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Foreword

A single spin confined in an optically active InGaAs quantum dot (QD) provides an
exciting playground to study fundamental quantum mechanical phenomena at the
single emitter level. Polarization selective spin dependent resonant optical excitati-
ons lead to life-time limited linewidths underlining the similarity with the atomic
transitions. Together with the long spin life time in the ms range [1–4] and deco-
herence time in the µs range [5–8], a confined spin is a candidate for a quantum
information processing unit [9, 10]. Experiments along these lines demonstrated high
fidelity optical spin preparation [2, 11], ultrafast coherent manipulation [12, 13], n-
shot [1, 14] and very recently single-shot [15] measurement of the QD spin.

On the other hand the physics of the single spin is a lot more richer because of it’s
in general non-trivial coupling to the solid state environment. Examples for these
couplings are cotunneling and phonon-assisted spin-flip events [16] and hyperfine
interaction with the ∼ 105 nuclei leading to dynamic nuclear spin polarization [17–
20]. In these kind of experiments the single spin serves as a probe for the solid state
environment.

The first chapter of the thesis gives an overview of the sample structure and the
setup. The second chapter describes various techniques of resonantly probing a single
spin. After these introductory chapters I present the main results of my thesis:

First I present our results where we bring the electron spin one step closer to
represent a qubit. We realize a single spin-photon interface [14] which constitutes
the first step for the entanglement of distant spins which in turn is a precondition
for quantum optical networks [21, 22].

In the second part I present the first measurement of the hyperfine interaction of
a single QD heavy hole (HH) spin with the nuclei which was made possible with our
ability to lock the degree of nuclear spin polarization to a precise value [18]. Since we
observe a rather weak hyperfine interaction, this measurement supports the efforts
aimed at using confined HH spins as qubits in quantum information processing.
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Summary

In this dissertation a single spin confined in a InGaAs self-assembled quantum dot
(QD) is studied by optical methods in various ways. The quantum dots are embed-
ded in a Schottky diode heterostructure which enables control over the QD charging
state. All the experiments are done on single QDs charged with one electron. We
demonstrated background free resonance fluorescence measurements on these dots.
An applied magnetic field lifts the degeneracy of the circularly polarized electron
spin dependent transitions. The linearly polarized excitation laser addresses only
one of the spin states. With our high degree of reflected laser suppression up to a
factor of 107 and good overall photon collection efficiency (0.1%), we succeeded in
realizing a single spin photon interface where the detection of a single photon initia-
lizes the QD electron to a definite spin eigenstate with a fidelity exceeding 99% and
with a time uncertainty of 300 ps, limited only by the avalanche photodiode jitter
time. High-fidelity fast spin-state initialization heralded by a single photon enables
the realization of quantum information processing tasks such as nondeterministic di-
stant spin entanglement. Given that we could suppress the measurement backaction
to well below the natural spin-flip rate, realization of a quantum nondemolition mea-
surement of a single spin could be achieved by increasing the fluorescence collection
efficiency by a factor exceeding 10 using a photonic nanostructure.

In a second experiment we measure the strength and the sign of hyperfine in-
teraction of a heavy hole with nuclear spins in single self-assembled quantum dots.
Our experiments utilize the locking of a quantum dot resonance to an incident laser
frequency to generate nuclear spin polarization. By monitoring the resulting Over-
hauser shift of optical transitions that are split either by electron or exciton Zeeman
energy with respect to the locked transition using resonance fluorescence, we find
that the ratio of the heavy-hole and electron hyperfine interactions is −0.09± 0.02
in three quantum dots. Since hyperfine interactions constitute the principal decohe-
rence source for spin qubits, we expect our results to be important for efforts aimed
at using heavy-hole spins in quantum information processing.
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Zusammenfassung

In dieser Dissertation wird mit optischen Methoden ein einzelner Spin untersucht,
der in einem selbstorganisierten InGaAs Quantenpunkt (QP) lokalisiert ist. Die QPe
sind in einer Schottkydioden-Heterostruktur eingebettet, welche die Kontrolle über
den Ladungszustand ermöglicht. Alle Experimente sind an einzelnen QPen durch-
geführt, die mit einem Elektron geladen sind. Wir haben hintergrundfreie Resonanz-
fluoreszenzmessungen an diesen QPen demonstriert.

