitting. This, combined with the CP data, may allow the mean value and spread

of fine-structure splitting to be determined on an ensemble of QDs simultaneously

using simple polarised PL techniques3. This represents a potentially valuable ex-

tension to the ensemble splitting technique which may prove significant for growth

3Measurements of the fine structure splitting have previously been accessible using single QD
spectroscopy or by measuring quantum beats in QD ensembles [115].
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optimisation of QD photonic devices, such as entangled photon sources, where min-

imisation of the QD fine structure splitting is necessary for successful operation.

7.3.3 Feedback between splitting and polarisation at high

excitation powers
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Figure 7.4: (Left) Variation of equivalent splitting ∆ (black/red) and correspond-
ing overall polarisation ρA (blue) with applied magnetic field for a p-doped
(10h/QD) ensemble under LP excitation into the bulk GaAs. The data are ob-
tained at high excitation powers corresponding to GS:X1 ratios of 3:1 (squares)
and 1:1 (triangles). The lines are a guide for the eye. (Right) Polarisation spectra
at different magnetic field values for a GS:X1 PL intensity ratio of 3:1.

Figure 7.4 shows equivalent splittings ∆ and overall polarisation ρA values for a

p-doped QD ensemble subjected to linearly polarised excitation into the bulk GaAs

and an applied magnetic field in the growth direction. Whilst the majority of work

contained in this chapter is performed using low power excitation resonant with the

heavy-hole state of the QD wetting layer, excitation into the bulk GaAs provides an

equally valid means of filling the QDs with unpolarised carriers and allows higher

excitation density due to the enhanced absorption. The higher excitation density is

evident in the presence of a significant amount of excited state (X1) emission. Two

excitation levels are shown corresponding to GS:X1 ratios of 3:1 (high excitation
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density) and 1:1 (higher excitation density). Broadly similar behaviour is observed

compared with low power resonant excitation. The equivalent splitting displays a

linear dependence on magnetic field (|B| . 2 T), there is a symmetry about 0 T and

the emission is unsplit and unpolarised at zero field. However, a noticeable buildup

in overall polarisation ρA is observed as the applied field is increased (also linear for

|B| . 2 T). The sense of the polarisation correlates with the spin orientation which

is moved to lower energy by the magnetic field. The polarisation may therefore

result from thermalisation of carriers between the Zeeman split spin states.

The relative population of the two split levels may be (crudely) estimated using

Boltzmann statistics, where the occupancy of the states is given by:

f(E) ∝ exp
(
− E

kBT

)
. (7.2)

For a measured Zeeman splitting of 0.3 meV (for the 3:1 GS:X1 ratio) at 10 K, the

relative level populations are 1 and ∼ 0.7, corresponding to an overall polarisation

of ∼17%, somewhat larger than the 4% observed in the data. This crude estimate

assumes that sufficient spin-scattering mechanisms exist such that the population

can reach thermal equilibrium within the carrier luminescence lifetime (∼ 1 ns),

which was shown not to be the case in Chapter 5. Slower relaxation would restrict

the buildup of polarisation and may account for the observed difference.

A secondary factor that becomes important as the polarisation builds is the po-

tential for feedback between the polarisation induced by the Zeeman splitting and

the splitting that may be induced by the polarised carriers. It was observed in

Chapter 6 that an optically injected polarisation of the orientation resulting from

the Zeeman splitting will produce a polarisation slope correlating to a splitting in
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Chapter 7 Spin splitting in an external magnetic field

the opposite direction. Thus, as the polarisation builds, the measured value of ∆

may be affected by the polarised carriers. This could account for the more complex

behaviour seen at higher field values, in particular where there is a change in the

linear behaviour of both ∆ and ρA around 2-4 T.

At the highest excitation level shown in Figure 7.4 (GS:X1 ratio of 1:1) the value

of ∆ induced by the magnetic field is reduced in the region where the polarisation

is seen to increase (|B| . 2 T). In Chapter 9 the polarisation induced splitting will

be shown to be larger at higher excitation powers as a result of the greater number

of carriers in the QD. Since the splitting which is induced by the polarised carriers

in the QD opposes the magnetic field induced splitting this may explain why a

significant reduction in ∆ is observed. This further demonstrates that to attain the

simplest conceptual understanding of the polarisation spectra of QD ensembles it is

necessary to keep to the low excitation density regime.

7.4 Magnetic field sensitivity of the optically induced

polarisation splitting

Circularly polarised excitation resonant with the heavy hole state of the QD wetting

layer at 1.44 eV creates excitons with a definite spin state (Se,z = ±1/2, Jh,z = ∓3/2)

and these carriers relax into the QDs where they recombine emitting polarised

photons (see Chapter 4). It was shown in Chapter 6 that a significant polarisa-

tion slope is present across the QD ensembles when CP excitation is used and this

slope correlates with a splitting ∆ between polarisation states. Interestingly, in the

preceding work (with no magnetic field) the measured value of the optically induced

∆ is much larger than that observed in this chapter for Zeeman splitting with fields

of up to 5 T. This implies that the optically induced effects result in a significant
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7.4 Optically induced polarisation splitting

spin splitting. Exciting with CP polarisation of the opposite helicity was shown to

reverse the direction of ∆, showing that there is a strong dependence on the spin

of the injected carriers. For every ∆ observed under CP excitation, the emission

counter-polarised to the excitation was always appears to shift to lower energy re-

lative to the co-polarised spectrum (with the unsplit emission from LP excitation

found between the two). By applying an external magnetic field in the Faraday

geometry the origins of the optically induced polarisation slope can be investigated

by probing the sensitivity to magnetic field.

7.4.1 Undoped QDs

Figure 7.5 shows the equivalent splitting ∆ for an undoped QD ensemble under

weak CP excitation, resonant with the wetting layer, at fields up to 5T (top) and in

more detail for smaller fields up to 500 mT (bottom). The most striking feature is

the pronounced enhancement in the value of ∆ for relatively small magnetic fields,

doubling for fields as small as ±100 mT. For low field values the data are symmetric

implying that the enhancement is not sensitive to magnetic field direction either

parallel or anti-parallel to the injected spin.

A similar but broader enhancement is seen in the overall polarisation ρA, implying

that additional information is contained in ∆ which cannot be observed in the

overall polarisation magnitude. This shows that other studies concentrating on spin

properties of QD ensembles using solely the polarisation magnitude have neglected

information that may be revealed by the polarisation spectrum.

These data are quite different to the Zeeman splitting behaviour seen under LP

excitation, which are included for comparison as the squares in Figure 7.5 (same

data as in Section 7.3). Under LP excitation ∆ is much smaller and its direction
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Figure 7.5: Equivalent splittings ∆ (black/red) and overall polarisation ρA (blue)
of an undoped QD ensemble subjected to resonant CP (circles) and LP (squares)
excitation, under applied magnetic field in the growth direction up to ±5 T (up-
per) and in more detail to ±0.5 T (lower).

determined purely by the external magnetic field; in fact this Zeeman splitting can

be seen as a small additional linear slope on the observed ∆ under CP excitation

at higher magnetic fields. This demonstrates that the spin of the carriers captured

by the QDs is responsible for the splitting and the effect is greatly enhanced by the

application of a small magnetic field.

At small field values ρA becomes negative, this effect will be covered in more depth

in Chapter 9. However, the W shape of the polarisation is curious and suggests some

interplay between polarisation and magnetic field even at these low field levels.
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7.4 Optically induced polarisation splitting

7.4.2 Dynamic nuclear spin polarisation

The behaviour of the ensemble splitting under CP excitation with magnetic field is

reminiscent of similar magnetic field measurements of dynamic nuclear spin polarisa-

tion (DNSP) [149, 151, 152, 69], an effect which has been well studied by measuring

polarisation splittings in single QDs (e.g. [148, 149, 132, 135, 27, 153, 156, 150, 154,

159, 69]) and inferred from polarisation magnitude effects in ensemble investigations

[157, 152, 151, 202]. DNSP results in an Overhauser field, due to the alignment of

the spin of the QD nuclei with the spin of injected carriers, which in turn imposes a

large effective magnetic field on the spin-polarised electrons [154, 152] (and to a lesser

extent holes [126, 127]) and can result in a significant energy splitting between emis-

sion polarisations [154] (for a deeper discussion see Chapter 4). Thus the ensemble

splitting technique may provide a method for direct measurement of the Overhauser

field strength, something previously unrealisable using QD ensembles. In this case

the largest observed ∆ of 1.8 meV would correspond to a large equivalent field of

17 T (after subtracting 5 T due to the external magnetic field), using the ensemble

average excitonic g-factor derived earlier4. This effective field is much larger than

that reported for studies using single QDs and thus may present a possible barrier to

this explanation. For complete nuclear polarisation, large Overhauser fields (∼ 8 T)

have been predicted [152] for small QDs containing a lower concentration of indium

nuclei (with magnetic moment 9/2, larger than that of gallium and arsenic) and fewer

nuclei compared with the dots studied here. However, the maximum nuclear polar-

isation achievable in QDs has so far been limited to about 60% [27, 203, 159]. It

may be possible that such a large splitting could be induced by a very high nuclear

polarisation in these larger more indium rich QDs but the size of the field required

4An optically induced nuclear field would have a much greater effect on electrons compared with
holes and this will modify the effective g-factor, thus reducing the value of the equivalent field
as an effective metric.
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Chapter 7 Spin splitting in an external magnetic field

presents difficulties for this explanation.

