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Abstract

All optical spin noise spectroscopy is typically used to extract the
virtually undisturbed spin dynamics from measurements of spin fluc-
tuations in thermal equilibrium. In this thesis, the method is ap-
plied to study spin fluctuations in single positively charged InGaAs
quantum dots beyond thermal equilibrium conditions, in view of
the spin-photon interface provided by the optical transition. Spin
noise spectroscopy with a resonantly driven optical transition ad-
ditionally reveals the spin dynamics in the optically excited state,
enables the characterization of the optical transition, and unveils
a charge occupation noise which is naturally inherent in optically
driven semiconductor quantum dots.

The spin noise measurements in combination with a theoretical
model show that the average spin relaxation rate of the optically
driven spin is a mixture of hole-spin relaxation in the ground state
and electron-spin relaxation in the excited state. The electron-spin
relaxation is found to be on the order of a few 10 MHz, and dom-
inates the average spin relaxation rate under quasi-resonant exci-
tation. The dependence of spin dynamics and noise power on the
laser detuning is used to determine saturation intensity, line width,
and inhomogeneous broadening of the optical transition. It is shown
that the unfavorable inhomogeneous broadening due to charge fluc-
tuations in the quantum dot environment becomes very small and
can even be absent in high-quality samples with a very low quantum
dot density. Beyond the spin relaxation, the spin noise under quasi-
resonant driving furthermore contains an additional contribution
which is assigned to the temporary escape of the resident hole in the
quantum dot. The detailed analysis of this occupation noise shows
that the hole escape is initiated by non-radiative Auger recombi-
nation. The subsequent reoccupation of the quantum dot depends



crucially on the solid-state environment. The intrinsic Auger rate
is determined to be about 2 to 3 MHz for holes in InGaAs quantum
dots. The reoccupation of the quantum dot by a hole is in general
found to be slow in the investigated weakly p-doped sample, i.e., on
a timescale of a few microseconds. In particular, it is shown that the
presence of an ionized acceptor in the close vicinity of the quantum
dot can significantly prolong the reoccupation time to several tens
of microseconds as the result of a hole-capture competition between
ionized acceptor and quantum dot.
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List of Abbreviations,
Symbols, and Constants

Abbreviations

AlAs Aluminum Arsenide

DBR Distributed Bragg Reflector
FFT Fast Fourier Transformation
FWHM Full Width at Half Maximum
GaAs Gallium Arsenide

HFI Hyperfine Interaction

HWHM Half Width at Half Maximum
InAs Indium Arsenide

(InGa)As Indium Gallium Arsenide
LCR Liquid Crystal Retarder

MBE Molecular Beam Epitaxy

ML Monolayer

ON Occupation Noise

PL Photoluminescence

PSU Photon Shot-noise Units



QD Quantum Dot
SN Spin Noise

SNS Spin Noise Spectroscopy

Symbols

B, transversal magnetic field

B, longitudinal magnetic field

By nuclear magnetic field

d transition dipole moment

FE electric field

& trion optical transition matrix element

G generation rate

ge electron g-factor

gn hole g-factor

I laser intensity

Is saturation intensity of the optical transition
n complex refractive index

np, population of the QD ground state (hole)
ny, population of the QD excited state (trion)
n QD population, n = ny + ny,

nouwt population of states outside the QD

P power



R recombination rate

S, spin projection on the measurement direction z
S¢ electron-spin projection

S" hole-spin projection

T temperature

T7 spin relaxation time

TY electron-spin relaxation time

T} hole-spin relaxation time

Ty average spin relaxation time

T spin dephasing time

T5 inhomogeneous spin dephasing time

X0 exciton

X* positively charged trion

AEpg fine-structure splitting energy

« primary noise contribution in the SN spectrum
B additional noise contribution in the SN spectrum (ON)
v intrinsic transition linewidth

o spontaneous recombination rate

~va Auger rate

4 effective Auger rate o ng,/n - ya

~r transition linewidth at a given laser intensity, v; = yv/1+ I /Ig

v correlation rate of the occupation noise



v reoccupation rate

~s spin relaxation rate

electron-spin relaxation rate, v¢ = 1/T¢

4" hole-spin relaxation rate, v* = 1/T}

Yc,p reoccupation rate from continuum into the QD

vYc,0 Treoccupation rate from continuum into the outer state

Yo,p reoccupation rate from the outer state into the QD

I" renormalized 7; of the nonequilibrium noise power spectra

dwp inhomogeneous broadening of the optical transition

A laser detuning with respect to the optical resonance, A = w —wy
A, effective laser detuning for o~ polarized light, A, = A4+, /2
A_ effective laser detuning for o™ polarized light, A_ = A —Q,/2
€ dielectric function

0r Faraday rotation angle

0k Kerr rotation angle

A coupling parameter between QD pseudo spin and occupancy

X' coupling parameter between QD occupancy and pseudo spin

v noise frequency

vy, Larmor frequency

o~ right-handed circular polarization

ot left-handed circular polarization

wp resonance frequency
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w laser frequency

QF Larmor frequency corresponding to the Zeeman splitting hQ)”?
of the hole-spin states in z-direction

Q¢ Larmor frequency corresponding to the Zeeman splitting 7€2S of

the electron-spin states in z-direction

Q, Larmor frequency corresponding to the effective trion Zeeman
splitting A2, = AQS — AQP in z-direction

Constants

¢ speed of light, 299 792458 ms™!

e elementary charge, 1.60217662 x 10719 C

h Planck’s constant, 6.626 070040 x 10734 Js

h reduced Planck constant, 1.054 571800 x 10734 Js
kp Boltzmann constant, 1.380648 52 x 10723 JK—!
pp Bohr magneton, 9.274 009994 x 10-24 JT—!
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1. Introduction

A single spin in conjunction with an optical transition is among the
most popular systems considered in the context of quantum infor-
mation processing. The spin provides a two-level quantum system,
referred to as qubit, which can be interrogated and controlled by
laser light. The superposition principle inherent to such a quantum
system can be exploited to enhance the performance of information
processing beyond the capabilities of a classical computer [1,2].
The general concept of a qubit can be realized in many different
systems. A naturally occurring well-isolated qubit system is pro-
vided by two levels in an (ionized) atom. In this system, encourag-
ing experiments involving the realization of computational tasks by
optical control of the qubit have been demonstrated within the last
decade [3-8]. However, single atoms are extremely volatile and con-
siderable effort is necessary to store them in a fixed spatial position.
This fact makes the future utilization of atoms for common quan-
tum information devices rather unfavorable. In order to circum-
vent this problem, the realization of a qubit in a solid-state system
is very desirable. The technological progress in the fabrication of
semiconductor nanostructures provides a high-potential candidate
for an optically addressable spin qubit: nanometer-sized indium ar-
senide dots embedded in gallium arsenide yield a three dimensional
trapping potential for charge carriers with a spin. The strong con-
finement in these so-called quantum dots (QDs) results in quantized
energy levels for the confined carriers and bright optical transitions
at discrete photon energies. Optical studies on QDs reproduced
most of the characteristic quantum optical phenomena shown for
atoms. For example, QDs exhibit single photon emission which is
observed as photon anti-bunching in intensity correlation measure-
ments [9,10]. Furthermore, Rabi oscillations and the Mollow-triplet
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1. Introduction

can be observed in optically driven QDs [11-13], which signifies
strong, coherent light-matter interaction. The striking similarity to
the physical properties of a single atom coined the term artificial
atom, although a QD typically consists of more than ten thousand
atoms. To some extent the artificial atoms might even be superior
to real atoms: the level structure and optical emission energy can be
tailored by varying QD size and material composition. This enables
the fabrication of QDs which emit light, for example, at telecom
band wavelengths [14,15]. In addition, the optical transition of a
semiconductor QD has typically a much larger oscillator strength
compared to an atomic transition, providing a significantly higher
photon yield. Furthermore, the solid-state implementation facili-
tates the incorporation of QDs into existing semiconductor optoelec-
tronic structures to build up technologically relevant, scalable de-
vices. Regarding quantum-information applications, several groups
demonstrated the optical initialization, manipulation, and read-out
of a single electron spin confined in a QD [16-20], which represent
some of the key requirements for the physical implementation of a
qubit [21]. An important parameter in this context is the spin re-
laxation or decoherence time, which defines the timescale on which
a spin information can be maintained by the qubit. Ideally, this
time should be as long as possible. Here, the otherwise convenient
solid-state environment poses a major challenge for the realization
of a suitable qubit. The solid-state matrix constitutes a rich source
of noise and interactions which usually lead to a rapid loss of the
spin information. At low temperatures, the spin decay of a carrier
confined in the QD is dominated by the hyperfine interaction with
the huge number of atomic nuclear spins in the QD [22,23]. This
interaction causes a fast electron spin decay within a few nanosec-
onds. The detrimental effect of the hyperfine interaction can be
mitigated by using a hole spin instead of an electron spin. As a
result of its p-type Bloch wave function, the hole spin interacts only
weakly with the nuclear spins which yields a significantly longer
hole-spin lifetime [24,25]. The spin decay due to hyperfine inter-
action can further be suppressed applying external magnetic fields,
which enables promisingly long spin lifetimes up to a millisecond
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timescale [22,26]. Apart from the spin, the noisy solid-state envi-
ronment also affects the optical transition that provides the interface
to the spin qubit. Fluctuating charge distributions in the QD en-
vironment lead to changes of the resonance energy over time [27].
In addition, nonradiative decay processes like Auger recombination
can strongly decrease the efficiency of the optical interface [28]. Al-
together, the dynamics guiding the decay of spin information and
the degradation of the optical transition due to the solid-state en-
vironment are crucial in view of the implementation of a QD spin
qubit and require special consideration.

A versatile tool to study spin dynamics and properties of the
optical transition at the same time is the method spin noise spec-
troscopy (SNS). The principle of SNS is to map fluctuations of
the spin in the ground state on a linearly polarized probe laser via
Faraday rotation. Initially, this method was developed to study spin
dynamics in atomic gases [29,30]. The first SNS measurements on
electron spins in bulk gallium arsenide have been demonstrated in
2005 [31]. Thereafter, SNS gained increasingly more attention in
semiconductor spin physics as a convenient and powerful replace-
ment of pump-probe techniques, which require optical excitation of
spin-polarized carriers by an additional pump laser [32,33]. In con-
trast, SNS does not need spin-polarized carriers to measure the spin
decay times. Instead, the intrinsic spin dynamics are extracted from
the spin fluctuations (spin noise, SN) in thermal equilibrium using
a nonresonant probe laser. For sufficient detuning between probe-
laser and optical transition this avoids increased spin relaxation as
a result of optical excitation and yields the nearly undisturbed spin
dynamics of the investigated system [34]. The spectroscopy of spin
fluctuations proved to be a highly sensitive tool, leading recently to
the first observation of the spin noise of a single hole spin localized
in a QD [35]. These measurements revealed a long hole-spin relax-
ation time of 180 ps in a small magnetic field of a few 10mT for a
well-detuned probe laser of very low light intensity. The spin relax-
ation time and the Faraday rotation signal depend strongly on the
detuning between optical transition and probe laser, which can be
exploited to gain information about the QD optical transition. The
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1. Introduction

SN investigation in Ref. [35] revealed a strong inhomogeneous broad-
ening of the QD optical transition due to charge fluctuations in the
environment. The spin dynamics determined from the equilibrium
fluctuations of the system will only remain valid if external pertur-
bations of the system are kept small. This relation follows from the
fluctuation-dissipation theorem which builds the theoretical basis of
the SNS method by linking the noise spectrum in thermal equilib-
rium to the linear response function of the system [36]. However,
optical interrogation and manipulation of a spin qubit constitutes a
strong external perturbation which drives the system far away from
its equilibrium state. Under such strongly nonequilibrium condi-
tions the physical properties of the system can change significantly
and require a separate investigation.

In this thesis, SNS is applied to study the fluctuations of a single
hole-spin in a QD beyond the bounds of thermal equilibrium condi-
tions. For this purpose, the SNS probe laser is tuned into resonance
with the optical transition such that it not only probes the spin
information but also drives the optical transition at the same time.
The resonant optical excitation creates a nonequilibrium situation
very similar to the optical addressing of a spin qubit. The mea-
sured nonequilibrium spin fluctuations in combination with a theo-
retical analysis of the SN spectra beyond the fluctuation-dissipation
theorem provide rich information about the physical properties of
the optically driven spin system. While the equilibrium SN mea-
surements contain only information about the spin dynamics in the
ground state, the nonequilibrium fluctuations are additionally gov-
erned by the spin dynamics in the optically excited state. Moreover,
an additional new noise contribution appears in the nonequilibrium
SN spectra. The additional noise is found to originate from the
temporary loss of the spin carrier residing in the QD as a result of
Auger recombination. In general, this QD occupation noise in the
nonequilibrium SN measurements provides information about the
dynamics of charge exchange between the QD and its environment.
Concerning the properties of the optical transition, laser-detuning
dependent SN measurements on different QDs show that negligible
inhomogeneous broadening of the optical transition can in principle
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be achieved in the natural solid-state environment: for the case of
a low QD density and a small number of charged defect states, a
QD with a homogeneously broadened optical transition is observed
which signifies negligible charge fluctuations in the QD environment.
The thesis is structured as follows: chapter 2 provides a general
introduction to spin noise spectroscopy on single quantum dots. The
first part of the chapter describes the optical properties and spin dy-
namics in self-assembled InAs QDs. The second part outlines the
general concept of SNS to study spin dynamics. Chapter 3 pro-
vides information about the sample structure and the experimental
setup. Furthermore, experimental aspects of photoluminescence and
SN measurements on single QDs are discussed. Chapter 4 presents
the nonequilibrium SN measurements under resonant optical driv-
ing with the corresponding theoretical analysis for two selected QDs.
The two QDs show consistent but yet complementary results which
can be attributed to distinct differences in their environment. SN
measurements on the first QD reveal a homogeneously broadened
optical transition and show that the spin fluctuations under resonant
optical driving contain the spin dynamics of the ground and excited
state simultaneously. Additionally, the quasi-resonant SN measure-
ments show a new noise contribution, which is assigned to charge
occupation noise of the QD as a result of Auger recombination.
SN measurements on the second QD show a small inhomogeneous
broadening of the optical transition, but confirm the excited state
spin dynamics and Auger recombination dynamics observed previ-
ously. Moreover, the occupation noise of the second QD appears
more complex, revealing the presence of a nearby ionized acceptor
and a coupling of spin and charge dynamics in a magnetic field.
Finally, chapter 5 provides a conclusion on the results and a brief
outlook on further extensions of single QD SN measurements.
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2. General Background

This chapter summarizes the basic knowledge related to spin noise
spectroscopy (SNS) on single quantum dots (QDs) which is the
main subject of this thesis. Section 2.1 introduces the studied semi-
conductor nanostructures: self-assembled InAs QDs. The section
focusses in particular on their optical properties and on the spin
dynamics of localized charge carriers in the QDs. Section 2.2 in-
troduces the basic principle and the general theory of the optical
method SNS which will be applied for the investigation of the QD
spin dynamics.

2.1. InAs Quantum Dots

2.1.1. Semiconductor Artificial Atoms

A semiconductor QD is a nm-sized heterostructure which confines
charge carriers in all three dimensions. The small size of the dot
leads to quantization effects in the electronic and optical properties
of the semiconductor heterostructure which established the denota-
tion as “quantum dot”.

In the last two decades many different QD fabrication techniques
for various semiconductor materials have evolved, each with their
own benefits for the resulting QD and its application [37-40]. A
very popular type of QD in view of light-matter interaction and
spin physics — and the type of QD studied in this thesis — are self-
assembled QDs consisting of indium arsenide (InAs) or the alloy in-
dium gallium arsenide ((InGa)As) embedded in a gallium arsenide
(GaAs) matrix. These QDs are fabricated by molecular beam epi-
taxy (MBE) in the Stranski-Krastanov growth mode [41,42] which
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2. General Background

describes the epitaxial growth of semiconductor heterostructures
with a significant lattice mismatch (2 5%) [43]. InAs has a 7%
larger lattice constant compared to GaAs. The epitaxial growth of
a small amount of InAs on a GaAs substrate yields a thin InAs
layer with a lattice constant adapted to the substrate. This layer is
called the wetting layer. As a result of the lattice mismatch strain
accumulates in the wetting layer until a critical thickness of about
1.7 monolayers [44] is reached. At this thickness the strain in the
InAs layer relaxes partially by forming small randomly distributed
islands [45]. Capping these islands again with GaAs results in a
three-dimensional confinement potential for electrons and holes due
to the energy band offsets in the InAs/GaAs heterostructure, so that
the capped islands form the InAs QDs. Owing to the strain-driven
random island formation on the substrate, the QDs are referred
to as self-assembled QDs. The growth conditions and the amount
of deposited Indium have to be controlled very carefully to obtain
InAs islands which are free of crystal defects to ensures good optical
properties [44,45].

The InAs QDs are typically lens shaped [see Fig. 2.1(a)] with a
diameter of about 20 nm and a height of about 5nm, which corre-
sponds to a number of approximately 10° atoms in the QD [26]. The
QD dimensions are significantly smaller than the extent of the bulk
wave function of electrons or holes, thereby yielding a quasi zero-
dimensional object with quantization in every direction [44,46]. As
a result, the density of states is discrete and the QD exhibits a shell
structure comparable to a single atom [45,46]. Similar to atoms,
the occupation of the shells is governed by Pauli’s principle. The
discrete levels in valence and conduction band have an energy sep-
aration on the order of 10meV [26]. To maintain the quantization
effects, the QDs are typically operated at liquid helium tempera-
tures (4.2 K) which ensures that the thermal energy kpT is smaller
than the level spacing [44].

The energy of the levels, and thereby the optical emission energy,
is determined by the size, shape, and composition of the QDs [45,47].
This enables tailoring of the optical properties of the artificial atoms
over a wide range by changing the growth conditions and the mate-
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2.1. InAs Quantum Dots

a b
) GaAs Matrix ) E
z
1 1 ~5nm
InAs QD e
=12
~20 nm J
wetting layer E
g
c) >k
m= 2 12 hl/ 1A,
E Ih / =372
¢ Ago
m = 432 -3/2 SO/\jl/Z

Figure 2.1.: (a) Typical shape and dimensions of a self-assembled
InAs QD in a GaAs matrix. The z direction is defined as the growth
direction of the heterostructure. (b) Schematic of the bulk InAs
band structure in the presence of uniaxial strain along z. The va-
lence band splits into heavy-hole band (hh), light-hole band (1h),
and split-off band (so). (c) The s-shell of the QD counsisting of the
lowest confined QD states of electrons and holes at the band edge.

rial composition. In addition, the fabrication of the QDs in layers
facilitates the incorporation in more complex structures enabling
high-performance optoelectronic devices. On the other hand, the
self-organized growth inevitably leads to slight variations of the size,
material composition, and strain distribution, so that QDs — unlike
atoms — are not identical within the same “species” [44,45]. These
variations manifest themselves as an inhomogeneous broadening of
the quantities obtained in (optical) measurements on QD ensembles.
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2. General Background

2.1.2. Optical Properties

The optical properties of the QDs are determined by the zero-dim-
ensional density of states resulting in a shell structure with discrete
optical transitions. The lowest energy states of electrons and holes
at the band edges represent the QD s-shell. The optical measure-
ments presented in this thesis are conducted in a way that only the
optical transitions related to the QD s-shell are relevant. Higher
energy states in the QD will be neglected in the following.!

Figure. 2.1(b) depicts the band structure of bulk InAs close to
the band gap at the T’ point (k = 0) in the presence of strain. This
band structure applies as well for the strained InAs islands, although
the quantization due to confinement is not yet taken into account
here [44]. The corresponding Bloch wave function of electrons in
the conduction band is s-type with an angular momentum quantum
number of j = 1/2. In the valence band the hole Bloch wave function
is p-type corresponding to 2 bands with j = 3/2 and j = 1/2,
respectively, which are split by the spin orbit interaction [Ago in
Fig. 2.1(b)]. The j = 3/2 band consists of 2 sub bands with the
momentum projections m, = +3/2 and m, = £1/2, denoted as
the heavy-hole (hh) and the light-hole (1h) band, owing to their
different curvatures associated with the effective particle masses. In
the presence of uniaxial strain (along z) the heavy- and light-hole
bands are split by Apg. In InAs QDs the splittings Ago and Apy
in the valence band are typically large enough to neglect lh and so-
states for optical transitions [44]. As a result, the QD s-shell can
be represented by a four-level system with the states m, = +1/2
for electrons in the conduction band and the states m, = +3/2 for
holes in the valence band [see Fig. 2.1(c)]. Note that the QD band
gap I/, is increased by almost 1eV compared to the band gap of
bulk InAs due to the confinement energy [46].

The optical selection rule Aj = +1 allows for optical transitions
between the QD valence and conduction band states. The increased
overlap of electron and hole wave functions due to the strong spatial

LOptical emission from higher QD shells becomes relevant for high-intensity
nonresonant laser excitation.
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2.1. InAs Quantum Dots

confinement yields a particularly strong interaction with light [44,
46]. At the same time, the increased overlap leads to the formation
of excitons which further define the QD optical properties.

Neutral and Charged Excitons

The exciton is a hydrogen-like complex of an electron-hole pair,
which is bound by Coulomb interaction. The energy of the exciton
is reduced by the binding energy of the complex with respect to the
single particle states in the QD. The binding energy due to Coulomb
interaction is determined by the spatial overlap of electron and hole
wave functions [44]:

Betbh] —— [etn) (2.1)

2
By =——(
4me |re — rp|
where e is the elementary charge and e the dielectric constant.
The binding energy is typically on the order of 10meV in InAs
QDs [48,49] and the energy of the optical transition is reduced by
E% compared to the energy difference of the single-particle states.
In addition, exciton complexes consisting of multiple particles can
exist in the QD. Especially in the case of a doped heterostructure,
negatively or positively charged excitons can be observed. They
consist of two electrons and one hole or two holes and one electron,
respectively. The charged excitons are also referred to as trions
due to their three constituents. A complex of two electrons and two
holes is called a biexciton and corresponds to a completely filled QD
s-shell. The binding energy of trions and biexciton is obtained by
summing up all respective two-particle coulomb interaction terms
[Eq. (2.1)] [44]. Note that the interaction terms of equally charged
particles decrease the total binding energy due to their repulsion,
they are subtracted. The total binding energy of trions and biexci-
ton is typically higher than the exciton binding energy, so that their
optical transitions lie energetically below the exciton transition in
the emission spectrum. However, the respective wave function over-
laps in the QD depend strongly on the QD size and morphology
which can also lead to higher trion and biexciton transition energies
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2. General Background

with respect to the exciton. In the following, the neutral exciton
and the positively charged trion will be considered in more detail
since they are the dominant complexes in the QDs investigated in
this thesis due to a low p-type doping (see Sec. 3.1).