Ein Magnetfeld hebt die Entartung der zirkular polarisierten elektronspi-
nabhängigen Übergänge auf. Das linear polarisierte Anregungslaserlicht adressiert
nur einen der Spin-Zustände. Mit unserer effizienten Unterdrückung des reflektier-
ten Laserlichtes bis zu einem Faktor 107 und der guten Sammeleffizienz der Pho-
tonen (0.1%) ist uns die Verwirklichung einer Spin-Photon-Schnittstelle gelungen.
Die Messung eines Photons initialisiert das QP-Elektron in einem bestimmeten
Spin-Eigenzustand mit einer Genauigkeit über 99% und mit einer von der La-
winenfotodiode begrenzten Zeitauflösung von 300 ps. Schnelle Spinzustandinitia-
lisierung mit hoher Genauigkeit, ausgelöst durch ein einziges Photon, ermöglicht
die Verwirklichung von quanteninformationsverarbeitenden Prozessen wie die nicht-
deterministische Verschränkung von fernen Spins. Ist die Rückwirkung der Messung
deutlich unter der natürlichen Spin-Umklapprate, wäre die Verwirklichung von Non-
demolitionsmessung eines Spins möglich, wenn man die Sammeleffizienz der Fluo-
reszenz mit Hilfe von photonischen Nanostrukturen um einen Faktor von mehr als
10 erhöhen würde.

In einem zweiten Experiment messen wir die Stärke und das Vorzeichen der Hy-
perfeinwechselwirkung eines schweren Lochs mit Kernspins in einzelnen selbstorga-
nisierten QPen. Um eine Kernspinpolarization zu erzeugen, nutzen wir die Fixierung
der QP-Resonanz auf die Frequenz des einfallenden Laserlichtes. Durch die Beobach-
tung der daraus resultierenden Overhauser-Verschiebung der optischen Übergänge,
die in Bezug auf den fixierten Übergang entweder durch Elektronen- oder Exzitonen-
Zeeman-Energie gespaltet sind, finden wir, mit Hilfe der Resonanzfluoreszenz, dass
das Verhältnis der Hyperfeinwechselwirkungen des schweren Loches und des Elek-
trons in drei QPen −0.09 ± 0.02 ist. Da die Hyperfeinwechselwirkung die wichtig-
ste Dekohärenzquelle für Spin-Qubits bildet, erwarten wir, dass unsere Ergebnisse
wichtig für die Bemühungen sind, den Spin des schweren Lochs in der Quantenin-
formationsverarbeitung zu verwenden.
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Introduction 1

1 Introduction

1.1 Charge Tunable Self-assembled InGaAs Quantum
Dots

The self-assembled InGaAs quantum dots (QDs) are islands of InGaAs buried in
GaAs (Fig. 1.1, left). In order to create these islands few mono layers of InAs are
deposited in an MBE machine on the epitaxial GaAs. Due to the lattice constant
mismatch between the InAs and GaAs, when a critical height is reached these islands
form naturally in order to reduce the stress ([23–26] and the references therein). The
smaller band gap of InAs enables confinement of the electrons and holes within these
islands in all three dimensions, with respective ground state confinement energies of
130 meV and 80 meV [27]. The QD boundary is sharp in the growth direction and
rather smooth in the lateral directions. Together with the typical dot dimensions
of ∼ 5nm in the vertical and ∼ 20nm in the lateral, the vertical confinement is
much more stronger than the lateral confinement. The lateral confinement can be
approximated by a harmonic potential leading to equi-spaced single particle levels,
with the electron and hole quantization energies of ~ωe = 50meV and ~ωh = 25meV
[28]. Due to the large level spacing of the vertical confinement all the bound states
correspond to the ground state of the vertical confinement.

Fig. 1.1 shows in more detail the different layers of the sample in the growth direc-
tion. The first epitaxial layer is a GaAs buffer layer grown on top of GaAs substrate.
The next layer is a highly Si-doped GaAs which serves as electron reservoir. The
neighboring 35 nm GaAs is a barrier preventing the electrons from tunneling be-
tween the QD and the doped layer. Although the QDs are formed by self-assembly,
a continuous 2D InAs layer remains. This so called wetting layer is basically a quan-
tum well. QDs are little bumps on the wetting layer. On top of the QD/wetting
layer, 12 nm thick GaAs spacer layer protects the dot from the charge fluctuations
intrinsic to the GaAs/AlAs supperlattice (the blocking barrier). The spacer layer
should be thin enough such that 2D hole levels in the triangular potential formed
by the spacer layer and the blocking barrier are detuned from the QD hole levels.
The blocking barrier prevents the electron tunneling from the top gate and reduces
the current in the sample drastically. The capping layer protects the structure from
the fluctuating electrical environment of the surface.