If this apparent spin splitting is indeed caused by DNSP, the enhancement in ∆ for

small magnetic field may be attributed to the easier alignment of nuclei by overcom-

ing the randomly oriented field of unaligned nuclei within the QDs and promotion of

spin preservation along the quantisation axis (see Chapter 4). The external magnetic

field should also enhance the spin preservation by narrowing the effective magnetic

field precession angle (Section 4.5.2), allowing a stronger polarisation effect to be

produced, this will also result in a larger ∆ value.

Further work is necessary to unambiguously correlate ∆ with DNSP effects. In

particular the dynamics of ∆ should be considered and this will be covered ex-

tensively in Chapter 8. Nevertheless, the data presented here show clearly that a

fundamental spin effect is seen across a range of QDs and that by using the en-

semble splitting technique developed in Chapter 6 crucial spin properties of QDs

can be investigated.

7.4.3 Doped QDs

Doping of QDs is important in determining the emission polarisation and spin life-

time in QDs (Chapter 5) and a polarisation slope, or spin splitting, is observed for

samples of all doping under CP excitation (Chapter 6). This section presents the

variation of the splitting and overall polarisation with magnetic field across a range

of samples with different doping levels. The results shown here may appear phila-

telic, particularly as a complete understanding of the data has not yet been achieved,

but the data do emphasise several key features. Firstly, that the strong enhance-

ment in polarisation splitting with applied magnetic field is seen across samples with

different doping levels, supporting the idea that the behaviour observed for undoped
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7.4 Optically induced polarisation splitting

QDs is a universal feature of QDs and not dependent on the presence or absence of

resident carriers. Secondly, that this behaviour is shown not to be directly correlated

with the overall emission polarisation, which is seen to vary considerably between

QDs of different doping levels. Finally, to present the observation of some striking

behaviour in doped QD samples at higher applied magnetic field, these features are

not yet fully understood but show a clear area where the presence of additional car-

riers in the QD may significantly alter spin behaviour, which should be the subject

of future study.
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Figure 7.6: A p-doped 10 holes/QD ensemble under resonant circularly polarised
excitation and applied magnetic field in the growth direction of ±5 T (left) and
in more detail up to ±0.5 T (right). Equivalent splittings (red) and overall polar-
isation (blue) are given for both cases.

Figure 7.6 shows the emission polarisation (ρA) and splitting (∆) for a p-doped

(10 holes/QD) ensemble under circularly polarised excitation resonant with the QD

wetting layer. There is a pronounced enhancement of ∆ for small applied magnetic

field, as was observed for the undoped QD ensemble shown in Figure 7.5. In this

case a similarly sharp dip around zero field is also observed for ρA, in contrast

to the undoped data where a much broader dip was measured. It is also clear

that ρA is much higher compared with undoped QDs, as has been discussed in

Chapter 5 and is therefore less dependent on other relaxation mechanisms which
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Chapter 7 Spin splitting in an external magnetic field

may affect the polarisation. This may be related to the sharper dip observed here.

Indeed, the presence of the external magnetic field in this p-doped sample enhances

the already higher emission polarisation sufficiently that a ρA in excess of 40% is

observed at -5 T. This is the largest emission polarisation observed in this thesis.

However, the polarisation is not as high at +5 T where ∆ is larger due to the

magnetically and optically induced splittings being in the same direction. This

shows that there is some clear feedback between the splitting and polarisation with a

greater splitting reducing the emission polarisation, effectively pushing more carriers

into the energetically lower state (this will be discussed further in Chapter 9).

Perhaps the most striking feature observed in this sample is the pronounced dip

in ∆, with corresponding but smaller dips also in ρA, around field values of ±4 T.

The dips are much broader in character than is observed around zero field.
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Figure 7.7: A p-doped 1 hole/QD ensemble under resonant circularly polarised ex-
citation and applied magnetic field in the growth direction of ±5 T (left) and in
more detail up to ±0.5 T (right). Equivalent splittings (red) and overall polarisa-
tion (blue) are given for both cases.

Figure 7.7 shows the ρA and ∆ dependence in magnetic field of a sample p-

doped at a lower level of 1 hole/QD. Here the same dips in ∆ are evident at ±4 T,

showing that this behaviour may be a feature of doped QDs. There is also the same

pronounced sharp dip in ∆ observed around zero field and a large ∆ is observed
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7.4 Optically induced polarisation splitting

under magnetic field which can be in excess of 2 meV. However, a broader dip is

seen in ρA, similar to the undoped QD data. This compares favourably with the

behaviour observed in Figure 7.2 where the doping is not seen to have a significant

effect until a level of 3 holes/QD.
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Figure 7.8: A p-doped 3 holes/QD ensemble under resonant circularly polarised
excitation and applied magnetic field in the growth direction of ±5 T (left) and
in more detail up to ±0.5 T (right). Equivalent splittings (red) and overall polar-
isation (blue) are given for both cases.

Figure 7.8 shows the ρA and ∆ dependence in magnetic field for the ensemble

p-doped at a level of 3 holes/QD. The same sharp dip in ∆ is observed around zero

field and the splitting observed is the largest of all samples studied, rising to 2.5 meV

at 100-200 mT with a strong 1 meV splitting at zero field. There is also a sharp

dip in ρA similar to the more heavily p-doped sample. Unfortunately experimental

constraints meant that a full range of data could not be collected for this sample

and it is unknown whether the wings at ±4 T observed in the other p-doped samples

are also evident in this sample.

Figure 7.9 shows the ρA and ∆ dependence in magnetic field for an ensemble n-

doped at a level of 5 electrons/QD. Here the polarisation is much reduced and ρA

displays negative circular polarisation at low magnetic field. This will be discussed

in Chapter 9. A broad dip in ρA and sharp dip in ∆ is seen, similar to that observed
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Figure 7.9: An n-doped 5 electrons/QD ensemble under resonant circularly polar-
ised excitation and applied magnetic field in the growth direction of ±5 T (left)
and in more detail up to ±0.5 T (right). Equivalent splittings (red) and overall
polarisation (blue) are given for both cases.

for the undoped sample. The dips in ∆ seen at ±4 T, which were observed in other

doped QD samples but not in the undoped sample, are also observed here.

Table 7.2 lists a summary of the important properties measured for the different

doping levels. It appears that the dips at higher magnetic field may be a general

feature of doped QD ensembles, regardless of the dopant type. The form of the

dip perhaps suggests some resonance which occurs at 4 T. It is possible such a

resonance could occur between bright and dark exciton states, as a result of the

Zeeman splitting (it can be seen in Figure 4.5 on page 57 that the lower-energy level

of the bright excitons and the upper level of the dark excitons cross each other with

increasing field). This could potentially facilitate a hyperfine mediated relaxation

of spin polarisation in QDs [204]. However, further investigation is required to

determine the origin of these dips in the higher magnetic field wings.
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7.4 Optically induced polarisation splitting

Splitting, ∆ Overall polarisation, ρA
Sample dip 0T ±0.5T Max Wings dip 0T ±0.5T Max

(meV) (meV) (meV) (T) (%) (%) (%)
0h/QD sharp 0.5 1.1 1.8 none broad W -0.5 4 15
1h/QD sharp 0.9 1.8 2.5 4.2 broad 0 4 12
3h/QD sharp 1.1 2.2 2.6 ? sharp 6 13 20
10h/QD sharp 0.45 0.85 1.3 4.1 sharp 22 30 40
5e/QD sharp 0.75 1.2 1.4 4.2 broad -1 1 11

Table 7.2: Summary of ∆ and ρA values under CP excitation and applied magnetic
field across samples of different doping levels.