In addition to the Coulomb interaction, the neutral exciton is also
subject to the electron-hole exchange interaction. This interaction
corresponds to an effective coupling between electron spin S, and
hole angular momentum .J,, described by the exchange Hamilto-
nian: [50]

Hezc = Z (aiJh,iSe,i + bi‘]]zj’iSE,i) . (22)

1=1,Y,2

The exciton eigenstates of the Hamiltonian depend on the sym-
metry of the QD. For QDs with rotational symmetry (b, = by)
the states are characterized by the angular momentum projection
M, = S, . + Jp.z, yielding the 4 exciton states |+1) and |£2) [50].
The exchange interaction results in an energetic splitting between
the states |+1) and |£2). However, optical recombination of the
states |£2) is forbidden since the angular momentum can not be
conserved by the interaction with a single photon which has an an-
gular momentum of +1. For this reason, these states are called
dark excitons and can be neglected for optical processes. The states
|£1) conserve the angular momentum in an optical transition and
are therefore called bright excitons. In the case of rotational sym-
metry, the bright exciton states are degenerate in energy. The self-
assembled InAs QDs do generally not provide rotational symmetry,
but are elongated in the xy plane resulting in b, # b,. In this case,
the exchange interaction is anisotropic which leads to a mixing of the
|£1) states [50]. The eigenstates of the anisotropic exchange Hamil-
tonian are given by the linear superpositions 1/v/2 (|+1) 4 |—1))
and 1/v/2(]4+1) —|-1)). These states are split by the exchange
energy AEpg [cf. Fig. 2.2(a)] which is usually referred to as fine-
structure splitting following atomic physics. In InAs QDs this split-
ting is on the order of a few 10 eV to 100 peV [50,51].

For the positively charged trion the situation is much simpler:
The total angular momentum Jj of the holes is zero since the QD
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2.1. InAs Quantum Dots

a)  neutral exciton (X°) b) positively charged trion (X'*)
. c_ 1A :
T'+lA ty {2 Tl‘ ‘TV
V'v: —AE
............. FS
on c*
s T
x y
crystal ground state hole ground state

T J hole spin, m =+3/2 A V electron spin, m =+1/2

Figure 2.2.: (a) The superposition states of the neutral exciton (see
text) and the respective linearly polarized optical transitions to the
crystal ground state of the empty QD. The exciton states are split
by the fine structure splitting AEgg. (b) The states of the positively
charged trion and the respective circularly polarized optical transi-
tions to the ground state with a single hole in the QD. Ground and
trion states are spin degenerate if no magnetic field is present.

s-shell can only accommodate two holes with opposite spin due to
Pauli’s principle. As a result, the exchange interaction [Eq. (2.2)]
vanishes and the trion states are given by the pure (unmixed) total
angular momentum projections S. , = |£1/2) which are degenerate
in energy [see Fig. 2.2(b)].2

2The same applies for the negatively charged trion with total electron spin
Se = 0, resulting in the trion states Jy , = [+3/2) .
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2. General Background

Optical Selection Rules

The selection rules for the QD optical transitions follow from the
total angular momentum of the exciton and trion states and are
illustrated in Fig. 2.2. The mixed states of the exciton have a total
angular momentum of zero as a result of the superposition of the
angular-momentum eigenstates. An optical transition to the crys-
tal ground state, i.e. the empty QD, can therefore only occur for
photons with zero angular momentum which corresponds to linearly
polarized light. The two exciton states exhibit the linearly cross-
polarized optical transitions 7, and m,, where the polarization axes
x and y are oriented along the major and minor axis of the elliptic
QD base [44]. The axes x and y often coincide with the crystal axes
but their orientation can also deviate [51,52].

Optical recombination of the positively charged trion results in a
ground state with a single hole in the QD s-shell, which has an an-
gular momentum of m, = +3/2 or m, = —3/2. The trion states are
defined by the electron momentum of m, = +1/2 or m, = —1/2.
The spin-conserving optical transitions (without change of the sign
of m,) have an angular momentum difference of +1, respectively.
They can be mediated by circularly polarized photons, which pro-
vide this angular momentum. The diagonal, spin-flipping optical
transitions are not allowed since they have an angular momentum
difference of +2. For the positively charged trion, these selection
rules are very strict providing a spin-selective light-matter interac-
tion with circularly polarized light at zero magnetic field [26,53]. In
contrast, the negatively charged trion (containing an unpaired hole
spin) suffers from strain-induced mixing of heavy-hole and light-
hole states, which leads to the occurrence of weak spin-flip transi-
tions [16, 26].

The optical selection rules of the trion are altered in the presence
of a magnetic field that is not parallel to the z direction. A mag-
netic field perpendicular to z results in linearly polarized diagonal
and vertical transitions, while in a tilted magnetic field linearly and
circularly polarized transitions can be observed [54,55]. A mag-
netic field parallel to the growth direction maintains the selection
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2.1. InAs Quantum Dots

rules shown in Fig. 2.2(b), but induces a Zeeman splitting of the
hole states and the trion states which results in different transi-
tion energies of the o™ and ¢~ polarized transitions. Note that the
QD spin states experience an intrinsic nonzero magnetic field due
to the interaction with the nuclear spins. This effective magnetic
field is called the Overhauser field and will be discussed in more
detail in Sec. 2.1.3. However, for the positively charged trion, the
corresponding Zeeman splittings and the alteration of the optical
selection rules is typically negligible [53].

The energies and polarizations of the QD exciton and trion tran-
sitions can conveniently be investigated by photoluminescence (PL)
spectroscopy. Here, a PL excitation laser with a high photon en-
ergy creates electron-hole pairs in the GaAs matrix. The carriers
relax into the QD, forming an exciton or trion which recombines
radiatively. A polarization-resolved detection and spectral analy-
sis of the PL light reveals the fine-structure splitting of the exciton
(see Sec. 3.3) or the Zeeman splitting of the optical transitions in
an external magnetic field [50].

Auger Effect

The Auger effect, named after Pierre Auger [56], describes a non-
radiative recombination process well-known from X-ray generation
and electron spectroscopy on ionized atomic vapors [57]. An elec-
tron from the inner shell of an atom is removed, leaving a vacancy
which is subsequently filled by an electron from the outer shell. The
high energy difference of this transition can be emitted in the form
of an X-ray photon, but it can also be transferred to another elec-
tron of the outer atomic shell which is thus ejected as a secondary
electron of the ionization process [58]. The transition with the emis-
sion of another electron instead of an X-ray photon is referred to as
an Auger or Auger-Meitner process.

In semiconductors, an Auger process occurs for three-particle
complexes, e.g., for positively charged trions in a QD which is de-
picted schematically in Fig. 2.3(a). The recombination energy of
the electron-hole pair is not emitted radiatively, but instead trans-
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ferred to the second hole as kinetic energy. As a result, the hole is
no longer confined to the QD and excited into the semiconductor
continuum, which is the lower valence band in the case of a hole.
The electron of a negatively charged trion is in turn excited into
the conduction band by an Auger process. The excited particle re-
laxes usually very fast by multi-phonon emission which transfers the
recombination energy into heat and makes Auger recombination a
typical non-radiative process in semiconductors [57].

Non-radiative recombination channels often degrade the quality
of an optical emitter. The Auger recombination in QDs leads to
blinking of the optical transition which results in a reduced average
quantum efficiency [59,60]. Additionally, it causes a broadening of
the optical linewidth [28]. The efficiency of Auger recombination in
QDs depends strongly on the QD size [28,61]. In small chemically-
synthesized QDs with a diameter of about 4nm the Auger recom-
bination is very efficient, occurring with a rate of 0.1 ps~! which
leads to strong quenching of the radiative recombination [62]. The
self-assembled InAs QDs are much larger with a typical base diam-
eter of 10 to 20nm. As a result, the Auger recombination rate is
significantly reduced to about 2ps~! which is much slower than the
radiative recombination rate [28]. Nevertheless, the resonance flu-
orescence measurements on a negatively charged trion in Ref. [2§]
revealed a strong impact of the Auger process for slow recharging
dynamics of the self-assembled QD. Since the Auger recombina-
tion leaves the QD in the “empty” crystal ground state, the optical
transition of the trion is completely quenched under resonant ex-
citation (cf. Fig 2.2) until a new charge carrier is supplied to the
QD by the solid-state environment. In samples with a charge reser-
voir, i.e., a highly-doped layer of GaAs close to the QD layer, the
recharging time of the QD is precisely defined by the tunneling time
which depends exponentially on the distance between doped layer
and QDs. A tunneling time an order of magnitude longer than the
Auger recombination time results in a quenching of the trion tran-
sition by 80 %, while for a tunneling time an order of magnitude
shorter, the quenching is less than 5% [28]. Hence, the detrimental
effect of Auger recombination on the optical properties of the QD
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Figure 2.3.: (a) Auger recombination of a positively charged trion
in the QD. The recombination energy of the electron-hole pair is
transferred to the additional hole which is thus excited into the va-
lence band continuum. (b) Schematic illustration of charge fluctua-
tions in the QD environment. The redistribution of charges leads to
shifts of the trion resonance energy resulting in an inhomogeneous
broadening of the optical transition (see text).

trion can be compensated by a fast tunneling time between QDs
and solid-state environment. On the other hand, however, fast tun-
neling times are not desirable in view of spin-photon interfaces since
frequent tunnel processes degrade the intrinsically long spin coher-
ence time in the QD [63]. In this case, a trade-off between optical
efficiency and spin coherence has to be considered, so that Auger
recombination is usually not negligible.

Charge Fluctuations

Not only the charge dynamics between QD and environment, but
also the charge dynamics which take place in the surroundings of
the QD have an effect on the optical properties. Although MBE
growth can produce very clean samples, there are typically still a
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few trapping centers for free charges in the QD environment which
can be related to, e.g., interface-fluctuations between different het-
erostructure layers [64] or to ionized doping centers, which provided
resident charge carriers for the QDs [35]. Free charges which can
be distributed between the localized trapping centers are provided
in particular by non-resonant optical excitation [64], by the dop-
ing [35] or by Auger-recombination from QDs [65]. If the number
of trapping centers is higher than the number of available charges,
the distribution of charges changes on a slow timescale on the order
of milliseconds to seconds [27,66]. These dynamics are known as
charge fluctuations or charge noise. The charge noise in the solid-
state environment leads to a varying local electric field at the QD
position which alters the energy of the optical transition via the
quantum confined Stark effect: the electric field causes a bending of
the band structure and thereby a displacement between electron and
hole wave functions in the QD. This results in a shift of exciton and
trion transitions to lower energies, proportional to the square of the
electric field amplitude [44,46]. Figure 2.3(b) depicts schematically
how the redistribution of charges in the environment affects the QD
optical transition over time. The electric field at the QD and the cor-
responding shift of the optical transition caused by a single charged
defect depends strongly on the distance between defect and QD. In
Ref. [64] it was shown that a trapped hole with a small distance of
30nm to the QD leads to a huge shift of the optical resonance by
20 peV, which is more than an order of magnitude larger than the
typical transition line width. Defects with a larger distance to the
QD result in only small shifts of the resonance, depending on their
charge status. In many cases, e.g., for ionized doping centers which
are randomly distributed in the solid-state matrix, charge trapping
centers with a larger distance to the QD are more probable than cen-
ters with just a few nm separation to the QD. For this reason, the
overall charge fluctuations in the environment typically result with
a higher probability in small energy shifts of the optical transition
compared to large shifts [cf. Fig. 2.3(b)] [66,67]. In general case,
the charge dynamics in the QD environment are often very com-
plex including a huge numbers of trapping centers and environment
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charge configurations. As a result, the average optical transition
is typically described by a Gaussian or Lorentzian distribution of
resonance energies [35,53]. Hence, in measurements which are aver-
aged over timescales much longer than the charge fluctuations (i.e.,
seconds), an inhomogeneous broadening of the optical transition is
observed which corresponds to the amplitude of charge fluctuations
in the QD environment.

2.1.3. Spin Dynamics

An arbitrary spin state ©g can generally be decomposed into a su-
perposition of its eigenstates |1) (“spin up”) and ||) (“spin down”)
with respect to a given quantization axis: [44]

[hs) = cosg 1) 4 €™ sing [4). (2.3)

The parameters # and ¢ can be interpreted as spherical coordi-
nates, representing the spin state 1g as a point on a sphere which
is known as the Bloch sphere (cf. Fig. 2.4). The time evolution
of the spin state |1g(t)) = exp [—%ﬁt} |t) is determined by the
energy splitting hw of the eigenstates. The equations of motion for
the x, y, and z projections of the spin state (2.3) in a magnetic
field defining the quantization axis z have been formulated by Fe-
lix Bloch in 1946 [68] and are therefore known as Bloch equations.
Their solution yields a constant polar angle 8(t) = 8y, while the az-
imuthal angle ¢(t) = wrt + ¢o changes with the Larmor frequency
wr, = gupB./h: The spin precesses around the magnetic field direc-
tion leading to oscillating x and y spin projections over time, while
the spin projection onto the z axis stays constant (cf. Fig. 2.4). A
perfectly isolated spin would maintain this dynamics forever. How-
ever, interaction with the environment leads to a decay of the spin
state after a certain time. To account for this, two decay times have
been introduced phenomenologically to the Bloch equations. The
longitudinal decay time 73 describes the decay of the initial spin
projection along the magnetic field direction into the spin ground
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i

Figure 2.4.: The time evolution of an arbitrary spin state ¥g(6, ¢) in
a magnetic field along the z direction depicted on the Bloch sphere.
The spin precesses around the magnetic field direction with the
Larmor frequency wy.

state. The transversal decay time 75 describes the loss of the phase
information encoded in ¢, leading to unpredictable x and y projec-
tions [44]. The T5 time is therefore referred to as spin dephasing or
decoherence time. The T} time is connected with a loss of energy
since the two eigenstates |1) and |]) are split by the Zeeman energy
AFE = hwy, = gupB,. The T time is referred to as spin relaxation
time. The relaxation of the spin state into one of the eigenstates
along z also causes a loss of the in-plane coherence, so that the T
time imposes an upper limit on the dephasing time: 75 < 273 [69).
In a small magnetic field, the Zeeman splitting becomes negligible
and 77 processes are no longer accompanied by energy dissipation,
yielding 77 ~ T5. In addition to spin relaxation and dephasing,
a spin decay due to an inhomogeneous environment, e.g., fluctua-
tions of the direction and magnitude of the magnetic field, is usually
considered separately since it leads to dephasing which acts on all
three spin projections. The corresponding decay time is referred to
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as inhomogeneous spin dephasing time 75 which is typically shorter
than the T5 time [70].

In semiconductors, there exist several processes which cause effi-
cient spin relaxation or dephasing. The four dominant mechanisms
for electrons in bulk semiconductors are the Dyakonov-Perel mech-
anism, the Elliott-Yafet mechanism, the Bir-Aranov-Pikus mecha-
nism, and the hyperfine interaction [70]. In the Dyakonov-Perel
mechanism spin-orbit coupling in the absence of inversion symme-
try yields a momentum dependent effective magnetic field for the
electrons or holes [71]. Scattering into other momentum states re-
sults in a fluctuating effective field, which leads to spin dephasing.
The Elliott- Yafet mechanism relates to a spin-orbit coupling induced
mixing of the spin states, which encourages spin-flip processes by
impurity scattering [72,73]. The Bir-Aronov-Pikus mechanism is
most relevant for electrons in the presence of holes (highly p-doped
samples or optically created electron-hole pairs) and mediates spin-
flips via the electron-hole exchange interaction [74]. At very low
doping densities with quasi-localized electrons the hyperfine inter-
action dominates the spin dephasing as a result of the interaction
with the fluctuating nuclear spin bath [75]. The hole-spin relaxation
in bulk semiconductors is typically governed by the strong mixing
of the valance band states (Elliott-Yafet), yielding a fast spin relax-
ation compared to electrons [70]. However, for localized carriers in
quantum dots with (k. ) = 0, spin-state mixing is reduced by the
confinement-induced splitting of the bands, and the interaction with
phonons is strongly suppressed at low temperatures [26,76]. As a
result, the hyperfine interaction with the nuclear spins dominates
the dynamics of the resident electron or hole spin in a QD.

Hyperfine Interaction

A typical self-assembled InAs QD comprises a number of approxi-
mately N = 10° atoms with each having a nuclear spin. The hyper-
fine interaction (HFI) describes the magnetic interaction between
the confined particle with spin S and angular momentum L and all
nuclear spins I, which is also known as the central spin problem.
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In general, the Hamiltonian of the hyperfine interaction is given
by: [77]

N

87 L-S ri(S-r;
Hyp = hgup Y vinsl; 5 S0(rj) + —5—+3 J(rs 1
j=1 J J

. (2.4)

Here, the sum runs over all nuclei in the QD, g and ~y; are the gy-
romagnetic factors of particle and nuclei, respectively, up is Bohr’s
magneton, r; = r — R; defines the relative position of the spin S
with respect to the jth nuclei, and r; corresponds to their distance.
The first term in Eq. (2.4) with the delta function §(r;) describes the
Fermi contact interaction, whereas the second and third term corre-
spond to the dipole-dipole coupling. The Fermi contact interaction
dominates the HFT for electron spins as a result of their s-type wave
function. The s-type wave function has a large probability den-
sity at the lattice sites R; of the nuclei (cf. Fig. 2.5) resulting in
a strong coupling of electron and nuclear spins. In contrast, the p-
type heavy-hole wave function is dropping to zero at the lattice sites
which suppresses the Fermi contact interaction. Therefore, the HFI
of the heavy-hole spins is given by the much weaker dipole-dipole
interaction. Apart from the coupling strength, this yields another
striking difference for the HFI of electrons and holes: the magnetic
dipole moment of the heavy-hole is oriented solely along the z direc-
tion, such that the HFI due to z and y components of the nuclear
spins is cancelled and only a z component (Ising-form) remains [26].
However, the heavy-hole states in the QD are not absolutely pure,
but have a small admixture of light-hole states. Typically, this yields
a small HFI coupling in x and y direction, but still the heavy-hole
HFT stays highly anisotropic [78]. In contrast, the Fermi contact
interaction of the electron spin is isotropic.

Although, the physical origin of the HFI of electrons and holes
is different, the simplified representation of their HFI Hamiltonian
appears qualitatively very similar: [22, 78]

N
Hi =vo > [V (R (AL, + AJII)S, + AZIIIS. ), (2.5)

j=1
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Figure 2.5.: Schematic of electron and hole wave functions in the QD,
illustrating their difference in hyperfine interaction with the nuclear
spins (adopted from [78]). The s-type electron wave function has
maxima at the nuclei which yields a strong hyperfine interaction.
The p-type hole wave function drops to zero at the lattice sites,
resulting in a weak coupling to the nuclear spins. The dashed lines
represent the envelope of electron and hole wave functions in the
QD with the maximum at the QD center.

with ¢ = e, h denoting the electron or hole, respectively. Here, vq is
the unit cell volume, ¢e7h(Rj) is the envelope of the wave function
at the jth nucleus (cf. Fig. 2. 5) and A7 is the isotope specific cou-
pling coefficient with A¢ = =Af and 0.1- A5 . ~ Al > AR I,
where the coefficients Ah z,y are determlned by the light-hole admix-
ture [25]. The expectation value of the Hamiltonian (2.5) taken
over the nuclear ensemble of N atoms yields an effective nuclear

magnetic field: [23,25]

ZA‘”W’ Mg (2:6)

MBg(r

This effective magnetic field is called the Overhauser field. The
Overhauser field is not constant, but varies in magnitude and di-
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rection over time due to thermal fluctuations of the nuclear spins
I7, known as nuclear spin noise [27]. The stochastic fluctuations
are described by a Gaussian probability distribution with a width
A% [23]. The precession of the electron or hole spin in the fluctu-
ating Overhauser field results in an inhomogeneous spin dephasing
on a time scale: [23,25]

h

Ty =T = ———.
? A IU/BgUAUB

(2.7)
The magnitude of A% scales with the number of nuclei as 1/ VN
and is proportional to the coupling coefficients Ai,yyz. The isotropic
hyperfine interaction of the electron corresponds to a magnetic field
fluctuation A% of about 10 to 30 mT in InAs QDs [22], which results
in fast electron spin dephasing on the order of T = 500 ps [25, 79].
The smaller coupling coefficients for the HFT of the hole spin yield a
weak in-plane (z,y) A% of about 5mT [25,80] and a dephasing time
Tﬁ ~ 14ns [25], which is more than an order of magnitude longer
compared to the electron but depends in general on the heavy-hole
and light-hole mixing in the individual QD.

Spin Dynamics in an External Magnetic Field

The application of a magnetic field in z direction results in a car-
rier spin precession around the direction of the total magnetic field
B =B.+By. If B, > Ap, the fluctuations of the Overhauser field
perpendicular to z can be considered as a small perturbation of the
total magnetic field direction. As a result, the dominant external
field B, “stabilizes” the carrier-spin projection along z [22]. Strictly
speaking, the Zeeman splitting of the carrier spin in the external
magnetic field has to be larger than the inhomogeneous broadening
of the spin levels resulting from the interaction with the fluctuating
nuclear spins [23]. In this case, the spin decay due to the hyperfine
interaction (Eq. (2.7)) is efficiently suppressed along the direction
of the external magnetic field. For the electron spin this requires
a magnetic field on the order of B, = 100mT yielding a 77 time
about an order of magnitude longer compared to Tk at B, = 0 [79].
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For the hole spin already a few 10 mT are sufficient to observe pro-
longed spin relaxation times as long as 180ps [35]. However, the
uni-directional external field can not shield the x and y component
of the spin from the hyperfine interaction and these components
still exhibit a fast dephasing in the total magnetic field [23]. Note,
that for a pure heavy-hole spin with an Ising-like hyperfine coupling
restricted to the z component, the hyperfine interaction can be com-
pletely switched off by applying a strong magnetic field in the z,y
plane [78,81].