A 4 nm of a Ti gate deposited with physical vapor deposition on the capping
layer creates a Shottky barrier with a built-in voltage V 0

g . The Fermi level of the
structure is pinned at the conduction band of the doped layer. By tuning the gate
voltage the position of the quantized QD levels can be changed with respect to the
Fermi level, making the deterministic charging of the QD possible [29]. The band
digram together with the dot levels goes down (up) with respect to the Fermi level
when a positive (negative) voltage on the Shottky gate is applied. For a given gate
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Figure 1.1: Sketch of the sample structure (left) together with the band diagram
along the growth direction (right). V 0

g is the built-in voltage due to Shottky barrier

and Vg is the applied voltage.

voltage, if the lowest quantized conduction band QD level is above the Fermi level,
no electron can tunnel into the QD and the ground state is an empty QD, designated
as X0. By increasing the gate voltage the lowest QD level comes into resonance with
the Fermi level and an electron from the doped layer tunnels into the dot. The dot
is now single electron charged and designated as X−. Although the spin degree
of freedom allows a second electron to tunnel into this state, due to the Coulomb
repulsion between the electrons the two-electron state has a higher energy than the
Fermi level and the dot remains singly charged. This is called Coulomb blockade
[28]. The charging energy is ∼ 20meV . By increasing the gate voltage the dot can
be sequentially filled with electrons occupying the higher lying levels of the lateral
confinement potential.

The QD charge control can nicely be seen when µ-photoluminescence (µ-PL)
spectrum is plotted as a function of gate voltage (Fig. 1.2). Here the dot is excited
with a 780 nm laser which creates free electron hole (e-h) pairs in GaAs and in the
wetting layer. The excitation mainly provides free holes to be captured by the QD,
whereas electrons are provided mainly by the doped layer. Due to carrier-phonon
and carrier-carrier scattering they diffuse around the sample and some of them get
trapped in the dot potential within 35 ps [30], and relax within ∼ 40 ps to the dot
ground state [31]. When the electron and hole are on the respective ground states
e-h recombination occurs within 1ns [32] and a photon is emitted. Due to Coulomb
interactions between the carriers in the QD, the photon energy depends highly on
the stable charging state of the QD before an e-h pair is captured. In fig. 1.2
different charging states are seen as discrete plateaus. In the figure two plateaus at
the low gate voltage values are assigned to the positively charged QD states such as
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the single hole charged X+ and double hole charged X++. At these gate voltages
electrons quickly tunnel out from the QD but the holes can stay trapped. In the
case of X+ the Coulomb interaction of the two holes with the electron can bind an
electron to the dot. When an e-h pair recombines a single hole is left in the dot.
X++ corresponds to the scenario when the three holes bind the electron before the
e-h recombination. In the plot different plateaus are overlapping for certain gate
voltage regions. These are because of the finite tunneling rates of the holes and
the electrons and do not necessarily correspond to stable QD ground states. There
are no overlapping regions when the QD levels are probed resonantly, creating the
carriers only within the dot potential.

Figure 1.2: µ-photoluminescence spectrum as a function of gate voltage.

Another observable feature is that the plateaus are tilted such that the energy
increases with increasing gate voltage. This is the DC Stark effect and the change
in energy with the electric field is described by the formula [33]

∆E = −dpermε+ βqdε
2 (1.1)

where dperm is the permanent dipole moment of the e-h pair, βqd is the polariz-
ability and ε is the electric field at the dot location.