7.4.4 Correcting for the Zeeman splitting

The results presented so far have shown that the polarisation slope ∆ bears a strong

correlation with the injected spin polarisation and that in the more heavily p-doped

samples the large ∆ and ρA may swamp the Zeeman splitting behaviour. To de-

termine if the Zeeman and optically induced effects can be separated it is necessary

to investigate how ∆ varies when both optically and magnetically induced split-

tings are comparable. Therefore the significance of the optically induced ∆ must be

reduced.

Figure 7.10 shows ρA and ∆ dependence in magnetic field of a p-doped (10

holes/QD) samples under higher power excitation into the bulk GaAs, where the

maximum spin injection is lower. The Zeeman splitting effects observed under LP

excitation (squares) are now visible as additions to the values observed under CP

excitation (open circles). Subtracting the LP data from the observed CP data allows

values to be obtained which reflect only the optically induced effects. The corrected

values of ρA and ∆ (Figure 7.10 right) show a much clearer symmetry around zero

field, showing that the optically induced effect can be disentangled from the asym-

metric Zeeman effects and that the behaviour is broadly symmetric for fields aligned

parallel and anti-parallel to the injected spin. This analysis would also be possible
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Figure 7.10: (Left) Equivalent splitting ∆ (black/red) and corresponding overall
polarisation ρA (blue) of a p-doped (10 holes/QD) ensemble in applied magnetic
field under LP (squares) and CP (circles) excitation into the bulk GaAs. Sub-
tracting the values of ρA and ∆ obtained under LP excitation from those under
CP excitation allows the magnetically induced effects to be removed from the
optically induced effects (right).

for the CP excitation resonant with the WL but the result is clearer here where

the Zeeman effects are more pronounced. (For example Figure 7.5 shows some sim-

ilar Zeeman asymmetry in ∆ at higher field values under resonant injection.) This

shows that the optically induced splitting effect is not strongly dependent on the

magnetic field direction and that asymmetries observed in the data may arise from

the addition of Zeeman effects.

7.5 Other magnetic field geometries

A magnetic field oriented parallel to the growth direction of the QDs (Faraday geo-

metry) enhances the emission polarisation of QDs under optically oriented excita-

tion, due to enhanced preservation of spin along the quantisation axis (the precession

angle is reduced, see Section 4.5.2). This is also shown to result in a stronger op-

tically induced polarisation splitting. However, consideration should be given to

other magnetic field geometries, in particular where the field is perpendicular to the
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7.5 Other magnetic field geometries

growth direction (Voigt geometry). In Voigt geometry the magnetic field is ortho-

gonal to the spin quantisation axis, thus optically oriented spin will precess about

the magnetic field at a rate determined by the g-factor and magnetic field strength,

typically be on the timescale of nanoseconds for mT fields, as shown in Section 4.5.2.

Spin polarisation of a QD ensemble, where the g-factor may vary slightly between

QDs, is therefore expected to quickly average to zero. The emission polarisation

should thus be reduced via the application of a Voigt geometry magnetic field. For

oblique fields the polarisation will depend on the balance between enhancement via

the Faraday component (due to narrowing the angle caused by, for example, the

frozen nuclear field) and reduction from the perpendicular Voigt component (in-

creasing the precession angle). The reduction in the polarisation of carriers within

the QDs is expected to result in a reduction in the optically induced splitting since

this effect has been shown to be caused by the presence of polarised carriers.

Figure 7.11 shows PL polarisation spectra for a p-doped sample using CP ex-

citation and mounted in a closed cycle cryostat on a permanent magnet in such a

way that the magnetic field at the centre of the magnet is perpendicular to the QD

growth direction. By moving the PL excitation spot, QDs can be sampled under

oblique fields varying from predominantly Voigt-like (magnet centre) to Faraday-like

geometry (magnet edge). A decrease in polarisation and slope is observed for Voigt

geometry and a slight enhancement for more Faraday type geometry compared with

no magnetic field. This is the expected behaviour resulting from Section 4.5.2 and

confirms many of the assumptions made in the preceding chapters.

This measurement also shows that external magnetic fields can be applied using a

closed cycle cryostat simply by using a small permanent magnet and careful choice

of sample position.
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Figure 7.11: Polarisation resolved PL with sample mounted on a permanent mag-
net to allow access of different magnetic field geometries. Polarisation and slope
are seen to increase as the magnetic field orientation is changed from Voigt type
to Faraday type geometry. (10 holes/QD, 10 K, 865 nm).

7.6 Summary

This chapter has shown that small spin splittings can be resolved in QD ensembles

and the technique has been demonstrated for Zeeman splitting using an external

magnetic field. This validates the association of the polarisation slope with a split-

ting between QD spin states. The ensemble splitting technique thus allows simple

access to important structural parameters such as excitonic g-factors and fine struc-

ture splittings, which have previously typically been measured using single QD tech-

niques.

The technique was applied to the study of the optically induced polarisation
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splitting identified in Chapter 6 in an external magnetic field. The splitting has

been shown to be extremely sensitive to magnetic field, with a strong enhancement

in splitting seen for an applied magnetic field parallel (or anti-parallel) to the spin

quantisation direction. It was seen that this behaviour is not directly related to the

emission polarisation (although some correlation is observed), thus showing that the

ensemble splitting technique allows measurement of spin additional information in

QD ensembles which has previously been neglected.

The observed behaviour under CP excitation bears many similarities to the phe-

nomenon of dynamic nuclear spin polarisation, which has been observed in a wide

range of QDs. The polarisation of nuclei results in an effective magnetic field on the

electrons within the QD and causes a splitting behaviour similar to that observed

here. The strength of the observed splitting has been shown to be much larger than

anticipated for a typical QD sample, showing that there is a strong spin phenomenon

present in these measurements. To investigate further the origins of the effect the

following chapter will investigate the dynamics of the polarisation splitting.
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8 Dynamics of the optically induced

polarisation splitting

8.1 Overview

The results of the two previous chapters suggest that excitation with CP light in-

duces an energy splitting, ∆, of exciton states within individual QDs. The mech-

anism has been tentatively ascribed to the generation of an Overhauser field by

dynamic polarisation of nuclei within the QDs. Previous studies have shown that

such nuclear effects have a long spin lifetime [27, 28] and relatively slow initialisation

times on the scale of milliseconds [155, 151, 157, 152]. In this chapter the dynamics

of the optically induced polarisation splitting will be investigated in order to gain

further insight into its physical origins. The results show that spin information is

written to the QDs during excitation and relaxation of carriers and persists (spin

memory) for relatively long times (at least 100 microseconds) after the photogener-

ated carriers have recombined. This shows that the effect described in Chapters 6

and 7 is dynamically created by the injected carriers and can persist after they have

recombined. This is consistent with a spin memory that is written to QD nuclei.

However, unlike published reports of dynamic nuclear spin polarisation (DNSP) the

initialisation of the effect is seen to occur in just a single laser pulse, on a nanosecond
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Chapter 8 Dynamics of the optically induced polarisation splitting

timescale. The effect can also be erased on an equally short timescale using linearly

polarised pulses. More indicative of spin stored on resident carriers within the QDs.

Thus, a long lifetime spin memory with a very fast manipulation time is measured.

This represents a potentially new phenomenon in QD spin physics which is revealed

by the use of the ensemble splitting technique.

8.2 Experimental setup

The results contained within this chapter were performed on the same undoped

sample of QDs investigated extensively in Chapter 7, mounted in a closed cycle

cryostat and maintained at 10 K. Whilst the exact number of resident carriers per

QD due to any unintended background doping is unknown, the use of the undoped

sample ensures that the effect of resident carriers should be small compared with

intentionally doped samples. This implies that any spin memory effects must be due

either to spin stored on the nuclei of the QDs or the small number of background

carriers.

Polarisation dynamics were investigated using a pump-probe technique with two

picosecond pulsed laser diodes focused, as closely as possible, onto the same spot

on the sample. The CP pump pulse was chosen to be resonant with the QD WL

(1.44 eV) in order to maximise the injection of spin-polarised carriers. Time-resolved

PL measurements show that such carriers subsequently radiatively recombine with a

lifetime τ ∼ 1ns [68] (see Chapter 5). The purpose of this experiment is to determine

whether the spin-polarised carriers leave an imprint (spin memory) within the dot

at times much longer than τ . The second laser diode provides linearly polarised

(LP) probe pulses at an energy of 1.59 eV, which are absorbed into the bulk GaAs.