For strong external magnetic fields along z, the suppression of
the spin relaxation by hyperfine interaction yields long electron and
hole T3 times, which can reach values of milliseconds up to a second
in a magnetic field of a few Tesla [53,63,82]. In higher magnetic
fields, the 77 time decreases again following a power-law depen-
dence on the magnetic field (~ B %) [26,82]. The strong magnetic
field dependence suggests that, beyond hyperfine interaction, the
spin relaxation is governed by phonon-assisted spin-flip processes
between the Zeeman sublevels which are mediated by spin-orbit
interaction [82-84]. The phonon-related spin relaxation becomes
especially important at higher temperatures as it exhibits a linear
temperature dependence [85,86]. In the case of hole-spins, a devia-
tion from the one-phonon mediated spin relaxation can be observed
in low magnetic fields (B < 3T) [53,85]. A theoretical analysis sug-
gests that the hole-spin relaxation at low magnetic fields is deter-
mined by two-phonon processes. The two-phonon processes depend
only weakly on the magnetic field and limit the hole spin relaxation
time to milliseconds above 2K [26, 86].

Regarding the spin dephasing time, a route to circumvent the
inhomogeneous dephasing by the fluctuating Overhauser field is
Hahn-echo decoupling of the carrier spin on timescales faster than
the nuclear spin fluctuations [87]. In this technique, an optical 7-
pulse reverses the direction of spin dephasing which protects the
spin coherence from slow changes of the Overhauser field. However,
Overhauser field dynamics faster than the pulse-sequence for decou-
pling and read-out can not be filtered and limit the electron-spin 75
time to a few microseconds in a transverse magnetic field of a few
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Tesla [87,88]. Theoretical modeling and experiments suggest that
the fast Overhauser field dynamics result from quadrupolar coupling
of the nuclear spins to inhomogeneous electric field gradients which
are induced by the strain in the self-assembled QDs [88,89]. Since
hole spins exhibit a weaker interaction with the nuclear spins, their
T5 time should be less affected by the nuclear quadrupole interac-
tion. However, in contrast to electrons, the coherence of the hole
spin is sensitive to charge noise in the environment (cf. Sec. 2.1.2)
due to an electric field dependence of the hole g-factor [90,91]. For
this reason, hole spin dephasing times in the microsecond regime
are only possible in very clean samples [78].

2.2. Spin Noise Spectroscopy

Spin noise (SN) refers to the stochastic temporal fluctuations of the
entity spin in (quasi) thermodynamic equilibrium. Analysis of these
fluctuations provides insight into the intrinsic spin dynamics of the
studied system according to the fluctuation-dissipation theorem [92].
Spin noise spectroscopy (SNS) is an optical technique which allows
to measure the fluctuations of the spin projection in the direction
of laser propagation. SNS was introduced in 1981 by Alexandrov
and Zapasskii who demonstrated the technique on sodium vapor
atoms [29]. In 2005, Qestreich et al. transferred the method to
semiconductors and demonstrated the first spin noise measurements
on donor electrons in GaAs [31]. Thereafter, SNS evolved into a
versatile tool to study the spin dynamics in various semiconductors
and semiconductor nanostructures [32,33,93].

Figure 2.6 illustrates the basic principle of SNS on a single spin
in a QD. A linearly polarized probe laser interacts with the QD.
The photon energy of the laser is tuned well below the resonance
of the optical transition such that no trion excitation occurs and
the laser light is transmitted. However, the polarization plane of
the light is sensitive to the projection of the ground-state spin onto
the propagation axis via the Faraday effect. As a result, the trans-
mitted laser light shows a small rotation of the polarization plane
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Figure 2.6.: Principle of spin noise spectroscopy. Thermal fluctu-
ations of the spin in the QD ground state are mapped onto the
polarization of a nonresonant probe laser via Faraday rotation.

by an angle 6 which depends on the spin state averaged over the
corresponding measurement time bin. Thus, the spin fluctuations
manifest themselves as noise of the Faraday rotation angle. The
Faraday rotation noise is analyzed by a time-resolved polarimetric
measurement of the transmitted beam. A spectral analysis of the
average noise signal reveals the dynamics of the spin in the QD
ground state.

In the following, section 2.2.1 provides further details on spin
fluctuations and their connection to spin dynamics. Section 2.2.2
introduces the principle of Faraday and Kerr rotation. Details about
the experimental realization of SNS are provided in section 3.4.

2.2.1. Spin Fluctuations and Noise Spectrum

Stochastic thermal fluctuations are inherently present in any physi-
cal system and lead to a statistic distribution in repeated measure-
ments of a specific physical quantity. The statistical variation of the
mean value is referred to as noise, which is also observed in measure-
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ments of a carrier’s spin state. In thermal equilibrium,? it is equally
probable to detect the QD spin in one of the two ground states with
pseudo-spin projections S, = £1/2. As a result, a measurement
on an infinite ensemble of identical spins, or equivalently, an infinite
number of repeated measurements on a single spin yields an average
spin projection of {S,) = 0. However, a finite number of n measure-
ments leads to incomplete statistical cancellation with an average
spin projection (S.), # 0 [33]. Repeated measurements yield a sta-
tistical distribution of (S.), around zero which is characterized by
the standard deviation ogy related to the spin noise. The spin noise
can be optimally analyzed by considering the spectral distribution
of the noise power (o 0y). The noise power spectral density, i.e.,
the noise power as a function of frequency, is obtained as the ab-
solute square of the Fourier transform of a finite time trace of the
fluctuating average spin projection. Statistical physics provides a
mathematical theorem which links the power spectral density of the
fluctuations in thermal equilibrium to the linear response function
of the system under a small external perturbation. This theorem is
known as the fluctuation-dissipation theorem [92]. Applied to the
case of single spins, the perturbation can be considered as a prepara-
tion of the spin in one of its eigenstates S, = +1/2. In response, the
spin will decay to its time-averaged equilibrium value according to
the spin dynamics introduced in Sec. 2.1.3, i.e., on the characteristic
timescales T and T, which are determined by the interaction of the
spin with its environment. According to the fluctuation-dissipation
theorem, the same time scales govern the spin fluctuations in ther-
mal equilibrium and the spin dynamics can be extracted from the
spin noise power spectral density without the need of performing
any spin manipulations.

The noise power spectral density and the fluctuation dynamics in
the time domain are connected via the autocorrelation function C(7)
of the spin fluctuations. The Wiener-Chintchin theorem [94, 95]
states that the power spectral density of the spin noise is repre-

3This allows the presence of small external magnetic fields, provided that
guB < kpT.
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Figure 2.7.: Auto correlation function (a) and power spectral density
(b) of a fluctuating spin which precesses in a transverse magnetic
field with the Larmor frequency vr. A stochastic spin projection S,
at 7 = 0 decays on a time scale 75;. The noise power spectral density
is linked to the autocorrelation by Fourier transformation.

sented by the Fourier transform of its autocorrelation function, i.e.
F[C(7)] = 02x(v) [36]. This can be illustrated as follows: a stochas-
tic instantaneous spin polarization S, (t) # 0 at an arbitrary time ¢
will decay on a characteristic time scale 75 (as stated above). The
decay of the spin polarization can be described by an exponential
function in the case of a homogeneous dephasing process. If a trans-
verse magnetic field is applied, the “noisy amplitude” of the spin
projection S, will be modulated over time. The autocorrelation
function of S, is then given by: [33,96]

C(7) = (S.(t)S.(t + 7)) o cos (2mvpT) e /™, (2.8)

where vy, is the Larmor frequency of the spin. The autocorrelation
function shows a damped oscillation over time which is plotted in
Fig. 2.7(a). Fourier transformation of Eq. (2.8) yields a Lorentzian
type power spectral density, which is centered at the Larmor fre-
quency [cf. Fig. 2.7(b)]. The FWHM of the Lorentzian is inverse
proportional to the spin life time 75. Hence, the width of the power
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spectral density yields the information about the characteristic spin
decay times. The Lorentzian noise spectrum is solely linked to an
exponential decay of the spin. Depending on the mechanism which
determines the spin decay, the spectrum can have a different shape.
For example, inhomogeneous processes which lead to spin dephasing
typically result in a Gaussian noise spectrum and also more com-
plex spectral shapes are possible if different dephasing mechanisms
contribute to the spin decay [33,75,97,98].

The general concept of spin noise spectroscopy is to determine the
intrinsic spin dynamics in thermal equilibrium by omitting any per-
turbation of the system. This has the advantage that the measured
spin dynamics will not be enhanced by additional dephasing effects
caused by the perturbation itself, like the creation of optically ex-
cited carriers [34]. In order to maintain the thermal equilibrium, it is
essential that the SN probe laser is sufficiently detuned from the op-
tical transition since light absorption drives the system out of equi-
librium. However, in view of applications it might not be feasible
to provide equilibrium conditions since the spin has to be initialized
and read out. Spin fluctuations are also present under nonequilib-
rium conditions, e.g., under optical excitation or in oscillating mag-
netic fields, and thereby provide rich information about the nonequi-
librium spin dynamics [99,100]. Hence, spin noise spectroscopy is
not necessarily restricted to the “non-perturbative” regime, but can
also be applied when the probe-laser is quasi-resonant to the op-
tical transition and excites trion states. However, under nonequi-
librium conditions the fluctuation-dissipation theorem is not longer
valid and thus a non-generalized theoretical treatment is required
to link the SN spectrum to the nonequilibrium dynamics in the sys-
tem [101]. A theoretical model which derives the nonequilibrium
SN spectrum in the presence of strong optical driving by the probe
laser will be presented in chapter 4.

2.2.2. Faraday and Kerr Rotation

Materials which possess optical transitions with spin-selective op-
tical selection rules offer the possibility to read out the spin infor-
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2.2. Spin Noise Spectroscopy

mation optically. Spin-dependent selection rules are found in most
III-V and II-VI semiconductor structures which promotes the op-
tical investigation of their spin dynamics [34]. In particular, the
optical transition of the positively charged trion in the InAs QDs
(cf. Fig. 2.2) provides a 1l:1-relation between spin projection and
light polarization which yields an optimal sensitivity of SN mea-
surements. In comparison, the selection-rules in bulk GaAs link the
light polarization only with a 3:1-probability to the electron spin
state [96], but still enable SN measurements.

The impact of the (average) population of spin-up and spin-down
states on the electromagnetic field of a laser is fully described by the
dielectric response function. The complex dielectric function corre-
sponding to a single optical transition with the resonance frequency
wp has the following form as a function of laser frequency w: [43]

[+

W) =1+ S

(2.9)
Here, I' is the linewidth of the optical transition. The coupling
strength fi for o™ and o~ polarized light is proportional to the
transition matrix element and depends on the population of spin-
up and spin-down states. In the case of a QD hole-spin in the spin-
down (spin-up) state an optical transition with o~ (o) polarized
light is not possible so that f_ (f) vanishes.

The square root of the dielectric function (2.9) yields the complex
refractive index:*

Mg (w) =ng(w) —iax(w), (2.10)

where the real part corresponds to the refractive index n and the
imaginary part describes the light absorption « for laser light with
a frequency w. Figure 2.8 shows the absorption and the refractive
index for o7 and o~ polarized light in the vicinity of the optical
transition as a function of the laser detuning A = w — wp. An
imbalance in the occupation of spin-up and spin-down states leads

4In general case, 7 = ,/p€, with pu being the magnetic permeability, but in
non-ferromagnetic materials ¢ = 1 and 7 = /€ [102].
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Figure 2.8.: Absorption (a) and refractive index (b) as a function of
the laser detuning A for an optical transition with linewidth I'. An
imbalance in the population of spin-up and spin-down states results
in unequal absorption and dispersion of o+ and o~ polarized light.

to different amplitudes of a(A) and n(A) for the different circular
polarizations. SNS uses linearly polarized laser light which is a
superposition of ¢ and ¢~ polarized light:

Ey(z,t) = 1/V2[Ey, (2,t) + Ey;_(2,1)], (2.11)

for light polarized along the = axis and propagating along z. Un-
equal absorption of the ™ and o~ parts transforms the initial lin-
ear polarization to an elliptic polarization. This effect is there-
fore known as induced ellipticity. The absorption difference Aca(A)
between o and o~ polarized light is maximal at zero detuning,
i.e., for w = wq linearly polarized light is most sensitive to el-
lipticity, which reveals an unequal spin population based on light
absorption. The ellipticity sensitivity scales with Aa(A) and fol-
lows a Lorentzian detuning-dependence (proportional to a4 (A))
if inhomogeneous broadening of the optical transition can be ne-
glected [96].

The refractive index is an odd function of the laser detuning with
maximum/minimum values at A = £I'/2. A refractive index dif-
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2.2. Spin Noise Spectroscopy

ference An between o and o~ polarized light does not affect the
amplitudes of E,, and E,_, but leads to a phase difference be-
tween the circularly polarized field components. As a result, the
initial linear polarization along x is rotated in the z-y plane. The
rotation of the polarization axis of linearly polarized light due to a
circular refractive index difference is known as the Faraday effect.
The Faraday rotation angle is proportional to An and scales with
the propagation length [ through the birefringent medium: [96]

O = w%An, (2.12)
with A being the laser wavelength. SNS typically measures the Fara-
day rotation angle, which is proportional to the average spin pop-
ulation via An. The dependence of An on the laser detuning is
again proportional to ny(A). As a result, Faraday rotation and
thereby SNS is most sensitive for a laser detuning equal to the half
linewidth of the optical transition, but is insensitive for w = wyq
where An vanishes. Additionally, Fig. 2.8 shows that n4 and An
decrease much slower as a function of laser detuning compared to
the absorption ay. This fact is essential for SN measurements in
thermal equilibrium (cf. Sec. 2.2.1) since light absorption becomes
negligible for sufficiently large laser detuning, while the refractive
index difference is still finite and enables the extraction of the spin
information.

Note that the description of a4 and ny as presented in Figure
2.8 is only valid in the case of negligible Zeeman splitting between
the spin states. A significant Zeeman splitting results in different
resonance frequencies wp + and wp,—. As a result, the circular com-
ponents ny and n_ (a4 and a_) are shifted with respect to the laser
detuning and An (Aa) can exhibit a very different dependence on
the laser detuning, which leads to Faraday rotation (ellipticity) even
for equal spin state populations. For a fixed laser detuning the (con-
stant) Faraday rotation due to the Zeeman splitting is proportional
to the applied magnetic field. However, the SN measurements fo-
cus on the temporal changes of the amplitude of An which reveal
variations in the average spin population over time caused by the
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Figure 2.9.: (a) Schematic illustration of Faraday and Kerr rotation
signal. The Faraday signal is simply given by the transmitted beam.
The light reflected from the QD interferes with the light reflected
from the sample surface. The phase ¢ between the two beams deter-
mines the Kerr signal. (b) Noise power of Faraday and Kerr rotation

signal as a function of the laser detuning for an optical transition
with linewidth T'.

spin fluctuations. The spin fluctuations translate into noise of the
Faraday rotation angle proportional to the noise in An. Hence, the
noise power of the Faraday rotation angle is proportional to the
spin noise power and scales with the laser detuning according to the
square of An:

ol x 03, x [An(A)]?. (2.13)

The noise power of the Faraday rotation angle due to the fluctuating
spin population is shown by the red line in Fig. 2.9(b). The noise
power is maximal for laser detunings equal to the half linewidth of
the transition, A = I'/2, and vanishes at A = 0.

The Faraday rotation F of the linearly polarized SNS probe beam
can be conveniently measured in transmission. The transmitted
beam is split into to linearly polarized components which are aligned
along the axes rotated by +45° with respect to the initial polar-
ization axis of the probe beam. The intensity difference of the two
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2.2. Spin Noise Spectroscopy

components is then proportional to the Faraday rotation angle® and
the refractive index difference An of the circular components of the
probe beam. In case of small probe laser detuning, the Faraday
rotation is accompanied by unequal absorption A« of the circu-
lar components, leading to ellipticity £ of the beam (cf. Fig. 2.8).
However, the detection scheme described above is only sensitive to
changes of the relative phase between o and o~ components of the
probe beam, but is insensitive to changes of their amplitude. For
this reason, only Faraday rotation is measured. A measurement of
the ellipticity can be performed by changing the measurement ba-
sis. This is realized using a quarter wave plate before projecting the
transmitted probe beam onto the two orthogonal +£45° axes. The
introduced phase shift of 7/2 makes the intensity difference sensi-
tive to amplitude changes of the o™ and o~ polarized components,
while the Faraday rotation signal is suppressed.

Faraday rotation is not only present in the transmitted probe
beam, but can also be measured in the reflected probe light which
is known as a Kerr rotation measurement. Similar to the detection
scheme in transmission, the reflected probe light from the sample is
split into the orthogonal linearly polarized components along +45°
and their intensity difference is measured. Hence, in principle the
Kerr rotation measurement can be considered equivalent to Fara-
day rotation being sensitive to the refractive index difference in the
structure. However, for complex sample structures, e.g., QDs em-
bedded in a solid-state matrix, the Kerr rotation signal K can be
very different from the Faraday rotation signal. Figure 2.9(a) de-
picts schematically the probe beam propagation through the QD
sample. At the sample surface a fraction of the probe light is re-
flected. The transmitted part interacts with the QD collecting a
Faraday and ellipticity signal according to the QD spin state. Part
of the information-carrying probe light is transmitted, yielding the
Faraday signal F as described above. The reflected part of the
information-carrying probe beam interferes with the probe light re-
flected on the sample surface and the resulting sum of the electro-

5The Faraday rotation angle is typically very small, so that sin (0r) ~ 0.
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magnetic fields is analyzed in a Kerr rotation measurement. The
interference field depends on the relative phase ¢ between the light
reflected from the surface and the light which interacted with the
QDs. As a result, the measured intensity difference along +45° is
not longer exclusively sensitive to Faraday rotation, but can be par-
tially sensitive to the ellipticity of the probe beam, depending on
the phase difference ¢: [103]

K(p) = cos(p) F +sin(p) € (2.14)
o cos () An + sin () Aa.

Eq. (2.14) shows that the Kerr rotation signal K of the QD is in gen-
eral case a superposition of the ellipticity and Faraday signal. Their
relative strength in the Kerr rotation signal is determined by the
interference with the probe light reflected from the sample surface.
For interference with a phase difference of p = n -7 (n = 0,1,...),
the Kerr rotation measurement shows only the Faraday rotation,
consistent with the measurement in transmission. In contrast, a
phase difference of ¢ = n - 7/2 results in exclusive detection of the
ellipticity. Any phase difference in between leads to a mixed Kerr
rotation signal. Since A« and An are both proportional to the spin
state population difference, the Kerr rotation noise is, just like the
Faraday rotation noise, proportional to the spin noise. However, the
dependence of the noise power on the laser detuning can be different
in a Kerr rotation measurement [cf. Fig. 2.9(b)]. Since the ellipticity
(Aa) is an even function of the probe laser detuning and Faraday
rotation (An) is an odd function of the detuning, their sum has in
general case an asymmetric dependence [103]. As a result, the mea-
sured noise power proportional to the square of K is an asymmetric
function of the laser detuning. The blue line in Fig. 2.9(b) shows the
resulting Kerr rotation noise power spectrum for a phase difference
of ¢ = 0.1 ™ as an example. The exact shape of the noise power
spectrum is very sensitive to a variation in ¢. Thereby, the analysis
of the Kerr rotation noise power spectrum can provide insight into
the sample structure, since ¢ is determined by the traveling length
of the probe beam in the sample.
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This chapter discusses the experimental aspects relevant for the
measurements and for the results presented in chapter 4. Section 3.1
introduces the QD sample. The measurement setup based on a low-
temperature confocal microscope is described in section 3.2. The
microscope enables PL characterization of single QDs prior to SN
measurements. Detailed descriptions of the PL and SN measure-
ments including technical aspects are given in sections 3.3 and 3.4,
respectively.

3.1. Sample: Quantum Dots in a
Microcavity

The investigated sample and measurements characterizing the mi-
crocavity and QD density were provided by K. Pierz (PTB Braun-
schweig). The measurements are shown in appendix A for refer-
ence. The structure of the MBE-grown sample is summarized in
Fig. 3.1. Its core is a single layer of self-assembled (InGa)As QDs
with a lateral gradient of the QD density varying from zero to about
100 QDs per pm?. A density gradient of self-assembled QDs is
obtained by exploiting the directionality of the molecular beam in
MBE growth. The substrate holder is not rotated during indium de-
position which leads to an inhomogeneous InAs coverage of the sur-
face and thereby causes the gradient in the amount of QDs formed
on the substrate [44]. The measurements in this thesis focus on QDs
in the so called transition region which refers to the segment along
the gradient just before the InAs coverage becomes too low for the
formation of QDs [44]. In this region the QD density is very low
being in the range of 0.1 to 1 QD per pm?.
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@ ‘ 1 Laser (b) material thickness
top DBR: DBR 13x 034 65mm
13 x GaAs/AlAs AlAs 80 nm
GaAs GaAs 129 nm
cavity InAs ~1.6 ML
QD layer (density gradient) GaAs 126 nm
GaAs
DBR 30x AlAs 80 nm
bottom DBR: GaAs 65 nm
30 x AlAs/GaAs substrate  semi-isol. GaAs (001)

Figure 3.1.: (a) Schematic illustration of the sample structure.
(b) Table of the MBE layers [104]. The thickness of the InAs layer
varies across the wafer to obtain a gradient of the QD density. For
the segment of the wafer studied in this work the InAs thickness is
about 1.6 monolayers (ML).