Fig. 1.3 shows the magnetic field dependence of the resonances of X− probed by
a resonant laser at a fixed gate voltage. The upper (lower) curve corresponds to
the resonance when the resident QD electron is in the spin-up (-down) state. The
change in energy with magnetic field is given by [34]
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∆E = ±1

2
µB(|gh|+ |ge|)B + αB2 (1.2)

where µB is the Bohr magneton, ge (gh) is the electron(hole) g-factor, α is a
constant for the diamagnetic shift and +(−) sign is for spin-up(down) electron state.
In the figure the fit parameters are 1

2
µB(|gh|+|ge|) = 54µeV/T (|gh|+|ge| = 1.9) and

α = 9µeV/T 2. Electron g-factor does not vary from to dot and is ge = −0.6 whereas
the hole g-factor exhibits a large deviation. In our experiments gh was in the range of
0.9− 1.4. The diamagnetic shift originates from the modification of the ground and
excited state wavefunctions under the magnetic field. The diamagnetic shift scales
as B2 in the limit where electron (hole) cyclotron frequency ωcre(h) = eB

me(h)
is much

smaller than the single particle frequency Ωe(h) of the parabolic lateral confining

potential Ve(h) =
me(h)Ωe(h)r

2

2
[35, 36].
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Figure 1.3: Magnetic field dependence of the X− resonances for the electron spin-
up and spin-down transitions.

1.2 Cryogenic Confocal Microscopy

In order to access the ground state transitions of the QD the sample is in a liquid
helium bath cryostat at 4 K. With the confocal microscope a single quantum dot
can be addressed (Fig. 1.4). The bottom part of the microscope, as depicted in fig.
1.4, is housed in a vacuum tight steel tube. After evacuating the tube it is filled with
20 mbar of He for thermal contact of the sample. The microscope has three arms
coupled to fibers. These can be used either for excitation or for photon collection.
The sample can be moved with an accuracy of ≈ 100nm in all 3 dimensions with
the attocube positioners in order to bring a single QD to the focal spot. All of
the fibers are single mode fibers. The polarization of the excitation lasers can be
adjusted with λ/2 plates and polarizers on the microscope arms. The objective is
achromatic, the z-position of the sample is adjusted such that the QD is in focus for
it’s characteristic emission wavelength.

In the µ-PL measurements, the dot is excited with a quasi-focused laser at 780 nm.
The PL photons are collected with one arm of the microscope and sent with the fiber
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Figure 1.4: Sketch of the confocal microscope immersed into the liquid helium bath
cryostat.

to the spectrometer. For absorption measurements in transmission a PIN photodiode
is placed directly below the sample. A preamplifier outside of the cryostat converts
the photo current to voltage.

For resonance fluorescence (RF) measurements the sample is excited with a lin-
early polarized light. The RF photons are collected with the lowest microscope arm
and sent to an avalanche photodiode (APD) in the Geiger mode. The collection
polarizer is oriented perpendicularly to the laser polarization. With this cross-
polarization scheme the reflected laser photons can be suppressed up to a factor of
107. This high level of suppression is only possible by careful alignment of the mi-
croscope. Good suppression is achieved only when the excitation laser polarization
is along the axis of the 50/50 beam cube and the beam samplers (p-or s-polarized)
, otherwise these elements create elliptical polarization. The beam paths have to
be perpendicular to the optical elements in the microscope, including especially the
polarizers. The polarization suppression is the most sensitive aspect of the measure-
ments to alignment and hence to the mechanical stability of the microscope. The
use of the single mode fiber in the collection path is crucial for polarization sup-
pression. We think that upon reflection from the sample and after passing through
many optical elements the laser beam is no longer in pure Gaussian mode and the
other additional modes have polarizations deviating from the linear. The single
mode fiber filters these other modes and hence the mixture from the non-linear
polarization components.

The two beam samplers transmit most of the light. They are highly polarization
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sensitive. Since they displace the beam, they are placed with opposite orientation
in order to compensate for the displacement. The CCD image of the focal spot
helps for alignment. Not shown in the figure are the opto-mechanical elements on
the three arms for aligning the optical paths with respect to the optical axis defined
by the objective. On various parts of the microscope phodiodes are placed for laser
power stabilization.

In order to align a microscope arm, a 50/50 fiber beam splitter is connected to
the arm and the reflected light from the sample, being collected by one port of the
fiber beam splitter, is maximized by moving the attocubes and the opto-meachanical
elements of the respective arm. A second arm is aligned with respect to this first
arm by sending light from the second arm and maximizing the reflected signal in
the first arm. Only the opto-mechanical elements of the second arm are aligned in
this case.