The probe pulses are delayed relative to the pump pulses using a digital delay
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generator. The digital delay generator allows an arbitrary delay between circular

and linear pulses. The laser diodes can be triggered directly by the delay generator

(for greater control) or by a 40MHz oscillator and gated using the delay generator to

allow for a variable number of pulses per cycle with delay adjustable in 25 ns steps.

The cycle rate of the experiment (number of pump-probe sequences per second) is

adjustable; a faster rate provides data more quickly but cannot accommodate large

delays; a typical rate was 400kHz. The luminescence is resolved into its circular

components using a quarter wave-plate and fixed linear polariser, dispersed with a

monochromator and detected with an InGaAsP photomultiplier and gated single

photon counter with a gate width of 5 ns.

It is important to stress that, since perfect overlap of the two laser diodes on the

sample cannot be guaranteed, the detection is gated to only measure luminescence

arising from the LP probe pulses. This ensures that no photons arising from the

CP pump pulse or from the luminescence of QDs not sampled by the LP probe can

affect the results. Therefore, any polarisation slope observed when using LP & CP

pulses (which is not apparent using LP excitation without the CP laser) must be

due to the CP pump pulses. Two gates can be set for any experiment allowing PL

to be collected from two different pulses in the sequence in a single scan.

Samples were mounted on a small permanent magnet attached to the cold finger

of the cryostat. The magnet used was measured as 300 mT at room temperature

and ∼370 mT at 77 K. Therefore the anticipated field at the sample at 10 K is of the

order 300-400 mT. The samples were mounted on the face of the magnet such that

the field in the sample was parallel to the growth direction (Faraday geometry)1.

Figure 8.1 shows an example polarisation spectrum obtained from the undoped

1This is not the same magnet geometry as used in Figure 7.11, where the sample was mounted
on the side of the magnet, though the principle is the same.
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Figure 8.1: (Upper) Polarised PL spectra of the undoped sample under CP excit-
ation mounted on the permanent magnet, as used for the dynamics experiment.
(Lower) Enhancement of the polarisation splitting ∆ under CP excitation via ap-
plication of an external magnetic field for an undoped QD ensemble, the magnetic
field region accessed by the permanent magnet (300-400 mT) is indicated.

QD sample under CP excitation mounted on the small permanent magnet with a

magnetic field strength of 300-400 mT (upper). For comparison the variation of

the ensemble polarisation splitting (∆) for the same sample as a function of applied

magnetic field in the growth direction (lower) is also shown (as taken from Figure

7.5). The data show how the value of ∆ varies with magnetic field when the sample

is excited with σ+ light. This behaviour was covered in more depth for a range of

samples in Chapter 7. At zero field ∆ ∼ 500µeV, but for moderate fields around 300

mT the value of ∆ is more than doubled. Therefore, the magnetic field is used to

enhance ∆ in the measurements made throughout this chapter, making the effects
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more easy to resolve.

8.3 Polarisation memory

0.01 0.1 1 10 100

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

LP after -

 

 

 (m
eV

)

Delay ( s)

LP after +

Just LP, B

202 (24) ns

299 (57) ns

Figure 8.2: Decay of the polarisation splitting ∆ created by a CP laser pulse and
measured (destructively) by a LP laser pulse after a controllable delay. The sign
of ∆ correlates with the helicity of the CP laser pulse (blue/red squares). When
the pump pulse is removed and the sample probed by the LP pulse alone (black
squares) ∆ < 50µeV which is attributed to the Zeeman splitting induced by the
small applied magnetic field.

Figure 8.2 shows the experimental scheme (left) and measured polarisation split-

ting, ∆ (right) as a function of the delay between pump and probe pulses. Lu-

minescence from LP excitation pulses with no preceding CP pulse yields a small

positive value of ∆ (. 30µeV) which can be attributed to Zeeman splitting created

by the permanent magnet (see Chapter 7); this is shown as the black squares in

Figure 8.2. The LP probe pulse is then arranged to follow a CP pump pulse, with a

variable interval between the two ranging from 10 ns to 100 µs. A spin splitting, ∆,

of ∼300µeV is evident in the luminescence from the LP measurement pulse which

arrives 10 ns after a σ+ pump pulse. This drops to ∼ 125µeV when the pulses are
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separated by 1µs (Figure 8.2, blue squares). However, for delays longer than 1µs,

∆ does not reduce to the value measured for a QD ensemble excited with only LP

pulses (black squares). This longer timescale component is seen to persist to 100 µs

with no apparent further decay.

The observed values of ∆ are significantly reduced compared with the measure-

ments made using only CP excitation shown in Figure 8.1 and this is attributed to

the destructive effect of the LP measurement pulse, which injects carriers with no

preferred spin polarisation, reducing the splitting effect created by the CP excitation.

Reversing the helicity of the CP pump pulses inverts the value of ∆, with a small

asymmetry attributed to the presence of the external magnetic field (red squares).

Thus these results demonstrate a clear memory of the spin polarisation of the pump

pulse, which can only be stored on spins which reside within the QDs after recom-

bination of the injected carriers. The spin memory dynamics can be described by

two processes: an exponential decay with a lifetime of ∼ 250 ns (blue/red lines) and

another process where the value of ∆ saturates at a value of ∆ ∼ 125µeV (for σ+)

after 1 µs or decays with a much longer lifetime.

It is conspicuous that for both polarisation orientations the saturation value of ∆

is approximately one third of the initial measured value. This shows some similarity

with observations of electron spin relaxation, on a much shorter timescale (500 ps),

in p-doped QDs [131], which was attributed to decoherence effects due to preces-

sion about a randomly aligned nuclear field, averaging the spin over the 3 spatial

dimensions (see Sections 4.5.2 and 4.6.1). Thus it is possible that the exponential

decay gives a measure of the coherence time of the spin memory (T2), limited by

precession about a randomly oriented field, with the longer time component perhaps

indicating the spin relaxation time (T1)2.

2The meaning of these spin lifetimes is discussed in Chapter 1

138



8.4 Erasing the spin memory

8.4 Erasing the spin memory
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Figure 8.3: Decay of polarisation splitting (∆) due to unpolarised measurement
pulses. By increasing the number of LP pulses the polarisation slope can be
erased by the final pulse. Nevertheless, a splitting is always seen at the first LP
pulse.

Long spin memories, such as those described in Section 8.3, have been reported

for spin stored on nuclei in QDs [28, 155, 205], although this effect is typically

characterised by a long initialisation time [155, 151, 205]. Since the measurements

shown in Figure 8.2 require many pump-probe events, it is possible that ∆ builds up

over several cycles. However, due to the destructive nature of the LP measurement

pulse, the insertion of additional LP pulses should make it possible to erase ∆

between cycles. Measuring the polarisation slope with LP laser pulses will disturb

the polarisation memory of the system by injecting carriers with no overall spin

polarisation.

To erase ∆ a train of linear measurement pulses is inserted between each CP probe

pulse. Figure 8.3 (left) shows how the CP pump pulse is followed (after 80ns) by a

train of 1-20 LP pulses each separated by 25ns. The detection system is gated so
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that the polarisation spectrum can be obtained for both the first and last LP pulses

of the train and values for ∆ extracted. The open squares correspond to values of ∆

obtained from the last pulse in the train: after two LP pulses, three LP pulses etc.

Approximately 10 LP pulses are sufficient to reduce ∆ almost to zero, comparable

with the data obtained using only LP pulses (black squares), taking into account the

small but positive value of ∆ due to the applied magnetic field. This contrasts with

the data shown in Section 8.3 where a significant splitting remains at times >1µs.

This emphasises the destructive effect of the LP measurement and it is concluded

that LP pulses are able to completely erase the spin memory produced by a single

CP pulse.

The filled squares in Figure 8.3 correspond to the value of ∆ measured after the

first LP pulse irrespective of how many LP pulses follow. This value remains fixed

(∼275µeV for σ+ excitation), suggesting that the spin memory is rapidly initialised

by just a single CP pulse.