The sample is nominally undoped. However, carbon residuals in
the MBE chamber lead to an unintentional p-type background dop-
ing of the GaAs barrier material estimated to be about 104 cm=3 [104].
This background doping ensures that a fraction of the QDs is oc-
cupied by a single hole providing an unpaired spin for SN measure-
ments. The charge status of a specific QD can be deduced from its
PL spectrum which will be discussed in Sec. 3.3.

The QD layer is embedded in a planar GaAs microcavity which is
designed to have an optical thickness equal to the resonance wave-
length of the cavity, decay = NnGaas dgaas = Acav- The QDs are
situated at the center of the cavity, i.e., in the antinode of the field
of its fundamental mode. The microcavity is asymmetric meaning
that top and bottom mirrors have different reflectivities. The mir-
rors are realized as MBE-grown distributed Bragg reflectors (DBR).
The bottom DBR consists of 30 repetitions of alternating GaAs and
AlAs layers of optical thickness Acay /4. The top DBR contains only
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3.1. Sample: Quantum Dots in a Microcavity

13 repetitions which results in a slightly lower reflectivity and pro-
vides easy optical access to the QDs. The reflectivity of a DBR
stack with Nppr double layers can be calculated by: [105]

2NDBR __ 2Nper \ 2
R (no(ncaAs) n1(naias) > (3.1)

nO(nGaAS)QNDBR +ny (nAlAs)2NDBR'

Here, ng is the refractive index of the medium from which the light
enters the DBR and n; corresponds to the medium behind the DBR.
For the bottom DBR 1y = n1 = ngaas and Npgr = 30, which yields
a reflectivity of Ry = 0.9999 according to Eq. (3.1) using ngaas =
3.508 and naas = 2.932.1 For the top DBR with ng = ngaas,
ny = 1 (vacuum) and Nppr = 13 a reflectivity of Ry = 0.9893 is
obtained.

The mirrors provide a high-reflectivity stop band for photon ener-
gies in between 1.30 to 1.42 eV which encloses the inhomogeneously
broadened PL spectrum of the QD ensemble, cf. App. A. The res-
onance mode of the microcavity results in a dip in the stop-band
reflectivity which is centered at 1.395eV at the high energy tail of
the QD PL spectrum. The dip defines the effective working range
for optical measurements. The ratio of the cavity resonance fre-
qUeNcy weay and the FWHM of the cavity mode Aweay is defined as
the quality (Q-) factor: [106]

Wcav
Q=7 (3.2)

The Q-factor characterizes the microcavity as it is a measure for
its capability to store optical energy [107]. The reflectivity and PL
measurements depicted in Fig. A.1 indicate a width of the cavity
mode of about Awcsy = 4meV. Together with the resonance en-
ergy of 1.395eV at low temperatures Eq. (3.2) yields a rather low
measured Q-factor of about 350.

On the other hand, the Q-factor of a planar cavity can be calcu-

IThe values of the refractive indices for GaAs and AlAs correspond to a tem-
perature of 4.2 K and a wavelength of Acay ~ 888 nm.
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lated theoretically by: [108,109]

Q*2LCH 7T
A 1 -VRR,

with the top (bottom) DBR reflectivity Ry, and the effective cavity
length

(3.3)

Leff = Ncav dcav + 2 Negr dm .

Here, ncay = naaas is the refractive index of the cavity and deay =
260nm is the cavity length.? In addition the effective cavity length
accounts for the fact that the intra-cavity field significantly expands
into the Bragg stacks. The effective mirror thickness which con-
tributes to the cavity length is added in Leg with

1 NAIAs
dm = - ——————— (dgaas + daias
2 (NGaAs — NAlAs) ( 1as)

as an effective mirror length and

Neff = 2 NGaAs MAIAs / (NGaAs + NAIAs)

being the effective refractive index. With a layer thicknesses of
dgaas = 65nm and dajas = 80nm (cf. Fig. 3.1) and the refrac-
tive indices as defined above, the effective cavity length results in
Leg = 3.3pm. The theoretical Q-factor of the structure follows from
Eq. (3.3) to be about 4000 for A¢ay =~ 888 nm.

The theoretical Q-factor is about an order of magnitude larger
than the Q-factor extracted from the measurements in App. A. A
large discrepancy between theoretical and experimental Q-values is
commonly observed for Bragg mirror microcavities and can be at-
tributed to the following reasons [109-111]: Eq. (3.3) does not take
into account any material absorption that might occur in the struc-
ture and reduces the Q-factor. In addition, the Q-factor can be
decreased due to lateral imperfections of the MBE layers. On the
other hand, the lower experimental Q-factor can be a measurement

2The QD layer is assumed to contribute to the cavity length with a thickness
of 5nm which is a typical height for self-assembled (InGa)As QDs.
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artifact due to the finite laser spot size and the spread of the de-
tection angle [110,111]. However, even the theoretical value of 4000
corresponds to a relatively small Q-factor and in combination with
the large mode volume of a planar cavity the light-matter interaction
in the presented QD-microcavity structure can clearly be assigned
to the weak-coupling regime [112,113]. Furthermore, the decrease of
the radiative lifetime of the QDs due to the Purcell effect is negligi-
ble for the small ratio of Q-factor and cavity mode volume [106,112].
In summary, the microcavity does not alter the physical properties
of the QDs but it provides certain benefits for the realization of
the single-QD SN measurements. The cavity enables SN measure-
ments in reflection geometry which simplifies the cryogenic cooling
of the QDs. Moreover, the ratio of SN signal to optical photon shot
noise on the detector is improved as a result of the electric field
enhancement in the cavity which enhances the Kerr rotation angle
and thereby significantly increases the SN sensitivity [114,115].

3.2. Low-Temperature Confocal Microscope

PL characterization and SN measurements on the QDs are con-
ducted at a cryogenic temperature of 4.2 K. This temperature is
reached by mounting the sample at the bottom of a thin-walled tube
which is filled with helium exchange gas and inserted in a custom-
ary dewar that contains 100 liters of liquid helium. This approach
enables a vibration-free and comparatively cost-effective cooling of
the sample with a measurement time of about four weeks until most
of the liquid helium evaporated and the dewar has to be exchanged.

The tube constitutes the lower part of a confocal microscope. The
upper part of the microscope operates at room temperature and
contains the optics for PL characterization and SN measurements.
The optics are mounted on an optical breadboard which sits on top
of the dewar. Optical access to the cooled sample is provided by a
window at the top of the tube which is attached to an aperture in the
middle of the breadboard. Construction drawings of the microscope
can be found in Refs. [116,117]. A schematic illustration of the
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measurement setup is shown in Fig. 3.2. A laser source is coupled
into the microscope via an optical fiber. The light is collimated
and sent through a linear polarizer which ensures s-polarization. A
beam splitter reflects 10 % of the incoming light down to the sample.
The transmitted part of the light can be used to monitor the laser
power during long-term measurements. At the bottom of the tube
the light is focused onto the sample by an aspheric lens with a short
focal length which yields a small laser focus with a diameter of about
1pm. The focusing lens also collects the QD photoluminescence
or the Kerr-rotated laser light. In the upward path 90% of the
light from the sample are transmitted through the beam splitter
and sent to one of the two detection arms of the microscope. The
respective detection path for the light is chosen with a removable
mirror. QD PL is sent into the PL-analysis arm which provides a
polarization-sensitive detection. The polarized PL is coupled into
a fiber which is connected to a high-resolution spectrometer. The
PL analysis is discussed in detail in Sec. 3.3. Fluctuations of the
Kerr rotation angle containing the spin noise are detected in the SN-
spectroscopy arm with a polarization bridge and a balanced photo
detector. The detector signal is sent to a computer where it is
Fourier-transformed in real time. Small superconducting coils at
the bottom of the tube provide a 2D magnetic field (B,, B,) at the
sample of about 30mT in both directions. The external magnetic
fields in longitudinal direction (z axis, laser propagation and QD-
growth direction) and transverse direction (x axis) facilitate the SN
measurements which are discussed in detail in Sec. 3.4.

The QD sample is mounted on piezo driven linear stages which
enable accurate positioning of the sample in all three dimensions
with a travel range of 5 mm and a spatial resolution of about 200 nm.
Positioning in  and y direction permits navigation along the QD-
density gradient and lateral alignment of single QDs in the center
of the laser focus. Automated scanning in x and y direction is
additionally used to obtain spatial QD-PL maps of small sample
areas. These maps serve as a basis to select a single QD for SN
measurements and allow to locate a specific QD again after the
exchange of the helium dewar (see Sec. 3.3). The positioning in z
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Figure 3.2.: Schematic of the low-temperature confocal microscope
for PL and SN spectroscopy on single QDs. The beam splitter
(BS) enables measurements in reflection geometry. Quarter-wave
plate (QWP), liquid crystal retarder (LCR), and linear polarizer
(LP) yield polarization-resolved PL measurements. Half-wave plate
(HWP), Wollaston prism (WP) and a balanced photo receiver ana-
lyze fluctuations of the Kerr rotation angle for SN spectroscopy.
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direction controls the distance between sample and lens to place the
QD exactly in the laser focus which ensures maximum PL and SN
signals.

The small spatial extent of laser focus and QD makes the mea-
surement setup very vulnerable to external vibrations, especially in
the case of long-term SN measurements. For this reason, the whole
setup including the helium dewar is lifted on a platform with pas-
sive air isolation in order to decouple it from vibrations which could
otherwise enter the setup via the laboratory floor.

3.3. Photoluminescence

PL spectroscopy is a well-suited tool to characterize and select sin-
gle QDs for SN measurements. Single-QD SN measurements require
a positively charged QD that provides an optical trion transition
within the cavity resonance and is spectrally and spatially well sep-
arated from other QDs. Spatial scanning of polarization-resolved
PL spectra of the sample permits to identify these QDs as outlined
in the following.

For PL excitation, the light of a laser diode with a photon energy
of 1.59€eV is coupled into the microscope. The high-energy pho-
tons excite electron-hole pairs in the GaAs barrier which relax inde-
pendently into the QDs where they recombine radiatively, thereby
revealing the QD resonance energies. A low laser power of about
100 nW is used for excitation since a high excitation power leads to
strong saturation broadening of the QD resonances which in turn
causes a drastic decrease of the PL signal. The QD PL is sent to
a spectrometer with three grating stages providing a high spectral
resolution of about 20peV. The PL spectra are acquired with a
low-noise liquid-nitrogen-cooled CCD. In order to distinguish neu-
tral and charged excitons, a polarization-resolved detection of the
PL spectra is necessary to reveal the fine-structure splitting of the
neutral exciton, cf. Sec 2.1.2. For this purpose, a variable polariza-
tion filter is inserted in the microscope to transmit only PL with a
selected linear polarization to the spectrometer. The filter consists
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of a quarter wave plate, a liquid crystal retarder (LCR), and a linear
polarizer (Fig. 3.2). The linear polarizer is aligned parallel to one
of the crystal axis of the sample. The LCR in front of the polarizer
can be switched between a retardation of A/4 and 3\/4. A quarter
wave plate adds a retardation of A/4. In total, the polarization of
the incoming PL is rotated by either 0° or 90°. Hence, the linear
polarizer transmits one of the two orthogonal linear polarizations
along the crystal axis depending on the retardation at the LCR.
These two linear polarizations are labeled 7y and my in the follow-
ing and correspond to the polarizations of the exciton eigenstates
which exhibit the small fine-structure splitting AEgg in the case of
a neutral exciton [50,51].3

Fig. 3.3 shows a typical polarization-resolved PL spectrum of
a single positively charged QD. The spectrum shows two opti-
cal transitions separated by about 4001eV. The orthogonally po-
larized PL components 7y and m, reveal a fine-structure splitting
AEpg ~ 10peV for the transition at higher photon energy, which
is thus attributed to the neutral exciton (X"). Note that AEpg
is smaller than the absolute resolution of the spectrometer and
can only be resolved as a result of the polarization-sensitive de-
tection. The low-energy transition does not show a splitting of the
PL components and is therefore assigned to the positively charged
trion (X'*) (cf. Sec. 2.1.2). The assignment of the optical tran-
sitions is in good agreement with the PL studies on similar QDs
in Ref. [118]. A low-energy transition without fine-structure split-
ting can in principle also originate from a negatively charged trion
(X17). However, the occurrence of the X!1* is more likely due to
the p-type background doping of the sample and the assignment to
the X't will also be confirmed by the SN measurements presented
in chapter 4. The same pattern of a single-QD PL spectrum, with
the X! transition observable a few 100eV below the X° tran-
sition, can be recorded for several single QDs on this sample, see
e.g., Sec. 4.2 and Ref. [35]. The concurrent observation of the X°

3The polarization of the exciton eigenstates can slightly deviate from the crys-
tal axes, see e.g. Ref. [52]. The extracted value of AEpg is not exact in this
case but the identification of the neutral exciton is still possible.
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Figure 3.3.: Polarization-resolved PL spectrum of the QD reveal-
ing the positively charged trion (X'*) and exciton (X°) transition.
The fine-structure splitting AEgrg between the linearly polarized PL
components my and 7y is typical for the uncharged QD state. The
solid lines correspond to Lorentzian fits to each PL transition.

transition in the PL spectra of the positively charged QDs might be
caused by a faster nonradiative relaxation of free electrons into the
QD compared to the relaxation of free holes. However, this circum-
stance has no effect on the SN studies presented in chapter 4 since
the QD is excited resonantly in the respective measurements.

The number of QDs on the sample which are occupied by a res-
ident hole is quite low which is in agreement with the low p-type
doping. The percentage of positively charged QDs is estimated to
be only about 5% from the statistical analysis of a large number
of PL spectra at different segments along the QD-density gradient,
see Ref. [119]. QDs which are not occupied by a resident hole solely
exhibit the X© transition with a fine-structure splitting in the PL
spectra. In order to find a positively charged QD in the sample re-
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gion with low QD density, PL spectra on a square of typically a few
100 pm? are recorded and analyzed by a spatial 2D scanning routine,
in steps of 1 pm. This step size coincides with the focal diameter
of the lens collecting the PL. Positions where the PL spectra show
more resonances than the X? and X't transition of a single QD
are discarded to avoid a contribution to the Kerr rotation noise by
other QDs in the probe laser focus. The occurrence of biexcitonic
or p-shell recombination is negligible for the applied low excitation
power as verified in intensity-dependent PL measurements on se-
lected QDs. The observation of the sole single-QD signature in a
PL spectrum can not definitely exclude the presence of additional
QDs in the laser focus due to the fact that the width of the mi-
crocavity resonance is smaller than the inhomogeneous broadening
of the QD distribution (cf. App. A). Additional QDs with an op-
tical transition that is not in resonance with the microcavity are
barely visible in the PL spectra due to the high stop-band reflec-
tivity. However, as the cavity resonance is quite broad such QDs
are spectrally very well separated from the QD observed within the
cavity resonance so that a significant parasitic contribution to the
Kerr rotation angle can be excluded.

The cavity resonance was measured at a specific spatial posi-
tion along the QD gradient to be centered at a photon energy of
1395 meV, see Fig. A.1. The segment of the sample studied in this
thesis is close to this position and the photon energy of the X'+
transition at 1397 meV in Fig. 3.3 lies within the width of the mi-
crocavity resonance. Note that the exact energy of the cavity reso-
nance changes along the QD-density gradient which coincides with
a gradient in thickness of the cavity as a result of the increased
InAs coverage for higher QD densities. This effect was observed in
an evaluation of a large number of QD resonances along the QD-
gradient, see Ref. [119]. The evaluation also confirms that the PL
spectra show mainly QD transitions lying within the resonance of
the microcavity.

The specific spectral signature observed for a single charged QD,
see Fig. 3.3, is quite unique in the low-density region of the sample.
The exact resonance of the trion transition and the energetic sepa-
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ration to the exciton transition characterizes each QD individually
and thereby a specific QD can be located again after the exchange
of the helium dewar. Warming up and cooling down of the lower
part of the microscope usually causes a relative shift of the laser po-
sition on the sample of about 10 pm in = and y direction.* Hence, a
PL scan of a 20pm x 20 pm square in the new full dewar contains
the specific QD from former measurements which is identified by
its characteristic spectral pattern. This permits to continue the SN
investigation on the specific QD . It is important that the SN mea-
surements can be clearly assigned to a specific QD since different
QDs can yield very different results depending on their solid-state
environment as will be shown in chapter 4.

3.4. Spin Noise Spectroscopy

3.4.1. Measurement of Kerr Rotation Noise

Spin Noise Spectroscopy exploits the fact that spin fluctuations can
be mapped onto the polarization of a probe laser via Faraday or
Kerr rotation (cf. Sec. 2.2). In this thesis, the single-QD spin noise
is studied in reflection geometry (see Fig. 3.2), corresponding to a
measurement of the Kerr rotation noise.

The SN probe laser is a continuous-wave Ti:sapphire ring laser
which provides mode-hop-free tuning over a large spectral range
(12151823 meV) that includes the QD distribution. The laser sys-
tem is equipped with an external reference cell and a Pound-Drever-
Hall stabilization scheme which yields an ultra-narrow optical line
width (60 kHz over 100 ms) and a high spectral stability. The long-
term spectral stability is further improved with a Fizeau wavelength
meter. The probe-laser photon energy measured with high accuracy
by the wavelength meter is used as additional reference for the sta-
bilization scheme. In this way a typical long-term laser stability

4In order to maintain such a small misalignment the microscope has to be
handled very carefully during the exchange of the dewar and subsequent
cooling down has to be done very slowly.
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of £10neV over many hours up to days is obtained. The spec-
tral stability of the probe laser is essential for the accuracy of the
highly detuning-dependent SN measurements on the narrow QD
resonances. The impact of the laser stability on single-QD SN mea-
surements has been investigated in detail in Ref. [120].

The stabilized laser is coupled into the microscope via an opti-
cal fiber and sent through a linear polarizer. The linearly polar-
ized probe laser follows the same path as the PL excitation laser
and is focused onto the sample to interact with the selected QD.
The reflected light containing the Kerr rotation noise is collected
and travels upwards where the inserted mirror guides the light into
the SN-spectroscopy arm to analyze polarization fluctuations (see
Fig. 3.2). The polarization fluctuations manifest as small rotations
of the polarization plane of the linearly polarized probe light. These
rotations are detected by a polarization bridge. The bridge consists
of a lens, a half-wave plate, a Wollaston prism and a balanced photo
detector. The lens has a long focal distance and focuses the light
onto the photo detector. The Wollaston prism splits the light into
two orthogonally polarized components which are each detected on
one of the two photo diodes of the detector, respectively. The de-
tector measures the intensity difference on the diodes and outputs
a voltage signal proportional to this difference. The half-wave plate
in front of the Wollaston prism rotates the average dc polarization
of the light such that the intensity on the photo diodes is balanced
and the mean detector output is zero. This detection scheme is
very sensitive to the small rotations of the probe-laser polarization
plane induced by the Kerr rotation noise and it translates the po-
larization rotations into an electrical signal for the noise analysis.?
In addition, laser intensity fluctuations are efficiently suppressed by
the balanced detection scheme.

The balanced detector provides a number of different detection
bandwidths in the range of 0.22 to 180 MHz in conjunction with
a bandwidth-dependent internal amplification of about 5 x 107 to

5The Kerr rotation noise can be measured with a sensitivity of about
10~15 rad?/Hz [35, 80].
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5x 101 V/W. The detector configurations with a low bandwidth
and a high amplification are particularly suitable for the single-
QD SN measurements due to the small Kerr rotation angle and
the comparably long spin life time associated with a single local-
ized hole [35]. The detector output is sent to a computer where
an analog-to-digital converter with a maximum sampling rate of
180 MHz processes the analog voltage signal. The sampling rate
of the digitizer can be decreased appropriate to the detector band-
width. Before digitizing, the detector output voltage is additionally
amplified by an external electrical amplifier to optimize the input
level for the digitizer card [121]. Finally, the digitized voltage signal
is Fourier transformed in real-time and averaged over many time
cycles which yields the spin noise power spectral density — in the
following shortly referred to as “spin noise spectrum”.

3.4.2. Spin Noise Spectrum and Projection of Spin
Components

The spin noise (SN) spectrum shows the Kerr rotation noise power
8602 in each frequency bin within the detection bandwidth, where
the width of the bins—and thereby the resolution of the spectrum-is
determined by the FFT-size of the transformation. Figure 3.4(a)
shows a SN spectrum of a single localized hole spin measured in a
small longitudinal magnetic field of B, = 31 mT, with a probe-laser
detuning of A = 44neV with respect to the QD trion resonance.
Typically, (59%()1/ follows a Lorentzian line shape as a function of
the noise frequency v with the Lorentzian maximum centered at
zero frequency. The integrated noise spectrum given by the area of
the Lorentzian fit yields the total Kerr rotation noise power which
is determined by the refractive index difference of ot and o~ po-
larized light (see Sec. 2.2.2). The total noise power is a function
of the probe-laser detuning with respect to the trion transition and
maximum at the HWHM of the optical transition.

The Lorentzian noise spectrum corresponds to an exponential de-
cay of the spin projection in the time domain [33] and the Lorentzian
HWHM yields the corresponding spin decay time 7, according to the
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Figure 3.4.: (a) Typical SN spectrum acquired in a longitudinal mag-
netic field of B, = 31 mT with a laser detuning of A = 44 peV with
respect to the trion resonance. The HWHM of the Lorentzian fit
yields the longitudinal spin relaxation time T37. (b) Schematic illus-
tration of the transverse and longitudinal projection of spin com-
ponents onto the measurement direction z in a transverse or longi-
tudinal magnetic field, respectively (cf. Ref. [80]). In a transverse
magnetic field the SN spectrum is dominated by the transverse spin
projection Sy .. In a longitudinal magnetic field the SN spectrum is
dominated by the longitudinal spin projection S ..
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relation:
7s = 1/(2r HWHM). (3.4)

In a longitudinal magnetic field 75 corresponds to the longitudinal
spin relaxation time 7) (c.f. Sec. 2.1.3). In contrast, a transverse
magnetic field enables the observation of the transverse spin dephas-
ing time, 75 or 73%. The relation between 7, and the direction of
the magnetic field is explained by the fact that SN spectroscopy is
only sensitive to the spin projection S, onto the measurement di-
rection z. Figure 3.4(b) illustrates schematically how the direction
of the external magnetic field affects the spin projection onto the
measurement direction. The vector addition of the external mag-
netic field B, ; and the stochastically oriented nuclear magnetic field
By yields a total effective magnetic field Beg. The stochastically
oriented spin polarization S is divided into the longitudinal com-
ponent Si, which is parallel to Beg, and the transverse component
Sy, which is perpendicular to Beg. The direction of the longitudi-
nal component stays constant, while the transverse component pre-
cesses around the magnetic field direction with a Larmor frequency
of vy, = gupBest/h. The probe laser is only sensitive to the projec-
tions of these components onto the measurement direction, \S; . and
Sa.z, respectively. The diagram in Fig. 3.4(b) clearly shows that the
SN in a transverse magnetic field is dominated by the S, , projection
which decays with the T3 time.® In a longitudinal magnetic field,
the SN is dominated by the S; . projection which decays with the T}
time. In general, both times can be visible in the SN spectrum at the
same time, see e.g. [75]. In the case of the single-QD SN measure-
ments the longitudinal magnetic field of B, = 31 mT clearly exceeds
the effective nuclear magnetic field of By ~ 5mT [25] which makes
the suppression of the S5 .-projection in the SN spectrum very ef-
fective. Furthermore, the S; . contribution is significantly broader
than the S; . contribution since 75 < T so that the S, . noise
power is negligible in the small detection bandwidth of 2.5 MHz [see

SThe temporal fluctuations of the nuclear magnetic field lead to inhomogeneous
dephasing of the QD spin and thereby to the observation of a T3 time
(instead of the T time) in the averaged SN spectrum.
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Fig. 3.4(a)]. In addition, the Ss . contribution is shifted from zero
frequency in the SN spectrum to the Larmor frequency. Even small
transverse g-factors, g, < 1, result in a shift of a Sy ., contribution
to frequencies well above the detection bandwidth. Altogether, a
contribution of the Ss . projection to the SN spectrum can be ne-
glected and only the S . projection yielding the 7' time determines
the single-QD SN spectrum in the longitudinal magnetic field.

Note that the longitudinal magnetic field of B, = 31 mT signifi-
cantly enhances the T} time due to suppression of the hyperfine in-
teraction [35]. The prolonged T; time yields a narrower Lorentzian
SN spectrum compared to the spectrum at zero magnetic field. At
the same time, the total noise power is independent of a small ex-
ternal magnetic field. Hence, the constant total noise power is dis-
tributed over a smaller frequency range in the SN spectrum if a
longitudinal magnetic field is applied. This results in an improved
signal-to-noise ratio compared to zero magnetic field and allows for
a shorter averaging time of the SN spectrum.

The sensitivity of the SN signal on the magnetic field is further
exploited to isolate the SN from other noise sources. This technique
will be discussed in the next section.

3.4.3. Background Noise and Detector Response
Function

The Kerr rotation noise measured by the balanced photo detector is
initially massively overlaid by the electrical noise of the detector and
the photon shot noise of the probe-laser light. Figure 3.5(a) shows
the isolated noise spectra of electrical noise, photon shot noise, and
single-QD spin noise on a logarithmic scale for comparison of their
respective magnitudes. The electrical noise is the dominant noise
source with a noise power spectral density which is an order of
magnitude large than photon shot noise and the maximum value of
the SN spectrum. The photon shot noise and the maximum of the
SN spectral density have the same order of magnitude. Note that
photon shot noise and spin noise are both proportional to the probe-
laser intensity. The spectra shown in Figure 3.5(a) are measured
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Figure 3.5.: The total measured noise is composed of electrical noise,
photon shot noise and spin noise. The noise power spectral densi-
ties P, of the respective contributions are shown individually in (a).
They are normalized to the photon shot noise spectrum (PSU: pho-
ton shot noise units) in order to account for the detector response
function. (b) The measured power spectral density of the photon
shot noise reveals the detector response function.

with a moderate probe-laser intensity of [ = 1.1pW/pm? and at a
laser detuning of A = —191eV with respect to the QD resonance.
The spin noise can be isolated from the dominant noise back-
ground (electrical + photon shot noise) exploiting its strong depen-
dence on the direction of an external magnetic field, c.f. Sec. 3.4.2.
In a longitudinal magnetic field, the SN is dominated by the S; .
projection which yields a sharp peak at low frequencies in the noise
spectrum. In a transverse magnetic field, the S; . projection is
strongly suppressed and mainly the Sy . projection determines the
SN. The Sy . projection decays fast compared to the S; , compo-
nent and yields a broad noise spectrum which is additionally shifted
by the Larmor frequency vy,. Hence, for measurements with a small
detection bandwidth, e.g. 2.5 MHz (Fig. 3.5), the contribution of
the SN to the total noise spectrum acquired in an external transver-
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sal magnetic field is negligible. This noise spectrum can therefore
be considered as a background-noise measurement since electrical
noise and photon shot noise are independent of the magnetic field.
A pure SN spectrum (cf. Fig. 3.4) is obtained by subtraction of
a spectrum acquired in transverse magnetic field (B, = 27mT).
The background noise is typically stable on timescales on the or-
der of a few minutes. On longer timescales small variations in the
background noise spectrum are observed which might be related
to thermal drifts. To ensure clean background subtraction, spec-
tra with and without spin noise are recorded alternatingly with a
typical single-spectrum measurement time of about 30s. The re-
spective difference spectra are subsequently averaged until a good
signal-to-noise ratio is obtained. The total measurement time of the
averaged SN spectrum depends strongly on the probe-laser intensity
and detuning and varies between half an hour and up to 24 hours.

The pure electrical noise spectrum is measured without probe-
laser light on the detector. The photon shot noise spectrum is ob-
tained as the difference of a noise spectrum with probe-laser light
in a transverse magnetic field (suppression of spin noise) and the
dark electrical noise spectrum. Figure 3.5(b) shows a typical pho-
ton shot noise spectrum which exhibits a continuous decrease of the
measured noise power spectral density towards the detection band-
width. This decrease is not inherent to the laser photon shot noise
which represents broadband white noise [122] and should therefore
yield a constant noise spectrum. Instead, the noise spectrum reveals
the characteristic frequency-dependent response of the detector, i.e.,
the detector has an optimal sensitivity for noise at low frequencies
which decreases continuously towards the detection bandwidth. The
detector response function can alter the SN spectrum significantly,
thereby leading to the extraction of inaccurate spin relaxation times.
This technical issue is accounted for by a normalization of the mea-
sured SN spectrum to the corresponding photon shot noise spec-
trum. The normalization eliminates the frequency-dependence of
the measured noise which is simply related to the sensitivity of the
detector. As a result of the normalization, the noise power spectral
density is given in units of the photon shot noise which is indicated
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by the acronym PSU (c.f. Fig. 3.5).
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SNS in the limit of just a single spin confined in a QD has been
realized only recently [35]. These first measurements were strongly
influenced by inhomogeneous broadening of the QD resonance due
to charge fluctuations in the QD environment. This chapter presents
SN measurements of two specific single QDs obtained on the same
sample as used in Ref. [35] but in a sample region of lower QD
density. The SN measurements presented in section 4.1 reveal a
homogeneously broadened QD resonance, which is an evidence for
negligible charge fluctuations in the environment. The resonance of
the second QD investigated in section 4.2 shows a small inhomoge-
neous broadening on the order of the QD linewidth which represents
the intermediate situation between the results of Ref. [35] and sec-
tion 4.1.

SN measurements on both QDs are conducted in the quasireso-
nant regime where the laser not only probes the SN but also drives
the optical transition leading to SNS under nonequilibrium condi-
tions. The nonequilibrium SN allows to study the trion spin dynam-
ics as well as the heavy-hole spin dynamics and can be interpreted
in a dressed-state picture. Moreover, the quasiresonant measure-
ments reveal an additional weak noise contribution which can be
assigned to a (re-)occupation noise in the naturally charged QDs.
The results in section 4.2 show that this additional noise not only
contains information on the QD occupation but that it can even re-
veal a hole-capture competition between a QD and a nearby ionized
acceptor.

The theoretical model presented with the experimental results
was developed in collaboration with the Ioffe Institute, by Dmitry
Smirnov and Mikhail Glazov. Parts of the results presented in this
chapter are published in Refs. [123] and [65].
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4.1. Homogeneous Broadening and
Reoccupation Noise

4.1.1. Homogeneous Noise Power Spectrum

The impact of charge fluctuations acting on a QD resonance is linked
to the presence of free charges and to the number of charge-binding
defects in the surrounding environment. The presence of charges is
naturally kept low by the SNS method which avoids nonresonant op-
tical excitation and the number of defects is expected to be lowered
by operating in a regime of very low QD density. For the sample
under study (cf. sec. 3.1), this should result in a reduced number
of ionized acceptors compared to the region of high QD density.
The SN investigation presented in the following was conducted on
a single QD situated in the low-density region of the sample. The
QD density is estimated to be in the range of 0.1 to 1 dot/pm? from
spatially resolved PL measurements.’

Figure 4.1 shows the polarization-resolved PL spectrum of the
selected QD. It shows the optical transitions of exciton (X°) and
positively charged trion (X!T), identified by the fine structure split-
ting AEpg as discussed in detail in Sec. 3.3. The SN measurements
are performed with respect to the trion resonance with a probe laser
detuning A. The probe laser is a Ti:sapphire ring laser, stabilized
to a Fizeau wavelength meter (cf. Sec. 3.4). All measurements
presented in the following are conducted with a laser intensity of
I = 1.1uW/um? and a longitudinal magnetic field of B, = 31mT
unless noted otherwise.

The dependence of the total SN power on the laser detuning re-
veals whether the SN results from a QD ensemble or just a single
QD. The SN power spectrum Pgn(A) measured on the selected QD
is shown in Fig. 4.1 by the red dots and is clearly linked to the PL
trion resonance. Psn(A) consists of two maxima which are sym-
metrically located around the resonance with a sharp dip at A = 0.

LA more precise value of the QD density can not be given since only QDs with
an optical transition within the cavity resonance are clearly observable in
the PL measurements.
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Figure 4.1.: Polarization-resolved PL spectrum of the QD showing
the positively charged trion (X'T) and exciton (X°) transition. The
red dots depict the SN power as a function of laser detuning with
respect to the trion resonance. The red line is a guide to the eye.

This distinct shape coincides well with the theoretically expected SN
power spectrum of a single homogeneously broadened optical tran-
sition (cf. Sec. 2.2.2) and is in stark contrast to the Gaussian line
shape observed in Ref. [35]. The double-maximum structure and the
pronounced drop in SN power at the trion resonance prove negligi-
ble inhomogeneous broadening as shown in Ref. [124] and Sec. 4.2.
Thus, charge fluctuations in the environment play a negligible role
for this QD.

On closer examination two discrepancies between the measured
SN power spectrum and the theoretical spectrum of a homoge-
neously broadened two-level system become apparent: (i) the SN
power minimum at A = 0 does not exactly reach zero power but
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maintains a finite value and (ii) the energy distance of the SN power
maxima is an order of magnitude larger than the typical optical
linewidth of self-assembled QDs of about 1peV. A more detailed
investigation of the Fourier-transformed SN spectra in the quasi-
resonant regime yields insight into the origin of these deviations
and is presented in the next sections.

4.1.2. Quasiresonant Spin Noise Spectra

The noise spectra of the fluctuations of the Kerr rotation angle 66
are acquired in maximal longitudinal magnetic field B, = 31 mT to
increase the spin-relaxation time T; for an improved signal-to-noise
ratio and the SN is isolated from laser shot noise and electrical noise
by subtracting a spectrum acquired in purely transverse magnetic
field B, = 27mT (cf. Sec. 3.4). At large probe laser detunings,
|A] = 15 eV, the noise spectra show a single Lorentzian line shape
corresponding to the spin fluctuations in the QD. Figure 4.2(a)
shows the SN spectrum at A = —97peV as an example. In this
case optical excitation of the QD is very small and the HWHM of
the Lorentzian fit yields the spin relaxation time

T, = 1/(2r HWHM) = 2.51(11) ps,

which is in good agreement with the hole-spin relaxation time mea-
sured on (InGa)As QDs in Refs. [98,125]. However, using much
smaller probe laser intensities a hole-spin relaxation time about
two orders of magnitude longer has been observed in Ref. [35] for
B, =31 mT. This suggests that, despite the large detuning, optical
excitation by the probe laser still affects the measured spin relax-
ation time. Consistently, a decrease of the laser detuning leads to
significant broadening of the SN Lorentzian [(cf. Fig. 4.2(b)] which
corresponds to a light absorption-induced increase of the spin relax-
ation rate. The effect of optical excitation on the spin relaxation
rate will be discussed in detail in Sec. 4.1.4.

The SN spectra at small laser detunings reveal moreover an ad-
ditional weak Lorentzian noise contribution as shown in Fig. 4.2(b)
for the measurement at A = 9pneV. The experimental data are well
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Figure 4.2.: Typical SN frequency spectrum measured with a probe
laser energy well detuned from the trion resonance ((a) A =
—971eV) and close to the trion resonance ((b) A = 9pneV).

described by a double-Lorentzian function which is composed of a
Lorentzian related to spin fluctuations, termed « noise contribution,
and a new additional Lorentzian, termed [ noise contribution in
the following. All SN spectra measured in the quasiresonant regime
around the trion resonance are analyzed regarding the noise power
(Lorentzian area) and the correlation rate (Lorentzian HWHM) of
the respective contributions. The resulting detuning dependence of
the noise power and correlation rates for o and 3 are presented in
Fig. 4.3.

The measured noise power spectrum of the « contribution shown
by the red data points in Fig. 4.3(a) agrees well with the theoretical
line shape for the SN of a single spin:

AQ

Psyn =A——=
SN A

(4.1)

where I' is the width of the SN power spectrum and A describes the
amplitude of the spectrum. A fit of Eq. (4.1) to the « data (gray
line) yields a relatively large value for T of 17.08(58) peV. The
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Figure 4.3.: (a) Noise power of o and § contribution as a function
of laser detuning. (b) Correlation rate of o and /3 contribution as a
function of laser detuning. The gray lines correspond to fit results
based on the theoretical model described in the Sec. 4.1.3.

contribution shown by the blue data points in Fig. 4.3(a) exhibits a
much lower maximal noise power and the power spectrum is char-
acterized by a different line shape very similar to a Gaussian profile
with a maximum at the trion resonance.

The correlation rates of a and S contribution as a function of A
are shown in Fig. 4.3(b). Both rates exhibit a Lorentzian depen-
dence (gray lines) centered at the trion resonance with a HWHM
vr =~ 5.4peV < I'. The « rate, which is associated with the heavy-
hole spin dynamics at large detunings, shows a strong increase by
an order of magnitude towards the trion resonance at A = 0. For
laser detunings closest to the trion resonance the « correlation rate
becomes much larger than the measurement detection bandwidth of
2.5 MHz and the « noise power approaches zero. As a result, the
Lorentzian of the a contribution in the Kerr rotation noise spec-
trum appears only as a negligibly small constant offset and the cor-
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responding values of power and rate could not be extracted. There-
fore only the data of the (8 contribution are displayed in Fig. 4.3
near A = 0. The correlation rate of the 8 contribution is for all
detunings significantly smaller than the rate of the o contribution
and the 8 contribution is not observed anymore in the noise spectra
for laser detunings |A| 2 15peV.

The Lorentzian detuning dependence of « and 3 correlation rates
coincides with the absorption profile of a homogeneously broadened
trion transition which implies that optical excitation of the trion
significantly influences both noise contributions. In the following it
will be shown that the experimental results can be explained by: (i)
considering a four-level system of the QD with significant population
of the trion states, and (ii) including the occasional escape of the
resident hole via an Auger process and the subsequent reoccupation
of the QD. The dynamics in between the QD states determine
the observed spin noise related to the « contribution, while the
dynamics related to the QD occupation by the resident hole are
responsible for the additional 3 noise contribution.

4.1.3. Theoretical Model

The states of the QD and its environment and the transitions be-
tween them considered for the theoretical model are depicted in
Fig. 4.4. The QD ground state comprises the two heavy-hole spin
states with spin projections S = 43/2 on the growth axis and mea-
surement direction z. The QD excited state is given by the positively
charged trion composed of a pair of holes in the spin singlet state
and an electron with the respective spin projections S¢ = £1/2.
In an external longitudinal magnetic field B,, ground and excited
spin states exhibit a Zeeman splitting /Q"¢ = upg" ¥ B., with
gg(e) being the longitudinal hole and electron g-factor, respectively.
Transitions between the hole-spin states are characterized by the
hole-spin relaxation rate 4" = 1/7} and, likewise, 7¢ = 1/TY is the
electron-spin relaxation rate between the trion-spin states. Absorp-
tion of a 0~ or o photon of the quasiresonant probe-light field in
the microcavity enables a transition from the hole |£3/2) state to
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Figure 4.4.: Sketch of the QD states and transitions between them
considered in the theoretical model. Note that |out) on the left
and right side of the level diagram denotes the same state, i.e.,
transitions from |+£1/2) to |F3/2) via the outer state are possible.

the trion |+1/2) state, respectively, according to optical selection
rules. These transitions are described by a generation rate G. The
recombination of the trion is described by a recombination rate R
and can be induced by stimulated photon emission or spontaneous
trion recombination. In addition to the transition back to the QD
ground state nonradiative recombination of the trion can take place
via an Auger process. The recombination energy is transferred to
the resident hole which thus leaves the QD. This process is modeled
by the transition to an outer state |out) in the solid-state environ-
ment with the Auger rate 4. A tunneling or relaxation process can
return a hole from an outer state to the QD ground state with the
reoccupation rate ,. Note that the state |out) is a simplified repre-
sentation for a multitude of outer states and ~, can be the average
transition rate from different outer states. The spin relaxation in
the outer states is assumed to be very fast compared to any recap-
turing process, so that the hole returns to the QD with an arbitrary
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spin.
The Hamiltonian of the system in an external magnetic field B,
in the presence of probe light has the form: [126,127]

1
H= hz {Woall/zailﬁ L 59};“13/20&3/2
+

1 —iw
Zl: 592@11/2ai1/2 + (gj:e tall/QaiS/Q =+ hC>:| . (42)

Here, a3/, and alg /o are the annihilation and creation operators

for the resident hole and a4,/ and all /2 are the corresponding op-
erators of the trion. The trion resonance frequency is given by wq
and w is the frequency of the incident electromagnetic field. The
laser detuning is defined as A = w—wy. £+ denotes the trion optical
transition matrix elements in ¥ polarizations. For linearly polar-
ized probe light £ is equal to FE/v/2, where £ is proportional to
the amplitude of the incident field and the optical transition dipole
moment in the QD. The electromagnetic field can be treated classi-
cally since QD and microcavity are in the weak coupling regime.

The eigenstates of the Hamiltonian [Eq. (4.2)] depend on the in-
tensity of the probe light and on the laser detuning. Strong coherent
excitation of the QD at small laser detunings (|A| < &) leads to the
formation of dressed states [128], which are coherent superpositions
of hole and trion states. The lower and upper dressed states (eigen-
states) are given by: [65]

WU, = cos|+3/2) +sin 0 |£1/2) e ",
U, = —sinf|£3/2) + cosf|+1/2) e ", (4.3)

respectively, where 6 € [—7/4; 7/4] is determined by
tan (20) = 2E/A. (4.4)

In case of large detunings, |A| > &, 6 approaches zero and the
states ¥; ,, become simply the hole and the trion states. Note that
the energy difference between o+ and o~ polarized transitions due
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to the Zeeman splitting (cf. Fig. 4.4) is neglected here for simplic-
ity. Usually this is a good approximation for self-assembled QDs
in a small magnetic field (B, < 1T) and at high laser intensities
since the Zeeman splitting is small compared to the linewidth of
the saturation-broadened optical transition [22,78]. However, the
g-factors of electron and hole determining the Zeeman splitting can
differ strongly from one QD to another [129], so that the energy
difference is not negligible in general case. The consequences of a
non-negligible Zeeman splitting will be discussed in Sec. 4.2.

The quantity & in Eq. (4.4) can be associated with the quan-
tum electrodynamic resonant Rabi frequency which describes the
oscillations of population between ground (hole) and excited (trion)
states and corresponds to the splitting between the dressed states
at A =0 [65,130].

The Hamiltonian in Eq. (4.2) accounts for the coherent processes,
e.g., the Rabi oscillations between hole and trion states. The inco-
herent processes corresponding to spontaneous recombination (with
the rate vg), spin relaxation (7¢,7”), Auger recombination and re-
charging (ya,v,), cf. Fig. 4.4, are treated in the density matrix
formalism, which yields the following set of coupled equations: [123]

it = 2Ed" + Yonir + YVrnout, (4.5a)

fur = —2Ed} — Yone — VAN, (4.5b)

S = —&dy, — St 47055, (4.5¢)

$¢ = Edi, — 758 — 0S¢ — ¥aSE, (4.5d)

d, = —Adl - Q.d, /2 —~d,, (4.5¢)

d = E(nee —np) /2 + Ad, — Q.d)) /2 — ~ydl, (4.5f)
dl, = E(SI — 52) — Adll +Q.d, /2 —~d, (4.5g)
d) = Adl, + Q.d /2 — ~d.. (4.5h)

Here ny,, ni; and neyt are the populations of the hole, trion and outer
states with nj, +ny +nous = 1. Sf and S¢ are the spin projections of

78



4.1. Homogeneous Broadening and Reoccupation Noise

hole and trion states and h{2, = hQS —hQ" is the total spin splitting
between ot and o~ polarized optical transitions. v is the trion de-
phasing rate corresponding to the linewidth of the optical transition.
In general case v is greater or equal to (7o +va)/2 + 1/T5 + 1/T%
with Ty o being the hole and trion transverse spin relaxation times.
The quantities d, and d, are proportional to the components of
the dipole moment defined in the canonical basis [123] and one or
two primes in Egs. (4.5) denote the real and imaginary parts, re-
spectively. The Faraday rotation angle is proportional to d;’. The
measured Kerr rotation angle can be contributed to by d;/ and d,,
depending on the interference of the Kerr-rotated light with the
light reflected from the top Bragg mirror (cf. Sec. 2.2.2). Here, we
assume that the Kerr rotation is mainly determined by dg which
is confirmed by the good agreement between theory and data pre-
sented below.