8.5 Writing the spin memory

In order to determine the rate of initialisation of the spin memory, Figure 8.4 shows

the cumulative effect of many CP pulses on the measured value of ∆. Each train

of CP pulses (each pulse separated by 25 ns) is followed by a train of 20 LP pulses,

which ensures that the QDs are reset between each cycle. The polarisation spectra

(and hence the value of ∆) are determined again for both the first (filled squares)

and last (open squares) of the LP pulses. This allows read out of the value of ∆

created by the CP pulses whilst ensuring that it is erased by the LP pulse train.

A limiting value of ∼ 400µeV is reached after 5 consecutive CP pulses suggesting

a saturation effect in the dots. However, the most significant increase, roughly half

140



8.6 Where is the information stored?

0 2 4 6 8 10 12 14 16 18 20

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

Just LP, B

 

 

( ex) / ( ex) at first LP pulse

( ex) / ( ex) at last LP pulse

 (m
eV

)

Number of CP pump pulses (20 LP pulses)

Figure 8.4: Buildup of polarisation splitting (∆) due to polarised laser pulses, the
splitting is erased between cycles by excitation with 20 unpolarised laser pulses.

of the saturation value, is obtained with a single laser pulse. This implies that the

spin memory can be written on a nanosecond timescale (the luminescence lifetime

of the QDs).

8.6 Where is the information stored?

The QD spin memory observed in this chapter has two seemingly contradictory, but

highly advantageous qualities:

1. A long spin memory that manifests as a spin splitting of exciton levels in the

QDs and displays sensitivity to external magnetic field, behaviour character-

istic of nuclear spin polarisation.

2. A rapid manipulation time, on the order of the luminescence lifetime of the

QD exciton, more characteristic of the initialisation of resident carriers within

the QDs.
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Thus, to investigate the physical origin of this memory, it is necessary to consider

how this memory is stored in the QDs and determine whether it is consistent with

storage on either resident carriers or nuclei within the QD. The observation of a

memory of the pump pulse orientation (as well as its presence) shows that the

information must be stored in a spin sensitive manner and the only options that

seem available are storage on the spin of carriers or nuclei within the QDs.

8.6.1 Single resident carriers and dark excitons

A common means of storing spin information in QDs is through alignment of a single

carrier spin (electron or hole) within a QD. Such a memory could be initialised

rapidly, in principle with as little as a single polarised photon (which injects a

polarised carrier) and it has been shown that the electron spin relaxation time in

QDs could be extended to milliseconds through the use of large (> 4 T) magnetic

fields or nuclear spin calming techniques (see Sections 1.3.2 and 4.6.1 for a review

of such experiments).

In order to leave spin information on a single resident carrier within a QD, after

the recombination of photo-generated electrons and holes, the QDs must be suit-

ably doped to ensure that resident carriers are present. In this case the QD sample

studied is undoped. A small amount of unintentional background doping cannot be

ruled out but it is expected that if resident carriers were responsible for the effect

leading to the observed spin memory then a strong dependence on the number and

type of doping should be observed. In an undoped QD, another possible spin storage

mechanism is through the generation and presence of dark excitons in the QDs. A

dark exciton (electron-hole pair with angular momentum ±2) cannot couple directly

to a photon and it has been shown that dark excitons can have a lifetime poten-

tially extending to microseconds in QDs [206, 207, 208]. Recombination of unpaired
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electrons or holes with a resident spin polarised dark exciton could result in an en-

ergy splitting between oppositely polarised X+ and X− states [190] (as described

in Section 6.7.1.1). However, the spin memory characteristics of the dark exciton

are expected to be limited to nanosecond timescales by the electron-hole exchange

interaction [190], which mixes the pure spin states into hybridised spin eigenstates
1√
2 (|+2〉 ± |−2〉) (see Section 4.4). The pure spin states could be restored and the

spin lifetime correspondingly extended by application of an external magentic field,

which could fit with some of the behaviour seen in Chapter 7. However, as for

single resident carriers, if dark excitons are responsible for the observed effects then

a strong dependence on QD doping should also be measured.

In the preceding chapters the polarisation splitting effect has been observed for a

number of samples with dramatically different doping levels, implying that the origin

may be unlikely to lie with a single resident carrier or dark exciton. Furthermore,

there is no known mechanism for the spin stored on a resident carrier within a QD

to manifest as a significant spin splitting between exciton states. For these reasons

it appears that storage of spin on resident carriers may not provide a satisfactory

explanation for the spin memory observed.

8.6.2 QD nuclei

If resident carriers are not responsible for the spin memory then the most likely can-

didate may be spin stored on the nuclei within the QD. An Overhauser shift resulting

from dynamic nuclear spin polarisation may provide an explanation for the observa-

tion of a polarisation slope shown in the preceding chapters. Nuclear polarisation is

anticipated to have a long spin lifetime [28, 155], limited to microseconds at zero field

by the nuclear dipole-dipole interaction but significantly enhanced by the applica-

tion of an external magnetic field (see Section 4.6.2). However, DNSP is typically

143



Chapter 8 Dynamics of the optically induced polarisation splitting

characterised by slow buildup, on the order of milliseconds [155, 151, 157, 152] (in

smaller QDs), in complete contradiction with the initialisation times measured here.

Typically the timescale of DNSP effects has been probed using CP excitation where

the helicity (σ+/σ−) is modulated at ∼ 50− 20 kHz (allowing maximum initialisa-

tion times of ∼ 20 − 50µs), modulation at this frequency was shown to eradicate

the buildup of the DNSP effects [152, 151]. A similar experiment was conducted

as part of this work (not shown) where excitation polarisation was modulated at

∼20 kHz using an electro-optic modulator, with switching on a fast (ns) timescale.

The results of this experiment showed that, even at the shortest measurement times

(∼ 1µs), there was no appreciable difference in polarisation slope between experi-

ments where the excitation polarisation was kept fixed as σ+(σ−) or where it was

measured as σ+(σ−) at short times after switching from σ−(σ+). This suggests that

a slow buildup in polarisation slope, as might be expected due to DNSP, is not

observed on this timescale, necessitating the investigation of timescales faster than

have previously been used, as is shown in this chapter.

It must therefore be concluded that either polarisation of nuclei can occur on a

much faster timescale than previously anticipated, allowing the rapid initialisation

of a spin memory as observed here, or that some other new spin behaviour is ob-

served through the polarisation slope effect in QD ensembles, which allows a large,

persistent, long lifetime, spin-splitting-like effect to develop on a rapid timescale.

This remains the subject of further investigation.

8.7 Summary

In summary, through the use of the ensemble splitting technique presented in Chapter

6, a spin memory effect has been measured with a lifetime, in a small magnetic field,
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which may be in the ms regime (≥ 100µs is measured here). It has been shown that

the memory can be initialised by a single sub-ns CP laser pulse and erased using

LP pulses on a similar timescale. The splitting effect observed in experiments using

CP excitation has been seen for samples with different doping levels (in Chapters

6 & 7), implying an origin that is not linked to the presence of resident electrons

or holes. Indeed, since the results presented in this chapter are for an undoped

sample, this supports the notion that the spin information stored in the QDs is

not retained on resident carriers and hence storage on the spin of nuclei within the

QD may be responsible. A clear dependence of the polarisation splitting effect on

external magnetic field was previously observed; this sensitivity to magnetic field is

similar to effects studied by other groups, which have been attributed to the optical

polarisation of nuclei within the QDs by circularly polarised light. Such nuclear

polarisation effects are consistent with the polarisation splitting behaviour and long

spin lifetime observed here, but the expected initialisation times for the polarisation

of QD nuclei are much longer than are measured. This suggests that a new type

of spin memory has been uncovered which exhibits the rapid initialisation of single

resident carriers but the long lifetime, polarisation and splitting behaviour consist-

ent with spin polarisation of QD nuclei. Investigation into the physical origin of this

effect is ongoing.

Regardless of the physical origin of the effect, a spin memory is measured in

the polarisation slope observed across a QD ensemble that has the highly desirable

characteristics of a long lifetime and fast initialisation. These characteristics make

the memory observed here of interest in research for potential uses in spintronics or

quantum computing.
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9 Negative circular polarisation

9.1 Overview

Negative circular polarisation (NCP) describes a situation where QD emission has

the opposite circular polarisation to that expected for a given excitation helicity.

This requires that the spin of recombining electrons in the QD ground state is

predominantly opposite to that which is optically injected. NCP is a surprising

phenomenon but has been widely observed in n-doped QDs [173, 174, 175, 27, 209,

93, 157, 176, 152, 151]. Most of these studies have concentrated on QDs doped to

contain a single electron, although NCP has been reported to be a general property

of n-doped QDs [177]. In many studies the degree of NCP has been shown to be

highly dependent on excitation power and is typically measured at an excitation

level resulting in significant excited state emission. The accepted mechanism for the

generation of NCP relies exclusively on processes involving negatively charged tri-

ons. This chapter investigates changes in the emission polarisation of samples with

different doping levels (n-doped, undoped and p-doped) and over a range of excita-

tion powers. The work shows that whilst NCP is observed most strongly in n-doped

samples, it is also evident in undoped and even p-doped QDs. NCP is activated

by higher excitation powers and appears to have a relation to the phenomenon of

the polarisation slope or ensemble splitting which has been the focus of much of
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this thesis. In this chapter NCP will be shown to be a general property of QDs,

regardless of doping level and this calls in to question the validity of the traditional

negative trion explanation.

9.2 NCP and the established mechanism

Time-resolved PL polarisation measurements made on n-doped QDs have shown

positive circular polarisation (PCP) at short times (<20 ps) after pumping with a CP

laser pulse [173, 175]. The polarisation then subsequently undergoes a rapid reversal

to produce NCP and increases in negativity on a timescale of nanoseconds. Cortez

et al. [173] proposed a model to explain this based on the relaxation mechanisms of

negatively charged trions (much of the work investigating NCP has been performed

on QDs doped to a level of 1 electron per QD). Consider for simplicity σ+ excitation

into the WL generating spin down electrons and spin up holes. It is assumed that the

photoinjected electron spin is preserved until capture into the QDs whilst the hole

spin is randomised due to rapid relaxation in the WL [80, 81, 82]. When captured by

the QD this gives rise to four possible spin configurations resulting from the random

spin of the single resident electron, the random injected hole spin and the spin down

injected electron; these are shown in Figure 9.1.

In situations (a) and (b) the electron spins are co-polarised and Pauli blocking

prevents relaxation to the ground state. In (c) and (d) the electrons have opposite

spin and can relax to form a spin singlet. States (a), (c) and (d) are bright and

will produce σ+, σ+ and σ− photons respectively. State (b) is dark and cannot emit

photons; thus the initial emission polarisation is ρ = (2− 1)/(2 + 1) = +33%. The

Cortez et al. model considers two processes by which Pauli-blocked electrons in the

excited state can relax into the ground state. The anisotropic exchange interaction
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Figure 9.1: The accepted NCP mechanism: Spin down electrons and randomly
oriented holes are captured by QD containing a randomly oriented electron. The
four possible states (a), (b), (c) and (d) initially result in positive circular polar-
isation, but fast flip-flop decay of state (a) and spin-oribit relaxation of state (b)
result in NCP.

[79, 210, 211, 116] couples the bright hot trion state (a) to the hot trion singlet

state allowing a fast (∼ 10 ps) mutual spin flip of an electron and hole, known

as a spin flip-flop. There is also a slower (∼ 1 ns) spin-orbit induced relaxation,

where the spin of the electron in the excited state can flip allowing relaxation into

the ground state. For the bright trion (a) the flip-flop process is very efficient

meaning that the state will quickly relax, as shown in Figure 9.1, resulting in a

state which produces σ− photons. Thus the emission polarisation rapidly switches

to ρ = (1 − 2)/(1 + 2) = −33%. The dark state (b) then subsequently decays, via

the spin-orbit process, to a state which also emits σ− photons, further increasing

the degree of NCP to −50%.

This model for the generation of NCP has been adopted extensively in studies

of QDs doped with a single electron [173, 209, 96, 157, 152, 151] and qualitatively
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reproduces the observed dynamics. In many of these studies the development of

NCP is particularly advantageous as it provides a means of initialising the spin

state of the resident electron. The NCP recombination leaves electrons in the QDs

co-polarised with the excitation, as can be seen in the lower part of Figure 9.1.

Studies of InP QDs charged with a single electron under quasi-resonant excitation

at an energy resonant with the X1 state have also shown NCP [175, 212, 213, 214]. In

this case it was assumed that the injected hole spin is conserved in direct excitation

into QD states. Nevertheless, a similar model arising from the electron-hole spin

flip-flop process and single hole spin relaxation in the QDs is invoked to explain the

development of NCP and orienting of resident electrons (note that for the case of

excitation resonant with the WL, as shown above, a single electron flip is used to

explain NCP).

NCP has also been observed in interface QDs formed by thickness fluctuations in

a GaAs QW [176]. In this case a model involving the generation of dark states in

the QW before relaxation into the QDs is used to explain the development of NCP.

The model describes how the hole spin of excitons created in the QW by optical

excitation randomises due to relaxation mechanisms in the QW, leading to an equal

population of bright and dark excitons. The bright excitons can recombine in the

QW before capture into a QD, depleting their population, whereas the dark excitons

cannot. This leads to preferential population of the QDs by dark excitons, resulting

in NCP and orienting the resident electron.

All of these established models can be used to qualitatively explain the develop-

ment of NCP, but each of them considers only the case of negative trions and fails

to explain the presence of NCP observed at higher levels of n-doping [177] or the

requirement for high excitation power [157, 152, 151]. Some dependence on power

can be explained if the NCP leaves resident electrons with a specific spin state;
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subsequent excitation (before the spin has relaxed) would restrict the possible spin

configurations to cases (a) and (b) in Figure 9.1 and result in a greater degree of

NCP. However, this does not explain the apparent requirement for high levels of ex-

cited state emission, implying the presence of several optically injected electron hole

pairs in the QDs, as is shown in many investigations into NCP [212, 157, 152, 151].

In fact, very high excitation power appears to be common to all NCP studies1. The

doping level and excitation power are shown to be crucial to the development of

NCP and thus each should be considered in order to better understand the pro-

cesses which may lead to NCP in QDs.

9.3 Effect of doping on emission polarisation

Doping is observed to have a profound effect on the emission polarisation of QD en-

sembles; p-doping is seen to enhance polarisation (see Chapter 5), whereas n-doping

reduces it. This can be understood by considering the spin relaxation mechanisms

operating within the QDs and during capture from the WL (or bulk GaAs). Holes

have their spin randomised very quickly in the 2D WL or 3D bulk crystal due to

strong heavy-light hole mixing [80, 81, 82], whereas electron spin tends to be bet-

ter conserved during capture. The effect of additional resident carriers in a QD,

which fill all the available lower lying states, is twofold. Firstly, by limiting the

electron-hole exchange interaction, resident carriers extend the spin-lifetime of car-

riers captured into the QD (as described in Chapter 5). Secondly, resident electrons

(holes) which fill the ground state of the QD are always available to recombine with

any injected holes (electrons) resulting in emission polarisation corresponding to the

spin of the captured hole (electron). The polarisation of emission is therefore largely

1In many papers this can be inferred from the presence of significant excited state emission.
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defined by the optically injected electrons for the case of p-doped (electron limited)

QDs and injected holes for n-doped (hole limited) QDs.

Thus p-doped QDs, which capture largely spin polarised electrons and inhibit

spin relaxation via cancellation of electron-hole exchange, display greater emission

polarisation than undoped QDs, where the exchange interaction reduces the polar-

isation, or n-doped QDs where the polarisation is limited by the captured holes,

which are predominantly unpolarised. It is important to note that the optically

injected electrons are always assumed to be spin polarised. However, in the case

of n-doped QDs, due to the large number of resident electrons that can recombine

with captured holes, the lifetime of the injected electrons before recombination will

be sufficiently long to allow spin relaxation, even accounting for a potentially longer

spin lifetime than in undoped QDs.