Trion generation and recombination in the QD are typically much
faster than the processes related to spin and charge dynamics. There-
fore a quasi-equilibrium is established on timescales ~ ;! with
respect to the optical processes. In the quasi-steady state the time
derivatives in Eqgs. (4.5) are zero and the equations are linearly de-
pendent as they have to preserve the total spin S, = S 4+ S¢ and
the total QD population n = nj + ng,.. Under these assumptions
the steady-state probability of trion excitation is found as: [123]

ntr_g_ G

Ztr - 4.6
n S, G+R’ (4.6)
with o
- Y
G = 772 AT (4.7)
and
R=G+ Y0- (48)

The component of the dipole moment dg and thereby the Kerr
rotation angle is found as: [123]

EA & (v1? — A?)
V2 A277 T A(y 2+ A2)2

Ok o dy = Q.n, (4.9)

79



4. Measurements & Results

where

1 =7V1+2E2/(y70) =7V 1+ (I/1s) (4.10)

is the trion linewidth renormalized by the laser intensity I, an effect
commonly known as saturation broadening [102]. Ig is the satura-
tion intensity of the optical transition.

Equation 4.9 shows that noise of the Kerr rotation angle can be
induced by (i) fluctuations of the total spin S,, either related to
the hole or trion spin, and (ii) fluctuations of the QD occupancy n.
A discussion of the spin noise (SN), related to the « contribution
presented in Fig. 4.3, follows in the next section 4.1.4. The occu-
pation noise (ON), related to the § contribution in Fig. 4.3, will be
discussed in section 4.1.5.

4.1.4. Nonequilibrium Spin Noise

The theoretical analysis in the previous section showed that the
nonequilibrium spin noise in the presence of optical excitation is no
longer determined simply by the spin of the resident hole, but in-
stead it is related to the pseudospin of the dressed states [Eq. (4.3)].
The corresponding dressed-state spin relaxation rate -5 which de-
termines the HWHM of the Lorentzian in the SN spectrum [« con-
tribution in Fig. 4.2(b)] can be derived from Eqgs. (4.5¢) and (4.5d)
taking into account Eq. (4.6). For the pseudospin S, follows: [123]

S, = —7,9., (4.11)

with . e

Vs = ?7? + 77:; (412)
being the average spin-relaxation rate, which is intuitively given by
the weighted sum of hole-spin relaxation in the ground state and
electron-spin relaxation in the excited state, depending on the rela-
tive population of hole and trion states. Combining Eqs. (4.6), (4.7)
and (4.12) shows that v, follows a Lorentzian profile as a function
of the detuning A which is in agreement with the observation de-
picted in Fig. 4.3(b). The HWHM of the Lorentzian is given by
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Figure 4.5.: (a) Spin-relaxation rate profile (a contribution) at I =
0.25uW /pm?. (b) Trion linewidth v; as a function of laser intensity
extracted from the spin-relaxation rate profiles. (c) Analysis of the
area Ag of the spin-relaxation rate profile as a function of laser
intensity enables estimation of the electron-spin relaxation rate. The
error bars represent the uncertainty of the respective fit result.

the intensity-dependent trion linewidth 7 [Eq. (4.10)]. Hence, the
trion linewidth can be determined from the spin-relaxation rate pro-
file v5 (A). Figure 4.5(b) shows the trion linewidth extracted from
the measurement of several spin-relaxation rate profiles at different
laser intensities. The profile measured at the lowest laser intensity
I =0.25pW /pm? is exemplarily shown in Fig. 4.5(a) together with
the Lorentzian fit yielding the linewidth ;. The values of v, (A)
are obtained from the fits to the « contribution in the SN spec-
tra (cf. Fig. 4.2). The error bars represent the uncertainty of the
fit result. The large uncertainties at small detunings result from
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vs reaching the detection bandwidth (2.5 MHz). Accordingly, the
measurements to determine ; at higher laser intensities are con-
ducted with higher bandwidths of the tunable balanced detector (5
to 25 MHz, cf. Sec. 3.4). The observed intensity dependence of v; is
in good agreement with a square-root function and a fit according to
Eq. (4.10) yields the intrinsic transition linewidth v = 2.2(23) peV
and the saturation intensity Is = 0.07(15)pW/pm?. The deter-
mination of the QD transition linewidth and saturation intensity
is a useful add-on feature of the nonequilibrium SN measurements.
These quantities are usually measured by resonance fluorescence, a
technique which is experimentally much more challenging to realize
compared to the measurement of the Kerr rotation noise [131].

At the same time the intensity-dependent measurement of the
spin-relaxation rate profiles can be used to determine the electron-
spin relaxation in the trion. For this purpose, the detuning-dependent
part of the average spin-relaxation rate is considered:

575(A) = (7;3 - 72)7 (413)

G+R

cf. Eq. (4.12) and (4.6). The hole spin relaxation is much slower
than the electron spin relaxation, so that 7 ~ 0 is assumed in the
following. Using the relations Eq. (4.7), (4.8) and I/Is = 282 /(v0)
[cf. Eq. (4.10)] and integrating - over A, the area of the Lorentzian
profile is obtained as a function of the laser intensity: [123]

as(n =T, (4.14)

2 \/Is(I+1Is)

Figure 4.5(c) shows Ag as a function of laser intensity extracted from
the respective spin-relaxation rate profiles. A fit of Eq. (4.14) using
v and Ig as determined from Fig. 4.5(b) yields a relatively short
electron-spin relaxation time of 7Y = 1/7¢ = 32.8(32)ns, which
can be related to the hyperfine interaction [100,125]. The contri-
bution of the electron spin relaxation rate to the measured average
spin relaxation rate (4.12) is determined by the relative trion pop-
ulation (4.6) which can be expressed as a function of probe-laser
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intensity I and laser detuning A:

Ty I ’72
—_— = — . 4.15
n 2[5(1+I/]5)’}/2+A2 ( )

The SN measurement with a large laser detuning of A = —97peV
and a laser intensity of I = 1.1 pW/pm? shown in Fig. 4.2(a) yield
a very low trion population of n¢./n ~ 0.004. However, in combi-
nation with the high electron spin relaxation rate of about 30 MHz
this still yields a significant electron contribution to the average spin
relaxation rate (4.12). This electron contribution to the spin relax-
ation corresponds to a relaxation timescale of a few microseconds.
Thus, the measured relaxation time extracted from Fig. 4.2(a),
T1 = 2.5 ps, is indeed still dominated by the electron spin relaxation.
A measurement of the slow hole spin relaxation rate (2 100 ps [35])
at a detuning of about 100 neV requires a probe laser intensity which
is at least an order of magnitude lower than the saturation inten-
sity of the optical transition, i.e., I < 0.007 pW /pm?. In summary,
the nonequilibrium SN measurements presented in this chapter are
mainly dominated by the electron spin relaxation rate, even at large
laser detunings where the optical excitation of the trion is small.

4.1.5. Occupation Noise

Recalling the expression for the Kerr rotation angle [Eq. (4.9)] de-
rived in section 4.1.3, the Kerr rotation noise under quasi-resonant
driving not only consists of the nonequilibrium SN but is also af-
fected by fluctuations of the QD occupation (ON) as a result of
Auger recombination. The noise power of the respective contri-
butions is obtained from the average fluctuations <69§(> using the
correlation functions (§5.2?) =7n/4 and (6n?) = (1 —n)n: [123]

&N
£2 (12 — A?)?
Pox (A) oc = —2) 21 _myg, 4.16b
ox (A) o 4(I2 + A2)° (1-mm ( )
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cf. Eq. (4.9). Here, m denotes the average steady-state occupation
of the QD, and ~; in Eq. (4.9) is replaced by the renormalized width
I" > ~;, which will be discussed in more detail below.

The noise power of the additional ON contribution exhibits a
maximum at the trion resonance (A = 0) in contrast to the SN
power, and the detuning dependence is very similar to a Gaussian
function [see Fig. 4.6(a)]. Such a detuning dependence can in princi-
ple result from different origins. On the one hand it can be related
to the occupation noise with the noise power spectrum given in
Eq. (4.16b). The amplitude of the ON power spectrum is a function
of the external longitudinal magnetic field due to the trion Zeeman
splitting AS),. Another possible origin is the spin-splitting noise of
the circularly polarized trion transitions due to nuclear spin fluctu-
ations [75]. The nuclear-induced Kerr rotation noise power exhibits
exactly the same dependence on the detuning as the ON power
but the Zeeman splitting due to the external magnetic field, 2, in
Eq. (4.16Db), is replaced by the average amplitude of the Zeeman-
splitting fluctuations which result from the nuclear magnetic field,
(6Q2) [123]. Hence, the noise power of the nuclear spin noise is
independent of the external longitudinal magnetic field (similar to
the noise power of the SN of the resident charge carrier). Finally, a
third possible origin for the observed additional noise power spec-
trum can be found considering fast charge fluctuations on the order
of ps in the QD environment. The charge noise causes fluctuations
of the QD resonance wy and thereby fluctuations of the laser detun-
ing A = w — wy. Fluctuations of the detuning lead to fluctuations
in both terms of the Kerr rotation angle [Eq. (4.9)]. The resulting
additional noise contribution of the first (spin-)term in Eq. (4.9) ex-
hibits again a power spectrum of the observed shape. However, this
charge-noise contribution depends on the spin correlation function
and therefore its correlation time can not be longer than the spin
relaxation time [123]. This is in contradiction with the observed cor-
relation rate of the additional contribution which is up to an order
of magnitude lower than the spin-relaxation rate [cf. Fig. 4.3(b)].
Charge noise of the second term of the Kerr rotation angle yields a
power spectrum that exhibits a different detuning dependence with
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Figure 4.6.: (a) Example of the noise power spectrum of SN and
ON at B, = 31 mT. The gray lines correspond to a global fit of the
data according to Egs. (4.16) which yields the value of Q2. (b) Total
Zeeman splitting of the trion transition hf2, as a function of the
longitudinal magnetic field B,. The error bars correspond to the
uncertainty of the fit results.

a dip at the trion resonance [123] which is inconsistent with the
observed power spectrum.

Altogether, the assignment of the additional Kerr rotation noise
contribution to ON can be confirmed by a magnetic-field depen-
dence of the ON power spectrum. The trion Zeeman splitting A2,
determines the amplitude of the ON power spectrum with respect
to the SN spectrum. It can be extracted from the measured noise
power by conducting a global fit of Egs. (4.16) to the SN and ON
data with shared fit parameters I and £ and assuming (1 —7) ~ 1.
Figure 4.6(a) shows the noise power spectra and the corresponding
global-fit result at a magnetic field of B, = 31mT. In Fig. 4.6(b)
the trion Zeeman splittings extracted from the respective fits are
plotted as a function of the magnetic field. The linear dependence
of h§2, on B, is in accordance with the observation of occupation
noise and yields a value of |ge — gi| ~ 4 for the difference of electron
and hole g-factors which is reasonable for (InGa)As QDs [129,132].
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At first glance it might be surprising that the fluctuations of QD
occupation can be observed as Kerr rotation noise. The essential
point for the explanation is that the occupation noise affects the
Kerr rotation only in the presence of a longitudinal magnetic field.
The external magnetic field leads to a dc Kerr rotation in the case
that the laser is quasi-resonant with the trion transition and the
QD is charged. SNS is not sensitive to dc signals, but the loss of
the charge carrier results in disappearance of the dc Kerr rotation
contribution at the trion resonance. Hence, the occupation noise
can be understood as a random telegraph signal [60] of the dc Kerr
rotation of a charged QD in a magnetic field.

The time scale of the occupancy fluctuations is determined by the
Auger recombination and reoccupation dynamics. From Egs. (4.5a),
(4.5b) and (4.6) it follows that: [123]

n=- a f R’YAn + Yrfout- (417)
At this point, a model for the outer states has to be adopted to
continue the analysis. For simplicity, the outer states are assumed
to be given by a single quantum level in the following. Under this
assumption the correlation rate of the occupation noise is given
by: [123]

Nty
Vo = %%4 + Y, (4.18)

with the Auger recombination rate v, and the reoccupation rate ;..
The rate -, depends on the relative population of the trion state
and represents a Lorentzian with HWHM = ~; as a function of the
laser detuning A, similar to the dressed-state spin relaxation rate
(cf. Sec. 4.1.4). Close to the trion resonance 7, is dominated by
Auger recombination and for large detunings -, tends towards the
reoccupation rate. Hence, the intensity-dependent measurements of
the occupation-rate profile v, (A) can be used to determine v4 in a
similar way as presented for the electron-spin relaxation rate v¢ in
Sec. 4.1.4. The QD reoccupation is assumed to be much slower than
Auger recombination?, v, ~ 0, and only the detuning-dependent

2This assumption is consistent with a small average QD occupation 72, which
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Figure 4.7.: (a) Occupation-rate profile (8 contribution) at I =
0.251W/um?. (b) Analysis of the area of the occupation-rate pro-
file A,, enables estimation of the intrinsic Auger recombination rate.
The error bars represent the uncertainty of the respective fit result.

part of the occupation rate is considered:

G

o7 (A) = m’m-

(4.19)
Using the relations Eq. (4.7), (4.8) and I/Is = 2E%/(y70), and
integrating d-, over A, yields the Lorentzian area as a function of
the laser intensity: [123]

An=1__1

T A
2 /Is(I +Is)

Figure 4.7(b) shows A,, as a function of laser intensity as it is
determined from the measured occupation-rate profiles. As an ex-
ample Fig. 4.7(a) shows the occupation-rate profile at the lowest
laser intensity of I = 0.25uW /pm? together with the Lorentzian

(4.20)

is essential for the observation of occupation noise [see Eq. (4.16b)].

87



4. Measurements & Results

fit which yields A,,. The data v, (A) are obtained from the fits
to the 8 contribution in the SN spectra (cf. Fig. 4.2) and the er-
ror bars represent the uncertainty of the fit result. Note that the
number of data points obtained for the occupation-rate profile is
lower compared to the spin-relaxation rate profile [Fig. 4.5(a)| since
the ON power drops much faster to zero than the SN power, cf.
Fig. 4.6(a). The theoretical analysis shows that both profiles have
the same Lorentzian width v, therefore ~y; is adopted from the spin-
relaxation rate profiles (Fig. 4.5) to decrease the fit uncertainty of
vn (A) and the resulting value of A4,,. A fit of Eq. (4.20) to the
experimentally determined Lorentzian areas is shown in Fig. 4.7(b).
Based on the results in Sec. 4.1.4 the intrinsic linewidth v = 2.2 peV
and the saturation intensity Is = 0.07 pW/pm? are used for the fit,
which yields a value of v4 = 2.93(28) ps~! for the Auger rate. This
value is in very good agreement with recent measurements of the
Auger recombination in similar QDs via resonance fluorescence [28].

The rate of the QD reoccupation is given by ~,, (A) at large detun-
ings where the trion population tends towards zero [cf. Eq. (4.18)].
But due to the fast decreasing ON power it is not possible to measure
n (A), and thereby the reoccupation rate +,, directly at sufficiently
large detunings. However, 7, can be estimated from the offset of
the occupation-rate profile. A good Lorentzian fit result is achieved
for the data set presented in Fig. 4.3(b) which contains the highest
number of data points as a function of A for the presented measure-
ments. The fit yields a reoccupation rate of 7, = 0.207(96) us~1,
suggesting that the average reoccupation of the QD is slow in the
studied sample in agreement with the low p-type background doping
(cf. Sec. 3.1).

It is important to note that the exact detuning dependence of the
SN and ON noise power [Egs. (4.16)] also depends on the details
of charge dynamics in the outer states, as they are a function of
the average QD occupation. In the simplest case of just a single
quantum level describing the outer state, the average QD occupation
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is found to be: [123]

(G + R)
(G + R) +74G’

n=

(4.21)

Substituting 7 into the expression for the noise power [Eqs. (4.16)]
yields: [123]

2(EA)?

Pex ~ , 1.22a
N~ T AN E T AY) (4.228)

(EQ.)° (73 —v1%) (1 — A?)?

Pox ~ 1.2
N TapE e mpeg a0 )
with the additional width:
82

o = 42 + (4.23)

YrYo -

One can see that =9 is larger than ; as a consequence of Auger
recombination and this results in a broadening of the noise power
spectra beyond 7;. This broadening can be understood intuitively,
especially in the case of the SN power. The efficient emptying of
the QD leads to a strong reduction of the average SN power at
small detunings, while the SN power at larger detunings is barely
affected since Auger recombination gets less probable. As a result
the SN power maxima shift to larger detunings, yielding a width of
the power spectrum which is larger than the linewidth ~;.

The noise power spectra in Eqs. (4.22) describe the measured
noise power spectra qualitatively correctly. However, they do not
provide a good quantitative agreement. The reason is most likely
the strong simplification to a single outer state. For this reason the
measured noise power spectra are described by Eqs. (4.16), which
use a phenomenological renormalization of 7; to I', to account for
the additional broadening. Although the charge dynamics in the
outer states modify the noise power spectra, they do not affect the
spin relaxation rate 75 [Eq. (4.12)], which was derived without any
assumptions about the outer state. The charge dynamics outside the
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QD only affect the second term of the occupation rate v, [Eq. (4.18)]
which becomes relevant just at large detunings where Auger recom-
bination is not dominant anymore. This fact ensures the reliable
determination of electron-spin relaxation rate, QD linewidth, satu-
ration intensity, and Auger recombination rate.

In summary, the presented results reveal the capability of SNS
to study not only the nonequilibrium spin dynamics but also the
charge dynamics in the system in the presence of a small external
magnetic field. The occupation noise, which was observed in a SNS
measurement for the first time, enabled a quantitative analysis of
the Auger process in self-assembled (InGa)As QDs. In fact, the
occupation noise can even provide further insight into the charge
dynamics in the QD environment as will be shown for a special case
presented in the next section.

4.2. Inhomogeneous Broadening and
Acceptor-Occupation Noise

In contrast to atoms, the results found on a specific self-assembled
QD can not be generalized to every QD, not even to QDs on the
same wafer. Many of the physical properties depend strongly on the
QD’s size, material composition and morphology [45,112,129]. In
addition, the nature of the solid-state environment surrounding the
QD, e.g. the presence of defects, significantly alters the single-QD
physics. This section presents Kerr rotation noise measurements
on a second QD in the sample region of low QD density which
yield some complementary results to the measurements presented
in section 4.1.

Figure 4.8(a) shows the polarization-resolved PL spectrum of the
QD which is qualitatively very similar to the QD-PL spectrum in
Sec. 4.1. The optical transitions corresponding to the positively
charged trion (X'*) and the exciton (X°) resonances are both
shifted to slightly higher photon energies by about 0.3meV com-
pared to the QD investigated in Sec. 4.1. The Kerr rotation noise
relating to the trion transition is measured in a longitudinal mag-
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netic field of B, = 31mT and with a probe-laser intensity of I =
0.4pW /pm?. Figure 4.8(b) shows the noise spectrum of the Kerr
rotation angle on a logarithmic scale for a laser detuning of A =
—22.6 eV with respect to the trion resonance. The noise spectrum
at this comparably large detuning shows a single-Lorentzian line
shape and is solely determined by spin noise (SN). The HWHM
of the Lorentzian yields a spin relaxation time of 1.3 pus which ap-
proaches the intrinsic hole-spin relaxation time but still contains a
contribution related to the electron-spin relaxation due to residual
absorption [cf. Eq. (4.12)].

4.2.1. A More Complex Form of Occupation Noise

The QD occupation noise becomes relevant for the Kerr rotation
noise spectra at smaller laser detunings shown in Fig. 4.8(c) and (d)
for A = —6.9peV and A = 1peV, respectively. Indeed, these spec-
tra show a significant noise contribution at lower frequencies in ad-
dition to the SN. But instead of a single additional Lorentzian (cf.
Sec. 4.1), two Lorentzians (labeled ON-D and ON-O) are observed
here. The HWHM of the two Lorentzian contributions differ by an
order of magnitude. However, both contributions exhibit an increase
of their width and total noise power with decreasing laser detuning
and clearly dominate the Kerr rotation noise spectrum close to the
trion resonance [Fig. 4.8(d)]. The HWHM of the SN Lorentzian
also shows a strong increase for smaller laser detunings due to
the increased probability of trion population and the correspond-
ing stronger influence of the short electron-spin relaxation time,
in agreement with the nonequilibrium SN discussed in Sec. 4.1.4.
The assignment of the contributions to SN and ON, respectively,
is confirmed by laser-detuning and magnetic-field dependent mea-
surements of the respective noise power of each contribution. The
noise power of each contribution is extracted from the Lorentzian
fits to the measured Kerr rotation noise spectra (cf. Fig. 4.8). Fig-
ure 4.9(a) shows the respective noise powers as a function of the
laser detuning for a longitudinal magnetic field of B, = 31 mT. The
SN contribution is again identified by the distinct double-maximum
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Figure 4.8.: (a) Polarization-resolved PL spectrum of the QD show-
ing the trion resonance at 1397.33 meV. (b)-(d) Kerr rotation noise
spectra measured at different laser detunings A with respect to the
trion resonance. The spectrum at large detuning (b) is solely deter-
mined by spin noise (SN). The additional low-frequency contribu-
tions in the spectra at smaller detunings (c and d) can be assigned
to occupation noise (ON-D and ON-O). The solid gray lines corre-
spond to a joint fit of the measured spectra with the sum of the

three Lorentzian functions.
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Figure 4.9.: (a) Noise power of all three noise contributions as a
function of the laser detuning. The solid lines correspond to the
respective noise power calculated by Egs. (4.35) of the theoreti-
cal model (Sec. 4.2.3) . (b) Noise power of the two low-frequency
contributions (ON-D and ON-O) as a function of the longitudinal
magnetic field.

line shape of the noise power spectrum Psn(A) which is character-
istic for spin fluctuations (cf. Sec. 4.1). The noise power spectra
of the two additional contributions, Pon.p(A) and Pon.o(A), show
a single maximum at the trion resonance (A = 0) in agreement
with occupation noise theory. The unambiguous assignment to oc-
cupation noise further demands the investigation of the noise power
as a function of the longitudinal magnetic field B,, as outlined in
Sec. 4.1.5. Figure 4.9(b) shows the noise power of ON-D and ON-O
as a function of B, at a small laser detuning of A = 1peV. The noise
power of both contributions increases proportional to the square of
B, which confirms that both contributions correspond to occupa-
tion noise since the ON power is proportional to the square of the
trion Zeeman splitting 7€), [see Eq. (4.16b)]. The observation of
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more than one contribution to the occupation noise suggests more
complex charge dynamics in the QD environment compared to the
QD investigated in Sec. 4.1. In particular, the strongly differing
correlation times associated with the Lorentzian HWHMSs of ON-D
and ON-O indicate two distinct reoccupation channels for this QD
after Auger recombination: one channel is characterized by a very
long reoccupation time (ON-O), while the other channel provides a
much faster reoccupation of the QD (ON-D). A detailed model for
the charge dynamics between the QD and its environment will be
presented in Sec. 4.2.3 together with a theoretical analysis.

4.2.2. Broadening due to Slow Charge Fluctuations

The more complex occupation noise is not the only deviation ap-
parent in the experimental results compared to the measurements
in Sec. 4.1. The measured SN power shown in Fig. 4.9(a) as a
function of the laser detuning (the red squares) is not dropping to
zero at A = 0 [c.f. Eq. (4.16a)], but maintains a significant value
of about one third of the noise power maxima. This “imperfect”
dip of the SN power spectrum at the trion resonance signifies the
presence of slow charge fluctuations in the QD environment [124].
Stochastic fluctuations of charges in the solid-state environment are
commonly observed in self-assembled QDs and occur typically on
the order of milliseconds [27,133]. The redistribution of charges
leads to a continuous change of the trion resonance energy via the
Stark effect with shifts typically on the order of a few peV [64].
The resonance fluctuations translate into fluctuations of the laser
detuning and thereby affect the Kerr rotation angle. Fast charge
fluctuations on the order of microseconds manifest themselves as ad-
ditional noise contributions in the Kerr rotation noise spectrum (cf.
Sec. 4.1.5 and Ref. [123]). Slow changes of the resonance frequency
on a millisecond timescale do not affect individual noise spectra,
but become visible in the detuning-dependent quantities extracted
from the time-averaged spectra, e.g. the total noise power. In fact,
the charge fluctuations result in an inhomogeneous broadening of
the average trion resonance over time. In order to account for this

94



4.2. Inhomogeneous Broadening and Acceptor-Occupation Noise

inhomogeneous broadening, the noise power spectrum of a homoge-
neously broadened optical transition, Py} sn/on (A) [cf. Egs. (4.16)],
has to be convolved with a Gaussian distribution of the fluctuating
trion resonance shifts:

- ~(@A=AD/Gw)?
PSN/ON /PSN/ON N —dA’, (4.24)

where dwy is the mean amplitude of the slow resonance changes. The
resulting modification of the homogeneous noise power spectrum
depends on the magnitude of the inhomogeneous broadening with
respect to the homogeneous linewidth ~; of the optical transition.
For the SN power spectrum, a small inhomogeneous broadening
dwo < 77 results primarily in a “smearing” of the narrow noise
power dip at A = 0. This leads to the increase of the noise power
from zero to a finite value at the (average) trion resonance, as it is
present in the data shown in Fig. 4.9(a). A large inhomogeneous
broadening, dwy > 71, leads to complete disappearance of the noise
power dip and the SN power spectrum simply follows the Gaussian

distribution exp [— (A/ (5w0)2} which was observed in Ref. [35]. For

the ON power spectra, the modification due to the inhomogeneous
broadening is less noticeable. The convolution with the Gaussian
distribution of resonance fluctuations leads to a stretching of the
homogeneous ON power spectrum causing a slightly lower maximal
power and a larger width of the spectrum.

Note that not only the noise power, but all detuning-dependent
quantities are modified by the inhomogeneous broadening. This in-
cludes the probability of the trion population which determines the
average spin relaxation rate, and also the effective Auger recom-
bination rate which finally defines the average QD occupation. A
detailed analysis of these quantities including the inhomogeneous
broadening is presented in the following section using a refined ver-
sion of the theoretical model developed in Sec. 4.1 to describe the
differing observations on the present QD.
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Figure 4.10.: Sketch of ground and excited spin states in the QD
and of the hole states in the QD environment. The arrows illustrate
all relevant transitions considered for the theoretical model.

4.2.3. Theoretical Model of Coupled Spin and
Charge Dynamics

Figure 4.10 illustrates the underlying scenario described by the the-
oretical model. The quantum dot is still described by the four-level
system including the hole ground states with the spin projections
|£3/2) and the excited trion states with the spin projections |+1/2).
The states are coupled by 0~ and T polarized laser light, respec-
tively, which is denoted by the trion optical transition matrix ele-
ments £ (cf. Sec. 4.1.3). The spin dynamics in the ground state
are characterized by the hole-spin relaxation time 7}, while in the
excited state the unpaired electron determines the spin relaxation
with the time 7¢ which is typically much shorter than T}

Trion recombination can lead to an Auger process which excites
the resident hole into the continuum and leaves an empty QD be-
hind. The probability of Auger recombination is determined by the
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intrinsic Auger rate v4 and the population of the trion states. After
an Auger process the QD is recharged by a hole with an arbitrary
spin. According to the two ON contributions in the Kerr rotation
noise spectra (Fig. 4.8) the recharging of the QD can take place via
two different channels. The first recharging channel is linked to the
broader contribution ON-D and enables a fast reoccupation of the
QD. This process is modeled by direct recharging of the QD from
the continuum with a rate y¢ p, where C' and D label the contin-
uum and the (quantum) dot, respectively. The second recharging
channel is linked to the narrow ON contribution ON-O and should
be significantly slower than the first channel. The slow channel is
modeled with a single localized outer state in the immediate vicin-
ity of the QD. On account of the p-type background doping, the
outer state will most likely correspond to an ionized acceptor which
provided a hole for the QD initially. The acceptor is assumed to
be situated within a distance of a few Bohr radii of the acceptor
hole (a%® ~ 2nm [134]) with respect to the QD. In this scenario,
QD and ionized acceptor compete for a hole after Auger recombi-
nation since Coulomb repulsion effectively suppresses simultaneous
occupation of acceptor and QD. Hence, after Auger recombination
either the QD is charged with the rate y¢ p or the acceptor, rep-
resenting the outer state in Fig. 4.10, is charged with a rate vc 0
(O denotes the outer state). Charging of the outer state inhibits
charging of the QD from the continuum due to Coulomb repulsion
and only a tunneling process from the outer state can recharge the
QD with a slow rate o, p.

At first glance, a number of slightly different models of charge dy-
namics are conceivable to describe the observed Kerr rotation noise
spectra. In particular, it can be assumed that Coulomb repulsion
between outer state and QD is weak enough, such that both can
be charged with a hole at the same time. Furthermore, a charged
outer state in the vicinity of the QD should result in a significant
Stark shift of the trion resonance compared to an empty outer state
(consistent with the charge fluctuations responsible for inhomoge-
neous broadening, cf. Sec. 4.2.2). The shift of the resonance with
respect to the fixed probe-laser energy alters the probability for
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Auger recombination which can result in two differing ON contri-
butions linked to the charge status of the outer state. However, the
theoretically calculated Kerr rotation noise spectra based on such
alternative models show results which are in contradiction with the
measured Kerr rotation noise spectra. Appendix B presents the
calculated Kerr rotation noise spectra of the alternative theoretical
descriptions and outlines their deviation to the measured spectra.
In the following, the theoretical derivation of the Kerr rotation noise
spectra based on the Coulomb-repulsion model (described above) is
presented. The resulting calculated noise spectra are in good agree-
ment with the experimental results and enable the determination of
the parameters of spin and charge dynamics in Sec. 4.2.4.

The QD interacting with the probe light in a longitudinal mag-
netic field is described by the Hamiltonian defined in Eq. (4.2) and
the eigenstates of the Hamiltonian are the dressed states which are
coherent superpositions of the hole and trion states, cf. Sec. 4.1.3.
For the QD investigated in this section, the Zeeman splitting A2,
is on the order of the trion linewidth ~;, as will be shown by the
comparison of experiment and theory in Sec. 4.2.4. In this case, the
Zeeman splitting should not be neglected in the theoretical analysis
since it results in important consequences for the spin and charge
dynamics of the system. In the first place, the effective probe-laser
detuning differs for light interaction with the “spin up” or “spin
down” states and is given by AL = A+Q,/2and A_ = A—-Q,/2,
respectively (cf. Fig. 4.10). As a result, the upper and lower dressed
states [Eq. (4.3)] depend on the orientation of the QD pseudo spin
S, = £1/2 and are given by: [65]

UF = cosfy |[£3/2) +sinfy [£1/2) e, (4.25)
UE = —sinfy [+£3/2) + cos Oy |[£1/2) e

respectively, with 64 € [—m/4;7/4] being determined by
tan (29i) = QSi/Ai. (426)

The incoherent processes related to recombination and dephasing
are again treated in the density matrix formalism and evaluated for
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the quasi-steady state with respect to the much faster optical pro-
cesses (cf. Sec. 4.1.3). This approach yields the quasi-steady state
occupancies of the hole and trion states n, with s = +3/2, £1/2,
and in particular the probability for excitation of the respective
trion states: [65]

Ny1/2 B E2y
niso+ni1e Y02+ AL)

(4.27)

where ~ denotes the intrinsic trion linewidth, 7y corresponds to
the spontaneous recombination rate, and ~; is the “dressed” trion
linewidth renormalized by the light intensity (o< £2), cf. Eq. (4.10).
In contrast to Sec. 4.1, the excitation probability is not equal for
both trion spin states, but depends on the orientation of the pseudo
spin with respect to the magnetic field due to A4. The effective
Auger rate 44 is given by the product of trion excitation probability
and intrinsic Auger rate, which ultimately results in a coupling of
spin orientation and QD occupation via the external magnetic field.

The Kerr rotation angle is again deduced from the imaginary part
of the component d,, of the dipole moment, yielding: [65]

£
O x X 4.28
©7 R A0+ A7) (4:28)
2 Qz 2 2 Qg 2
4A(r _Z‘FA )8 — Qa1 +I_A n|

which is qualitatively similar to Eq. (4.9): both, fluctuations of the
pseudo spin, as well as fluctuations of the QD occupation, will lead
to Kerr rotation noise.

The kinetic equations for spin and charge dynamics based on the
phenomenological model introduced in Fig. 4.10 are given by: [65]

S, =—5./Ty + \n, (4.29a)

n= _;?An - A/Sz + ’YC,D(I -—n— nout) + YO,DNout » (429b)

7:Lout = 70,0(1 —n—- nout) — YO,DNout - (429C)
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Here, the average spin relaxation time 77, the effective Auger rate
Y4, and the coupling parameters between QD pseudo spin and oc-
cupancy, A and )\, have been introduced as

1+ 93/4+ A2

7 o7 T2 , (4.30a)

Sa = 4 V% + 2%/24 + A2 7 (4:30b)
A=— 4?1?;2 , (4.30¢)

N = m% , (4.30d)

with I' = \/(712 +AL) (2 +A2) /1 (4.30¢)

The Egs. (4.30) are only valid in the limit of a large probe-laser
intensity (I > Ig) and if the pseudo spin relaxation is dominated
by electron-spin flips, i.e., 1/Tf > 1/TP,v4. These criteria are
fulfilled for the measurements presented in this thesis, cf. Sec. 4.1.
However, in general case Egs. (4.30) are more complex, cf. Ref. [65].

The kinetic Eqs. (4.29) demonstrate the coupling of QD pseudo
spin S, and occupancy n by the external magnetic field which has
two main consequences: (i) the rate of emptying of the QD depends
on its pseudo spin and (ii) the quasi-resonant excitation of the QD
in a longitudinal magnetic field leads to a spin polarization. The
spin polarization follows from the unequal optical pumping of “spin
up” and “spin down” states in conjunction with the much slower
spin relaxation in the ground states compared to the trion states
(T > T¢). As a result, the ground and excited spin states with
the larger effective laser detuning A, provide a longer average spin
relaxation time 7} compared to the states with smaller detuning A
which have a higher average population of the trion state yielding
a shorter 7). The superior conservation of the pseudo spin orienta-
tion in the states with larger laser detuning leads to a preferential
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spin orientation over time and determines the average spin polariza-
tion. Note, that the unequal spin population due to optical pumping
with the linearly polarized probe-light becomes only relevant if the
effective Zeeman splitting /€Y, is at least on the order of the trion
linewidth.

The average spin polarization P,, the average QD occupation 7,
and the average occupation of the outer state 7,,; are found from
Egs. (4.29) as: [65]

_ 2§, AQ,
p 2% _ : 4.31
n ?+ Q2[4+ A2 o)
. no.0 (ve,0 +v0,p) . (4.31b)

vo,0 (Ye,0 +ve,0) + (Yo, +¢,0) (/\/\’T1 + %)

flout = (1 — 1) ve,0/ (ve,0 +70,0) (4.31c)

and completely define the steady state of the QD.

Fluctuations of the average quantities in Eqs. (4.31) lead to the
fluctuations of the Kerr rotation angle and the experimental re-
sults suggest that these fluctuations occur on three well separated
timescales. The spin fluctuations, which are dominated by the elec-
tron spin relaxation time, define the shortest timescale. The inter-
mediate timescale is determined by Auger recombination and direct
QD recharging from the continuum. The slowest process results
from hole capture to the outer state and subsequent tunneling to
the QD. In summary this yields:

T% > Ja,Yc,0 > V¢,0,70,D (4.32)
with three corresponding contributions to the Kerr rotation noise
given by spin noise (SN), QD occupation noise (ON-D), and addi-
tionally noise of the outer-state occupation (ON-O). The outer-state
occupation noise manifests in the Kerr rotation noise of the QD by
forcing a longer period of QD reoccupation in the case of an occupied
outer state, which blocks the hole-capture from the continuum due
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to Coulomb repulsion. Hence, the varying periods with an empty
QD defining the QD occupation noise include the information about
the occupation of the outer state.

The Kerr rotation noise spectrum is obtained as the Fourier trans-
form of the correlation functions of the fluctuations of spin, QD oc-
cupation, and outer-state occupation. The correlation functions are
deduced with the quantum regression theorem for the separation
of timescales defined in Eq. (4.32). The detailed derivation can be
found in Ref. [65] yielding the final result:

27TT1
1+ (2nTyv)?

v/ 2m 7/0’0/277
o .
(V4 /2m)2 + 12 (76.0/2m)% + V2

(66%), = (4.33)

+ Ap

The calculated Kerr rotation noise spectrum consists of three Lo-
rentzian contributions centered at zero frequency with the three
correlation rates:

YT, (4.34a)
Ya=a+WTi+5ep, (4.34b)
W/C,o =7c,0 + 70,0 — YC,07C,D/ V4 5 (4.34c)

corresponding to the respective Lorentzian HWHM multiplied by
2m. The coefficients Ag, Ap, and Ap in Eq. 4.33 correspond to the
total noise power of the respective contributions and are given by:

Ag =20, ((59K55Z> Y (59K6n>) , (4.352)

Ap =2 (Cs/\fl + Cn) ((69K6n> + 73—,17 <(59K(5nout>) . (4.35b)
A

Ap = 2 (csm n cn) 73[’ (605 0n0us) - (4.35¢)

!
A

Here, C and C,, are the coefficients of spin and occupation contri-
butions to the Kerr rotation angle, which follow from Eq. (4.28) as:
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AEA (v12 — Q2 /4 + A2)
Cy = , 4.36
(2 +A2) (12 +A2) (4.36e)
Q. (7,? + 02/4 — A?)
Cn = - s 4.36b
(2 + A7) (32 1 AZ) SS00)

and the correlators in Egs. (4.35) are given by: [65]

(50585.) = C, (Z ~82) 4GS (1) (4.37a)
(80K on) = C,S. (1 —n) +Cpa(l —n) , (4.37b)
<59K6nout> = _ngzﬁout — OnT_LT_lout . (437C)

Finally, the Kerr rotation noise spectrum (66%)  [Eq. (4.33)] has
to be convolved with the Gaussian distribution of frequency fluctu-
ations dwq in order to account for the inhomogeneous broadening of
the trion transition due to slow charge fluctuations, cf. Sec 4.2.2:

e~ (A=A (w0)?

(662)7 (a) = / (60%), () A (43s)

4.2.4. Comparison of Experiment and Theory

The theoretical calculation of the Kerr rotation noise according to
Eq. (4.38) involves a number of physical quantities describing the
studied QD and its environment. These quantities are summarized
in Tab. 4.1 and determined by adjusting the calculated Kerr ro-
tation noise spectra to the experimentally observed spectra using
the physical quantities as adjustable parameters. The Kerr rotation
noise spectra have been measured at eighteen different laser detun-
ings in the range from A = —35peV to A = 35peV, cf. Sec. 4.2.1.
The set of parameter values yielding a good agreement between the
calculated and measured Kerr rotation noise spectra for all detun-
ings is displayed in Tab. 4.1. Figure 4.11 shows the calculated Kerr
rotation noise spectra together with the measured spectra at four
different laser detunings as an example. In addition, the solid lines
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| physical quantity | symbol | value

“dressed” homogeneous trion linewidth | ~r 4.3(6) neV
inhomogeneous broadening héwy 4.5(2) peV
effective Zeeman splitting at 31 mT he2, 5.2(7) neV
electron spin relaxation time Ty 24(8) ns
Auger recombination rate YA 2.0(4)ps~1
QD reoccupation rate from continuum Yc,D 0.7(1)ps !
outer-state reoccupation rate from cont. | vc .0 0.06(1) ps~*
QD reoccupation rate from outer state | yo.p 0.03(1)ps~1

Table 4.1.: Parameters of spin and charge dynamics determined by
comparison of the theoretical calculations and experimental results.

in Fig. 4.9(a) show the calculated noise power of the three contri-
butions as a function of the laser detuning [cf. Eqgs. (4.35)] for the
parameter values given in Tab. 4.1, showing good agreement with
the noise powers extracted from the measured spectra. In the fol-
lowing, the relation of each specific physical quantity to distinct
characteristics observed in the measured spectra will be outlined,
which is important for the estimation of the physical quantities re-
garding the large number of parameters to adjust the calculated
spectra.

The physical quantities related to the optical transition, namely,
the homogeneous trion linewidth 7, the inhomogeneous broaden-
ing fidwg, and the effective Zeeman splitting A2, , follow most clearly
from the detuning dependence of the noise powers presented in
Fig. 4.9(a). The homogeneous linewidth is the main determinant
of the energy splitting between the two noise power maxima of
the SN contribution. The splitting is reproduced best by the cal-
culated noise power for a value of 7y = 4.3peV. The inhomoge-
neous broadening follows from the finite SN power value at A = 0,
which is determined by the ratio between homogeneous and inho-
mogeneous broadening [124]. Comparison with the observed noise
power Pgn closest to A = 0 yields an inhomogeneous broaden-
ing of hdwy = 4.5neV which is on the order of the homogeneous
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Figure 4.11.: Comparison between measured and calculated Kerr
rotation noise spectra at different laser detunings A with respect to
the trion resonance. The noise spectra are calculated according to
Eq. (4.38) using the parameters summarized in Tab. 4.1. The total
Kerr rotation noise at large detunings (a) is fully described by SN.
The Kerr rotation noise at smaller detunings (b to d) includes the
occupation noise of the QD (ON-D) and the outer state (ON-O).
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broadening. The effective Zeeman splitting between hole and trion
spin states can be deduced from the ratio of SN to ON power (cf.
Sec. 4.1.5). The measurements performed in an external magnetic
field of B, = 31 mT suggest an absolute value of the trion Zeeman
splitting of AS), = 5.2neV.

Knowing the characteristics of the optical transition, the electron-
spin relaxation rate can be extracted from the Lorentzian HWHM of
the SN spectra (red dashed lines in Fig. 4.11), which is proportional
to the average spin relaxation rate 1/7} [Eq. (4.30a)]. Good agree-
ment between measured and calculated SN spectra is achieved for
Tt = 24 ns which is consistent with the electron-spin relaxation time
found in Sec. 4.1.4 and Ref. [100]. Note that 7} is significantly longer
than 77 as it depends on the average trion population. The trion
population can in theory reach a maximum value of 1/2 in the case of
fast Rabi oscillations. Here, this maximum value is decreased by the
non-negligible Zeeman splitting and the inhomogeneous broadening
of the investigated QD. In addition, the hole-spin relaxation rate
is neglected in Ty. This is a good approximation for the quasireso-
nant SN spectra at laser detunings |A| < 25neV (cf. Fig. 4.11) but
leads to a deviation between the calculated and measured spectra
for larger detunings (not shown) where the electron-spin relaxation
is not clearly dominating 7} anymore.

In the following, the quantities related to the charge dynamics
will be discussed. The Auger recombination rate v4 and the rate
for direct QD recharging ¢, p follow from the ON-D spectra (blue
dashed lines in Fig. 4.11). The sum of v4 and ¢, p determines the
HWHM of the spectrum [Eq. (4.34b)]. At the same time, their ratio
is essential for the average occupation of the QD which determines
the total noise power [Eq. (4.35b)] and thereby the amplitude of the
ON-D spectrum. Amplitude and width of the experimental spectra
are well reproduced by the calculation for y4 = 2ps™! and v¢. p =
0.7ps~! in agreement with the results in Sec. 4.1.5 and Ref. [28].
Similarly, the ON-O spectrum (green dashed lines in Fig. 4.11) is
determined by the sum and ratio of the charging rate of the outer
state vc,0 and its emptying rate vo,p, given by the tunneling into
the QD. Here, comparison with the experimental spectra yields
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Yo,0 = 0.06ps™! and yo p = 0.03ps™ L.