Figure 9.2 compares the polarisation across QD ensembles having different doping

levels. The emission polarisation of the p-doped QDs is enhanced compared with

undoped QDs and the polarisation of n-doped QDs is reduced. The reduction in

polarisation also results in a reduction in the magnitude of the polarisation slope

(∆), again suggesting a strong correlation with the polarisation of carriers in the QDs

(as seen in Chapters 6 and 7). One important feature of the n-doped QD emission

is that the polarisation spectrum can be seen to dip below 0 %, producing negative

circular polarisation on the low energy side of the QD ensemble. However, at this

excitation density, the overall polarisation (ρA) remains positive. This would be

expected for emission from a QD ensemble with low overall polarisation but a small

splitting between the spin states2. The NCP begins to appear at the low energy

end of the polarisation slope of n-doped QD emission even at fairly low excitation

2This also shows that the polarisation slope cannot be due to an effect such as a reduction in
spin-lifetime across the ensemble since this would not provide a mechanism to produce negative
circular polarisation, as discussed in Chapter 6
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Figure 9.2: Polarisation for QD ensembles with nominal doping levels 10 holes/QD
(+10h), undoped (0e) and 5 electrons/QD (-5e) under the same excitation con-
ditions at an excitation energy resonant with the WL. PL spectra shown are for
the undoped QD sample. Inset shows the equivalent splitting (∆) for each doping
level compared with the overall polarisation value (ρA).

power (apparent from the lack of X1 emission in the PL spectra). This shows that

some NCP can be produced in part of the ensemble emission spectrum due to the

polarisation slope effect.

9.4 Power dependence of PL polarisation

Chapter 5 highlighted the dependence of emission polarisation on the number of

excited carriers present in the QDs. An increased excited state emission correlates

with a reduction in the GS polarisation via Pauli blocking of majority spin carriers

into the excited states. This provides a mechanism for the reduction of the GS po-
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larisation at high excitation power. However, for NCP to be displayed, an additional

mechanism must also be present which results in a preferential polarisation of the

carriers within the QDs.
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Figure 9.3: Power dependence of GS overall polarisation ρA (triangles) and equi-
valent splitting ∆ (squares) for an n-doped (5 e/QD) QD ensemble. Inset shows
PL and polarisation spectrum for the highest excitation power. Clear negative
circular polarisation can be seen to develop at higher excitation powers. (10K,
CW, Ti:Sap 865nm)

Figure 9.3 shows the effect of increasing excitation laser power on an n-doped QD

ensemble doped at a nominal level of 5 electrons per QD. The polarisation is small

(<10% measured at the GS PL intensity peak) even at the lowest power levels and

using excitation resonant with the WL heavy hole state. This can be explained due

to the hole-limited nature of the n-doped QDs.

Initially, increasing the excitation level does not yield much change in the overall

polarisation magnitude. However, the polarisation slope (∆) increases as the power
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is increased, even while the overall polarisation remains constant. This behaviour

again shows that the origin of the slope is not purely dependent on the polarisation

of the carriers, but also on the number of carriers within the QDs. This is consistent

with an effect that is caused by polarised carriers in the QDs since a larger number

of carriers will result in a larger effect. This behaviour was also discussed in Sections

6.7 and 7.3.3.

At higher excitation powers, where the equivalent splitting reaches a value of ∼1

meV (for comparison kBT at 10 K ' 1 meV) there is a sudden and pronounced

decrease in the polarisation (ρA) and ∆ saturates at a constant value. As the excit-

ation power is increased ρA becomes negative; the preferential negative polarisation

is clear in the PL spectra for the highest excitation power shown in the inset of

Figure 9.3. At the highest excitation level shown here the QD excited state is not

very pronounced. This is necessary to avoid significant changes in the polarisation

spectrum shape which occur at higher power. Nevertheless, the trend shown in

these data, which were taken at comparatively low excitation density, indicates that

by further increasing the excitation density a regime of even greater NCP could be

reached, similar to that which has been studied in the literature.

The power dependence of QD samples at different doping levels shows a broadly

similar behaviour with increasing excitation density. The polarisation slope and con-

comitant energy level splitting, ∆, is seen to increase with excitation for lower power

levels. For lightly n-doped, undoped and p-doped samples this is also accompanied

by a small increase in polarisation magnitude. A rollover in polarisation magnitude

and slope is seen for all samples at higher excitation levels (where ∆ ∼ 1 meV).

This results in a decrease in the polarisation for all samples. In the case of heavily

p-doped samples, with a larger initial polarisation, a reduction below 0 % was not

achieved. This is attributed to the very large initial polarisation in these sample

155



Chapter 9 Negative circular polarisation

1.02 1.04 1.06 1.08 1.10 1.12 1.14 1.16

 

 + + (smoothed)
 + - (smoothed)

P
L 

In
te

ns
ity

 (a
rb

.)

Energy (eV)

-6

-4

-2

0

2

4

6

8

10

12

 Polarisation (%)

 P
ol

ar
is

at
io

n 
(%

)

10K, 1 hole/QD, CW 865nm
high excitation power

GS

X1

Figure 9.4: PL and polarisation spectra for lightly p-doped (1 hole/QD) ensemble
taken at high excitation density (resonant with WL). The first excited state (X1)
contribution is significant; this reduces the ground state (GS) polarisation (≥0%)
due to spin filtering (Chapter 5). However, negative circular polarisation is ob-
served in GS demonstrating that electrons must preferentially relax to the spin
state counter-polarised to the excitation. (These data have been smoothed to
reduce noise.)

where a much larger reduction in polarisation would be required to produce NCP.

However, NCP was observed in undoped and lightly p-doped samples at high ex-

citation densities. This is shown in Figure 9.4 for a sample doped at a level of 1

hole/QD. Some NCP was also seen in the sample doped at 3 holes/QD at even

higher excitation density, where a significant X1 contribution was required. Thus,

the generation of NCP appears to be a general feature of QD ensembles at higher

excitation power, regardless of the doping level3.

3It is possible even heavily p-doped QD ensembles would show NCP at very high excitation
densities. However, this did not prove achievable due to the strong initial polarisation and
increasing effects of sample heating at higher laser powers.
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9.4.1 Interpreting the effects of increasing excitation power

Some reduction in the GS polarisation with excitation power can be expected due

to spin-filtering effects described in Chapter 5. As the number of carriers in the

QD is increased the GS becomes filled with unpolarised carriers and the polarised

spin carriers are Pauli blocked into the excited states, resulting in a strong positive

circular polarisation (PCP) in the excited states, as is evident in Figures 9.3 and

9.4. This strong excited state PCP can also be seen in other work studying NCP

in QDs [212, 157, 213, 151, 152]4. The spin-filtering effect will aid in reducing

the GS polarisation at higher excitation power, but cannot by itself explain the

development of NCP. Thus another effect must promote the development of spin

polarisation which is opposed to that of the injected spin.

The observation of NCP in undoped and p-doped QDs raises doubts about the

traditionally accepted mechanism for NCP generation via negative trions. An altern-

ative explanation may arise from consideration of the polarisation splitting effect.

The gradient of the polarisation slope observed is consistent with a spin splitting

where the counter-polarised emission component is shifted to lower energy. As the

excitation power is increased the splitting increases until a simultaneous rollover in

both overall polarisation and splitting occurs. This connection between NCP and

the optically induced polarisation splitting will be investigated in the next section.

It should be noted that there is a change in the shape of the polarisation spec-

trum observed in the high power PL spectra such as the one shown in Figure 9.4.

The change in the polarisation shape masks the polarisation splitting and makes

∆ difficult to measure at high powers. This change is observed for all samples but

is most prominent in those exhibiting NCP. As the polarisation begins to become
4It is worth noting that a polarisation slope is also visible across the ensemble X1 state and may
be due to the same polarisation splitting effect as the GS slope. This slope can also be seen in
other studies, but is not commented upon.
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negative the contrast between the low energy, NCP end of the polarisation slope

and the observed region of positive circular polarisation at the low energy side of

the GS peak increases. The low energy region of the spectrum was discussed in

Section 6.5.2 and is attributed to polarised multi-excitonic complexes which develop

at higher excitation power. The emission from multi-excitons may be significantly

redshifted from the QD single exciton ground state due to intershell exchange inter-

actions [186, 188, 187], resulting in low energy states with a shorter lifetime and a

higher polarisation. As the power is increased the emission from these low energy

states increases disproportionately to the rest of the ensemble emission. This results

in a change in emission FWHM [178] and a significant difference in emission shape

between the polarisation components, as is evident in Figure 9.4. This leads to a

breakdown of the linear polarisation slope as the polarisation must now reflect the

significant PCP observed at low energies, resulting in a pronounced polarisation dip

in the spectrum (sloping down due to splitting and then back up due to polarisation

contrast with the low energy region). This makes observing or determining ∆ val-

ues at these high excitation levels challenging. However, the polarisation splitting

should not be sensitive to these effects except that the polarisation slope that results

from it is masked by a change in the emission profile. This results in the NCP dip

in the QD emission polarisation shown in Figure 9.4 and observed in other NCP

studies [212, 157, 213, 151, 152].