All in all, the physical quantities of spin and charge dynamics
can be estimated quite well from comparison with the experimental
spectra, despite the large number of adjustable values and the com-
plexity of the theoretical expression for the total Kerr rotation noise
spectrum [Eq. (4.38)]. The theoretical Kerr rotation noise spectra
show an overall good agreement with the set of experimental noise
spectra at different detunings. However, for positive detunings a
deviation between experimental and theoretical Kerr rotation noise
spectra can be observed compared to the spectra at negative detun-
ings. The deviation can be seen comparing Fig. 4.11(c) and 4.11(d)
which show the spectra at A = —3pueV and A = 31eV, respectively.
The theoretical Kerr rotation noise spectra are symmetric in A and
thus identical for positive and negative detuning. In contrast, the
experimental spectrum at positive detuning shows a slightly higher
amplitude compared to the spectrum at negative detuning. This
deviation becomes more pronounced for higher absolute values of
A resulting in a reduced agreement between experimental and the-
oretical spectra at positive laser detunings compared to the good
agreement at negative laser detunings [Fig. 4.11(a)-(c)]. On the
one hand, the asymmetry of the experimental spectra in A can be
caused by fluctuations of charges in further localized states in the
wider QD environment (cf. App. B), i.e., the description of charge
noise by a Gaussian distribution in Eq. (4.38) is too simplified. On
the other hand, an asymmetry can also be caused by an ellipticity
contribution to the Kerr rotation noise which depends on the inter-
ference of the Kerr rotated light with the laser light reflected at the
top Bragg mirror of the cavity (cf. Sec. 2.2.2). Accounting for these
additional effects to describe the asymmetry correctly would lead to
a much higher complexity of the theoretical modeling, but should
not significantly alter the parameters of spin and charge dynamics
summarized in Tab. 4.1.

Using the quantities in Tab. 4.1, the average spin polarization
[Eq. (4.31a)] and the average occupation [Eq. (4.31b)] describing the
steady state of the QD can be calculated as a function of the laser de-
tuning. The resulting curves are shown in Fig. 4.12. Figure 4.12(a)
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Figure 4.12.: (a) Calculated degree of the average spin polarization
in the QD as a function of laser detuning according to Eq. (4.31a).
(b) Calculated average occupation of the QD as a function of laser
detuning according to Eq. (4.31b). The parameters used for the
calculation are given in Tab. 4.1.

shows that the Zeeman splitting (on the order of the homogeneous
linewidth) results in a significant spin polarization by optical pump-
ing with linearly polarized light. The degree of spin polarization
is maximum at a laser detuning of |A| = /v/2 +Q.2/4 = 5peV
reaching almost 50 %, with the spin orientation depending on the
sign of the detuning. Figure 4.12(b) shows the average QD occupa-
tion resulting from the interplay of Auger recombination, direct QD
recharging from the continuum, and slow recharging via the ionized
acceptor (outer state). Comparison of the rates yop = 0.7ps™!
and 7o, 0 = 0.06 ps~! shows that the capture cross section of the
QD is an order of magnitude larger than the capture cross section of
the acceptor. However, the hole-tunneling time from the acceptor
into the QD is very slow with 1/v0 p =~ 33ps causing long time
periods with an empty QD in the case of hole-capture by the ac-
ceptor. This reduces the average occupation of the investigated QD
by a hole to only 30 % for resonant driving of the trion transition
[cf. Fig. 4.12(b)]. Note that the tunneling-time between QD and
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acceptor depends exponentially on their distance. For this reason, a
slightly different configuration of QD and acceptor can potentially
result in a much lower average QD occupation, leaving the QD ef-
fectively uncharged under resonant optical driving.

In summary, the Kerr rotation noise measurements on a sec-
ond QD together with the refined theoretical model provide two
main results. Firstly, the concept of nonequilibrium SN and Auger-
recombination-induced occupation noise could be confirmed, as well
as the corresponding quantities determined in Sec. 4.1. Further-
more, the understanding of the QD spin and charge dynamics in
the presence of resonant optical driving could be extended to more
complex environmental conditions: a significant Zeeman splitting
of the spin states due to the external magnetic field and an ionized
acceptor in the QD environment. The Zeeman splitting leads to a
spin polarization via optical pumping and to a coupling of the spin
and charge dynamics. The adjacent acceptor alters the recharging
dynamics which leads to an additional contribution in the QD occu-
pation noise. The analysis revealed that QD and acceptor compete
for a single hole, which results in a significant decrease of the average
QD occupation.
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5. Conclusion & QOutlook

This thesis presented spin noise spectroscopy on single hole spins in
QDs under nonequilibrium conditions due to resonant driving of the
optical transition. The measurements in combination with a theo-
retical analysis showed that the spin fluctuations in the presence of
optical driving are strongly influenced by the electron spin dynamics
in the excited trion state. The nonequilibrium spin relaxation rate
is found to be a combination of hole spin relaxation in the ground
state and electron spin relaxation in the trion state. The relative
contributions of electron and hole spin relaxation are determined by
the relative population of ground and excited states in the QD. The
electron spin relaxation rate in the trion state is found to be very
high, i.e., on the order of 30 to 42ps~! in a longitudinal magnetic
field of B, = 31 mT. The high electron spin relaxation rate can be
related to the efficient hyperfine interaction between the electron
spin and the nuclear spins. The small magnetic field of B, = 31 mT
is strong enough to suppress the weak hyperfine interaction between
the hole spin and the nuclear spins [35], but not sufficient to protect
the electron spin from fast inhomogeneous dephasing in the fluctu-
ating effective nuclear magnetic field. As a result, the electron spin
relaxation is about 4 orders of magnitude faster than the hole spin
relaxation. The overall spin relaxation rate of the optically driven
hole spin is therefore strongly increased compared to the hole spin
in thermal equilibrium due to the fast decay of the corresponding
electron spin in the excited state. This poses a challenge in view of
potential applications that depend on spin information.

The presented investigation of the nonequilibrium spin relaxation
rate as a function of laser detuning and intensity also enabled the
characterization of the optical transition by determining the intrin-
sic linewidth and the saturation intensity. Furthermore, the inho-
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mogeneous broadening of the optical transition was precisely deter-
mined from the detuning dependence of the SN power. In the ab-
sence of inhomogeneous broadening, the SN power drops to zero at
the resonance due to the dispersion of the optical transition. Small
inhomogeneous broadening results in a finite value of the SN power
at the resonance, while strong inhomogeneous broadening leads to
a Gaussian line shape of the SN power with a maximum at the
resonance. On the present sample, the inhomogeneous broadening
caused by charge noise in the QD environment was found to be
very strong for moderate QD densities [35]. The measurements in
this thesis have been conducted in a region of very low QD den-
sity which significantly reduced the typically large inhomogeneous
broadening of the optical transition to the same order of magnitude
as the homogeneous linewidth. Remarkably, even a QD transition
with completely negligible inhomogeneous broadening was observed.
The strong reduction of the inhomogeneous broadening at low QD
densities might be explained by the smaller number of ionized ac-
ceptors in the QD environment as a result of the smaller number
of QDs which trap the acceptor holes. Thus, the smaller number of
potentially charge-binding defects in the environment reduces the
charge fluctuations which are responsible for the inhomogeneous
broadening. The observation of completely negligible inhomoge-
neous broadening demonstrates the high purity of the low-doped
GaAs environment in the studied structure. This is an encouraging
result in view of optical applications for the studied QD system.
The nonequilibrium spin fluctuations furthermore revealed a new
noise contribution beyond the spin dynamics, which was observed
via SNS for the first time. Theoretical modeling of the laser-detuning
and magnetic-field dependent measurements showed that this non-
equilibrium contribution is related to fluctuations of the QD occu-
pation by the resident hole. The escape of the hole from the QD is
initiated by nonradiative Auger recombination and quenches the SN
signal until a new hole with an arbitrary spin is provided to the QD
by its environment. The correlation time observed in the occupation
noise spectrum is determined by the probability of Auger recombi-
nation and by the charge dynamics in the environment that define
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the periods during which the QD is unoccupied. Measurements as a
function of laser detuning and intensity enabled the determination
of the intrinsic Auger rate of holes in InAs QDs to be about 2 to
3us—'. The reoccupation of the QDs was found to be relatively
slow, i.e., on the order of several microseconds in the high-quality,
low-doped sample. Moreover, it was shown that the presence of an
ionized acceptor in the close vicinity of a QD can further increase
the reoccupation time to several tens of microseconds. In this case,
the ionized acceptor competes with the QD in capturing a hole while
Coulomb repulsion suppresses hole occupation of acceptor and QD
at the same time. This results in a strong reduction of the average
QD occupation such that the resonantly driven QD does not host a
spin for more than 50 % of the time. Thus, the occupation noise of
the optically driven QD spin system constitutes a strong parasitic
effect causing dead times in potential quantum-information devices
which rely on the spin-photon interface. In fact, the Auger recom-
bination is intrinsic to the spin-photon interaction and can hardly
be avoided in semiconductor nanostructures. This in turn poses a
second important challenge for future applications.

The challenges identified above can be addressed in future studies.
Regarding the first challenge of fast excited state spin relaxation, it
can be expected that the application of higher magnetic fields on
the order of 1T will suppress the efficient hyperfine interaction of
the electron spin and thus restores small spin relaxation rates in
the presence of optical driving. A new confocal microscope setup
which enables the application of longitudinal magnetic fields up to
2T has been built and will enable to study the limitations of the
spin relaxation time of electrons and holes beyond the hyperfine
interaction.

A possibility to mitigate the detrimental effect of Auger recom-
bination in future applications is the implementation of fast QD
recharging times. Fast recharging can be realized by embedding
the QDs in a field-effect structure that comprises a charge reser-
voir [135,136]. In contrast to the slow stochastic recharging in low-
doped samples, this enables deterministic recharging of the QDs
through a bias-controllable tunneling barrier. However, care must
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be taken, since small tunnel barriers which enable fast recharging
are accompanied by a degradation of the QD spin lifetime as a re-
sult of co-tunneling effects [63]. Potential devices therefore have to
be carefully balanced in order to enable reasonable recharging times
while still maintaining long spin lifetimes.

In view of future experiments further changes to the experimental
setup are conceivable to improve the SNS method. The presented
results — in a row with several other recent publications [35, 75,99,
115,127,137-139] — clearly show that SNS is a powerful tool to study
spin dynamics, spin interactions, and optical properties of semicon-
ductor nanostructures under various conditions. However, the Fara-
day rotation signal due to spin fluctuations is typically small and
strongly overlaid by photon shot noise of the laser and electronic
noise of the detection process. The presence of these strong extrin-
sic noise sources necessitates long measurement times to acquire SN
spectra with a good signal-to-noise ratio and even impedes measure-
ments at extremely low light intensities or of high-frequency single
spin dynamics. The single QD SN measurements are typically sig-
nificantly dominated by electronic noise (see Fig. 3.5). A way to
reduce the impact of the electronic noise is optical amplification of
the SN signal via homodyne detection [140,141]. In this technique,
the low-intensity SN probe laser interferes with a phase-stabilized
high-intensity local oscillator. Constructive interference increases
the detected intensity difference at the balanced receiver which orig-
inates from the small Faraday rotation angle. As a result, the SN
signal is increased relative to the electronic noise as a function of the
local-oscillator intensity. An increase of the SN signal-to-noise ratio
has been demonstrated for electron spins in bulk GaAs with a het-
erodyne [142] and a homodyne [143] detection scheme for spin noise
signals at high frequencies. However, the QD SN measurements in
a longitudinal magnetic field require an amplification scheme which
is applicable for noise frequencies close to zero frequency. For this
reason, a SNS homodyne amplification scheme working at low de-
tection frequencies has already been designed and tested in a proof-
of-principle measurement on Rubidium vapor [144]. In a next step,
this homodyne amplification scheme can be transferred to the single
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QD SN measurements. This improvement on the noise limitation of
the SNS method enhances the capabilities of the SN measurements
and will facilitate the characterization of advanced semiconductor
nanostructure devices.
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A. Additional Information on
the Sample

This supplement presents broadband reflectivity and PL measure-
ments of the investigated QD sample. The measurements have been
performed by the PTB in Braunschweig after the sample growth [104].
They provide the basis for the sample characterization in section 3.1.

Figure A.1 shows reflectivity and PL measurements in growth di-
rection which corresponds to the measurement direction z in this
thesis. The measurements are conducted on a wafer segment with
low QD density with a high PL excitation power. PL and reflectiv-
ity spectra in growth direction are determined by the properties of
the microcavity and reveal the center and the width of the cavity
resonance at 8 K as well as at 300 K.

The PL measurements presented in Fig. A.2 are conducted from
the side of the wafer, perpendicular to the cavity, in order to in-
vestigate the QD density and energy distribution at different wafer
positions along the density gradient. The graphs are shown in as-
cending order regarding the QD density. The energy distribution of
the QD ensemble is in general much broader than the width of the
microcavity (cf. Fig. A.1). At lower QD densities a small shift of
the QD distribution to higher photon energies is observed.
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Figure A.1.: Investigation of the microcavity (see text).
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Figure A.2.: Investigation of the QDs at different densities (see text).
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B. Alternative Models of
Charge Dynamics

This supplementary section presents the results of two variations
of the theoretical model which has been used to describe the Kerr
rotation noise measurements presented in Sec. 4.2. The alternative
models are only slightly different from the model presented in the
main text. However, their resulting calculated Kerr rotation noise
spectra show clear deviations from the measured spectra, as will be
shown in the following.

The states of the QD and the considered hole states in the QD
environment are the same for all models. They are depicted in
Fig. B.1(a) together with the relevant transitions and their corre-
sponding rates. Auger recombination with a rate v, describes the
escape of the hole from the QD. The QD can be recharged from the
continuum with a rate y¢ p. At the same time, an ionized acceptor,
represented as the outer state, can be charged from the continuum
with a rate yc,0. A hole in the outer state can tunnel into the QD
with a rate yo,p. In the main text it was assumed that Coulomb
repulsion prohibits the simultaneous occupation of QD and outer
state. In the first alternative model, this assumption is released such
that the QD can be charged from the continuum independent of the
charge status of the outer state. Fig. B.1(b) shows the resulting cal-
culated Kerr rotation noise spectrum together with the measured
spectrum at a laser detuning of A = 1peV. The parameters used
to calculate the noise spectrum are summarized in Tab. B.1. They
are equivalent to the parameters derived in the main text. In par-
ticular, the rates from the continuum into the outer state and from
the outer state into the QD are by an order of magnitude smaller
than the direct recharging rate from the continuum into the QD.
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Figure B.1.: (a) Sketch of the QD states and of the hole states in
the QD environment. The arrows illustrate all relevant transitions
considered for the theoretical model. (b) Measured Kerr rotation
noise spectrum at a small laser detuning of 1pueV and the corre-
sponding calculated Kerr rotation noise spectrum [composed of spin
noise (SN) and occupation noise (ON)]. The calculation assumes no
Coulomb repulsion between QD and acceptor. This model can not
reproduce the low-frequency component of the measured ON spec-
trum related to the outer-state tunneling. The parameters used for
the calculation are summarized in Tab. B.1.

Nevertheless, the calculated occupation noise spectrum (ON) does
not show a significant additional contribution at low frequencies,
which is in strong contradiction with the measured Kerr rotation
noise spectrum. The absence of the low-frequency noise can be ex-
plained by the absent blocking of the QD recharging process for
a charged outer state in contrast to the Coulomb-repulsion model
used in Sec. 4.2. In the model without Coulomb repulsion (Fig. B.1)
the QD can always be charged from the continuum with the higher
rate ¢, p, even if the outer state is charged. This situation leads to
the absence of the occasionally long unoccupied periods of the QD
which occur in the model that assumed Coulomb repulsion between
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physical quantity | symbol | value \

trion linewidth Y1 4.3neV
effective Zeeman splitting at 31 mT h$, 5.2neV
electron spin relaxation time Ty 24 ns
Auger recombination rate YA 2.0ps~ 1
QD reoccupation rate from continuum Yc,D 0.7ps !
outer-state reoccupation rate from cont. | v¢.0 0.06ps~ T
QD reoccupation rate from outer state Yo,D 0.03ps !

Table B.1.: Parameters of spin and charge dynamics for the calcu-
lations based on the model without Coulomb repulsion.

QD and outer state. As a result, the QD occupation noise in the
absence of Coulomb repulsion is governed by the fast recharging of
the QD from the continuum while the rare slow recharging events
via the outer state barely influence the average reoccupation time
of the QD. For this reason, the model of charge dynamics without
Coulomb repulsion between QD and outer state can not describe
the observed data.

In order to model the additional low-frequency component of the
ON spectrum, it is necessary that the charging of the outer state
significantly changes the average QD occupation compared to the
situation with an empty outer state. On the one hand, this can be
realized assuming Coulomb repulsion which prevents the charging
of the QD in the case of a charged outer state, but there is a second
possible scenario: we assume that the QD and the outer state can
be charged at the same time, but the charging of the outer state
leads to a significant Stark shift of the QD resonance since the addi-
tional charge in the QD vicinity changes the electric field at the QD
position. A positive charge trapped by a nearby ionized acceptor
can cause a Stark shift of the trion resonance which is on the order
of 10peV [64]. Such a shift of the the trion resonance changes the
detuning between the trion transition and the laser energy, which
in turn changes the population of the trion state. The population
of the trion state determines the probability of an Auger process:
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in the case of a large laser detuning, the relative population of the
trion state is small and the effective Auger rate ¥4 o« ng/n - va
becomes small. On the other hand, a small laser detuning yields
a relatively large population of the trion state and a much higher
effective Auger rate. Hence, a theoretical model which includes a
Stark shift of the trion resonance for a charged outer state can yield
low-frequency occupation noise as a result of a temporarily strongly
reduced effective Auger rate. Fig. B.2 shows the calculated Kerr
rotation noise spectrum based on the Stark-shift model, again for
a laser detuning of A = 1peV. The parameters used for the cal-
culation are summarized in Tab. B.2. The intrinsic Auger rate and
the transition rates to QD and outer state have again similar values
as in Sec. 4.2. For a charged outer state, a trion resonance shift of
Ag = 17peV is assumed. This resonance shift is large compared
to the trion linewidth of v; = 7peV such that an initially resonant
laser (A; = 0) becomes nearly off-resonant with the shifted trion
transition in the case of a charged outer state. This results in a very
low effective Auger rate, ¥4,2 < 74,1, until the hole from the outer
state tunnels into the QD, which shifts the trion resonance back
to A; where Auger recombination empties the QD efficiently. As
can be seen for the calculated Kerr rotation noise spectrum shown
in Fig. B.2, this model indeed yields a strong additional ON com-
ponent at low noise frequencies which is related to long occupied
periods of the QD in the case of a charged outer state. As a re-
sult, the calculated Kerr rotation noise spectrum can qualitatively
reproduce the measured noise spectrum at the small laser detun-
ing (with respect to the unshifted trion resonance). However, the
temporary shift of the trion resonance has a strong impact on the
detuning dependence of the SN and ON power. The calculated av-
erage noise power of SN and ON contribution as a function of the
laser detuning is shown by the solid lines in Fig. B.3. The parame-
ters used for the calculation are again the parameters summarized
in Tab. B.2. Fig. B.3 shows that a temporary shift of the trion res-
onance theoretically results in an additional ON power maximum
centered at the Stark-shifted trion resonance at Ay = 17peV. Fur-
thermore, the SN power spectrum is significantly modified by the
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Figure B.2.: Measured Kerr rotation noise spectrum at a small laser
detuning of 1peV and the corresponding calculated Kerr rotation
noise spectrum for assuming a Stark shift of the QD resonance de-
pending on the charge status of the outer state. A temporary QD
resonance shift lowers the effective Auger rate 74 and leads to a low-
frequency component in the calculated ON spectrum, reproducing
the measured spectrum. The parameters used for the calculation
are summarized in Tab. B.2.

’ physical quantity \ symbol \ value ‘
trion linewidth Yr TneV
Stark-shift for a charged outer state YAV 17 peV
effective Zeeman splitting at 31 mT hQ, 8ueV
electron spin relaxation time Ty 24 ns
Auger recombination rate YA 2.0ps !
QD reoccupation rate from continuum Y. 0.6ps~ T
outer-state reoccupation rate from cont. | v¢,0 0.02ps !
QD reoccupation rate from outer state | yo p 0.03ps~ !

Table B.2.: Parameters of spin and charge dynamics for the calcu-
lations with the Stark-shift model.
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temporary resonance shift compared to the typical single-resonance
spectrum with a vanishing SN noise power at the resonance and two
equal SN power maxima at positive and negative detunings. The
occasional shift of the trion resonance to higher energy leads to an
asymmetric average SN spectrum, with a decreased SN power max-
imum at the low energy site (negative laser detuning) and a finite
noise power at the initial trion resonance. In addition, a third small
SN power maximum related to the Stark-shifted trion transition ap-
pears at higher energies. In contrast, the measured power spectrum
of both, SN and ON contribution (shown by the dots and squares
in Fig. B.3), are symmetric around zero laser detuning. Hence, the
Stark-shift model can also not describe the measured QD Kerr ro-
tation noise correctly. The best agreement between measured and
calculated Kerr rotation noise is obtained assuming Coulomb repul-
sion between QD and outer state, as presented in Sec. 4.2. The finite
value of the measured SN power at zero detuning and the broad-
ening of the ON power spectrum (cf. Fig. B.3) can be captured
in the Coulomb-repulsion model by assuming small Stark-shifts of
the trion resonance equally distributed around zero detuning. The
small resonance shifts can be caused by charge fluctuations in the
wider QD environment as described in the main text in Sec. 4.2.
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Figure B.3.: The measured SN and ON power as a function of the
laser detuning and the calculated noise power spectra for assuming
a Stark shift of the QD resonance depending on the charge status
of the outer state. A temporary QD resonance shift of Ay = 17pneV
alters the effective Auger rate 44 and results in an additional ON
power maximum. Additionally, the resonance shift leads to an asym-
metric SN power spectrum. In contrast, the measured noise power
spectra (dots and squares) are symmetric around A = 0. The pa-
rameters used for the calculation are summarized in Tab. B.2.
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