9.5 NCP due to spin splitting

The observation of negative circular polarisation as a general property of QDs under

high power excitation, regardless of doping level, shows that the traditional negative

trion explanation cannot fully describe NCP in QDs. An alternative explanation
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arises from consideration of the optically induced polarisation splitting in the QDs.

It was shown in Chapter 7 that emission polarisation in QDs can be induced by the

application of an external magnetic field, which splits the spin states and results

in a net polarisation due to thermalisation of the carriers. The polarisation slope

observed in QD ensembles has been attributed to an optically induced splitting,

which shifts the counter-polarised emission component to lower energy relative to the

co-polarised component. The energy splitting can exceed 1 meV (at 10 K kBT ' 1

meV) and thus, given sufficient time and sufficient spin scattering mechanisms, the

thermal equilibrium reached by carriers could produce significant NCP.

Using the principles outlined in Section 7.3.3, for a splitting of 1 meV and a tem-

perature of 10 K, yields an estimated polarisation of −50% at thermal equilibrium.

This crude estimate assumes infinitely fast spin scattering and neglects any feedback

which may arise from a polarisation splitting induced by the generation of polarised

carriers. Therefore, this may represent a significant overestimate of the polarisation

that may arise due to such spin freezing and this could account for the much smaller

NCP observed. However, this estimate gives a clear indication that thermalisation

between split spin levels could result in the generation of NCP at low temperature.

Electron spin freezing due to dynamic nuclear polarisation in InP QDs was con-

sidered by Ikezawa et al. [175] as a possible origin of NCP. It was concluded that

such a freezing effect would require a large effective nuclear field of 14 T and there-

fore could not be responsible for the NCP observed. However, using the ensemble

splitting technique, an optically induced polarisation splitting was resolved with an

equivalent magnetic field strength in excess of 17 T (see Chapter 7). Therefore,

a splitting induced by dynamic nuclear polarisation under CP excitation, as has

been indicated throughout this thesis, gives a good potential explanation for the

development of NCP in QDs.
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This spin splitting mechanism for NCP generation does not preclude the negat-

ively charged trion models outlined in Section 9.2, but can more easily explain the

phenomenon of NCP observed in QDs of other doping levels and the strong de-

pendence on excitation power. Interestingly, since spin freezing due to the effective

nuclear field polarises the electrons within the QDs, this could explain the long elec-

tron spin lifetimes that have been observed in singly n-doped QDs [173, 175, 157]. It

was shown in Chapter 8 that a memory of the optically induced splitting can persist

over a long timescale. If a resident electron is present in the QD5, then this spin

splitting will lead to a stabilisation of the electron spin in the lower energy state,

resulting in the apparent observation of a long electron spin memory. A stabilisation

of the resident electron spin, resulting from the influence of nuclear polarisation, has

previously been explained in this manner and was attributed to the formation of

a nuclear spin polaron [157]. This shows that the polarisation splitting dynamics

observed in Chapter 8 may have profound consequences for the understanding of

electron (and nuclear) spin memory effects in semiconductor QDs.

9.6 Summary

In this chapter negative circular polarisation has been observed in n-doped, un-

doped and p-doped QD ensembles at high excitation power. The conclusion is that

NCP is a general property of QDs and this calls into question the traditionally ac-

cepted mechanism for NCP generation, which is based upon negative trions. The

development of NCP follows the behaviour of the polarisation splitting phenomenon

discussed in Chapters 6-8. Therefore, an alternative explanation is proposed where

the generation of NCP in QDs results from spin freezing due to the optically induced

5Assuming the presence of the resident electron does not degrade the spin memory, which is
possible [155].
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splitting between spin levels. This model can account for the presence of NCP in

undoped or p-doped QDs and explains the strong dependence on the PL excitation

power which results in the need for significant excited state population in the QDs.

Neither of these can be fully accounted for using the negative trion based schemes.

The connection of NCP to an optically induced polarisation splitting may be of

profound consequence for the understanding of spin memories in QDs. Electron spin

memories should now be connected with the splitting dynamics observed in Chapter

8. This gives a further example of the significance of the shape of the polarisation

spectrum, in particular the ensemble splitting introduced in Chapter 6, which has

been shown to allow resolution of a number of new spin effects in self-assembled

quantum dot ensembles.
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Self-assembled quantum dots possess a number of advantageous characteristics which

it is hoped will prove useful for the production of future spin-based technologies.

The ability to tailor QD growth for different applications and probe QD physics

using optical methods are highly desirable qualities for the construction of optical

devices. In particular, the potentially long spin lifetime in QDs makes them attract-

ive candidates for applications in spintronics and quantum information. Thus, the

ability to resolve and understand spin physics in QDs is a crucial requirement for

the development of such technologies.

This work has presented a study of the growth, characterisation, spin physics,

spin relaxation and fine structure effects in self-assembled QDs. A new technique

has been demonstrated by which spin splittings can be resolved in QD ensembles

using the shape of the emission polarisation spectrum, with a resolution that far

exceeds the ensemble width. The validity of the ensemble splitting technique has

been confirmed via investigation of Zeeman effects in QD ensembles, allowing access

to important QD spin properties and fine structure information previously only

resolvable using single QD techniques. This provides a new and simple method for

the measurement of QD properties that are important for an understanding and

optimisation of future photonic devices.

The ensemble splitting technique has been used to probe previously unstudied
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spin behaviour in QDs. A strong optically induced polarisation splitting has been

revealed by the technique, previously unobserved in QD ensembles. The magnetic

field sensitivity of this splitting was investigated and the splitting was shown to

be strongly enhanced by the presence of a magnetic field in the growth direction.

A long spin memory of the splitting effect was measured, indicating a novel QD

spin memory with a desirably long lifetime. This behaviour suggests that the spin

splitting may be caused by the effective magnetic field of polarised nuclei within

the QDs. A large spin splitting can be used to explain the observation of negative

circular polarisation (NCP) across a range of QDs with different doping levels. NCP

has previously been assumed to be a property of n-doped QDs but this work has

shown that NCP should be seen as a general property of QDs at high excitation,

regardless of doping level. This finding calls into question the previously accepted

mechanisms for NCP generation. The insensitivity of the observed spin splitting

to the presence or absence of resident carriers in the QDs further implies that the

mechanism may lie with the spin of QD nuclei. However, the size of the polarisation

splitting and the observation of a rapid initialisation and erasing of the effect is in

complete contradiction with the traditional understanding of dynamic nuclear spin

polarisation. This suggests that the techniques developed in this thesis may open

the door to new spin physics in QDs yielding measurements of strong, previously

unobserved fine structure effects which bear the desirable long lifetime of QD nuclear

polarisation and the rapid initialisation of spin information stored on a resident

carrier.

Future work should consider enhancements that might be made to the ensemble

splitting technique, in particular to develop the technique to allow resolution of

linear polarisation splittings in an external magnetic field to measure the QD fine

structure splitting (FSS). This could then be used to study how the FSS varies in
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different QD ensembles, allowing the optimisation of QD growth for the production

of future photonic devices such as entangled photon sources. Perhaps the most

challenging future work should be to test some of the findings contained in this thesis

by investigating the behaviour of single QDs. Not only would this give unequivocal

confirmation of the optically induced splitting but could also give further insight into

the origin of the effect. Investigation should also be carried out into the dynamics in

ensemble samples of different doping levels and without the use of external magnetic

field. Shorter timescales could also be investigated by including TRPL techniques

into the pump-probe scheme. Longer timescales should also be investigated. These

investigations should provide vital insight necessary for further elucidation of the

physical origin of the optically induced polarisation splitting.
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Nomenclature

AFM Atomic force microscopy

CP Circular polarisation

CW Continuous wave

DNP Dynamic nuclear polarisation, same as DNSP

DNSP Dynamic nuclear spin polarisation, same as DNP

FSS Fine structure splitting

FWHM Full width at half maximum

GS Ground state

hh Heavy hole

lh Light hole

LP Linear polarisation

MBE Molecular beam epitaxy

NCP Negative circular polarisation

PCP Positive circular polarisation
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Nomenclature

PL Photoluminescence

PLE Photoluminescence excitation

QD Quantum dot

QW Quantum well

RHEED Reflection high energy electron diffraction

TRPL Time-resolved photoluminescence

UHV Ultra high vacuum

WL Wetting layer

X1 First excited state
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