1.3 Photon collection efficiency

The main limitation for the collection efficiency is the total internal reflection tak-
ing place when the emitted QD photons within GaAs with the high refractive index
of nGaAs = 3.5 cross the GaAs-air boundary. Only the photons within the cone
bounded by the critical angle θc for the total internal reflection can cross the bound-
ary. The critical angle is given by

θc = sin−1(
nair
nGaAs

) = 16.60 (1.3)

The combination of a high NA (NAobjective = 0.55) aspherical objective together
with a hemispherical cubic zirconia (nzirconia = 2.13) solid immersion lens (SIL) is
used (Fig. 1.5). Together the NA of the system is nzirconiaNAobjective = 1.18, which
means that all the light falling on the planar zirconia interface from the air side
can be collected by the objective, whereas some of the light falling on the boundary
from the zirconia side is total internally reflected. It is assumed that SIL does not
make an optical contact with the GaAs.

To address the first issue a very thin vacuum grease layer (ngrease ≈ 1.5) is in-
corporated between the SIL and the GaAs (Fig. 1.5). Making optical contact with
GaAs, its effect is to increase the critical angle θc to θ

′
c as

sin θ
′

c = sin θc
ngrease
nair

(1.4)

with θc as defined in 1.3.
Fromm Snell’s Law the equations at the two interfaces are

nzirconia sin θ1 = ngrease sin θ2 (1.5)

ngrease sin θ2 = nGaAs sin θ3 (1.6)

Since for the maximum of θmax1 with sin θmax1 = 0.55, from 1.6 follows
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1θ
2θ zirconia

grease

3θ
GaAs

Figure 1.5: The path of the light ray from a beam focused on the sample.

sin θmax2 =
nzirconia
ngrease

sin θmax1 = 0.78 < 1 (1.7)

which means that the objective cannot collect all the photons falling on the
zirconia-grease interface from the grease side. 1.7 allows to write

nzirconia sin θmax1 = ngrease sin θmax2 = nGaAs sin θmax3 (1.8)

⇒ θmax3 = sin−1(
nzirconia
nGaAs

0.55) = 19.5 0 (0.34 in radians) (1.9)

Without a grease layer θmax3 = θc = 16.60 since in this case all the light falling
in the flat surface of the SIL from the air side can be collected by the objective, as
noted earlier. In order to calculate the collection efficiency the procedure in [37] is
followed. The intensity distributions of the dipole emission for the s and p polarized
light are written as

Is(θ, φ) =
3

8π
[1− sin2(θ) cos2(φ)] sin2(φ) (1.10)

Ip(θ, φ) =
3

8π
[1− sin2(θ) cos2(φ)] cos2(φ) (1.11)

The distributions are normalized such that
∫ φ=2π

φ=0

∫ θ=φ
θ=0

dθdφ sin(θ)(Ip(θ, φ) +

Is(θ, φ)) = 1. The collection efficiency is then given as∫ φ=2π

φ=0

∫ θ=0.34

θ=0

dθdφ sin(θ)(Ip(θ, φ)(1−Rp(θ, φ)) + Is(θ, φ)(1−Rs(θ, φ)))

= 0.037 (1.12)

where Rs (Rp) is the intensity reflectivity at the GaAs/grease interface for the s(p)-
polarized light. As a result of the smaller refractive index difference the reflection
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at the grease/zirconia interface is negligible. Taking into account the various losses
along the optical path such as the 50/50 beam splitter (0.5), the coupling into
the single mode fiber (0.3), APD quantum efficiency (0.25), we get for the overall
collection efficiency

0.5× 0.3× 0.25× 0.037 ≈ 1.4× 10−3. (1.13)

This is very close to the value we estimate from the RF counts from a strongly
excited QD. We collect 5 × 105 photons per second from a QD emitting 0.5 × 109

photons per second, assuming a spontaneous emission rate of ~γsp = 109 s−1, re-
sulting in the collection efficiency of 10−3. The factor of 1.4 discrepancy can be
explained by the uncertainty inthe measurement of Γsp and by the 4 nm titanium
Shottky gate which has not been taken into account in the calculation. From trans-
mission measurements, it is known that it reflects 40% of the laser power focussed
onto the sample. Therefore it is expected that the reflection of the RF photons is
also enhanced due to the metallic layer.
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2 Resonantly probing a single
electron spin

In this chapter the interaction of a quasi-resonant laser with a single electron charged
QD is discussed. Considering the QD as a 2-level quantum emitter in the focus of
a Gaussian beam the resonance fluorescence and interference signals are calculated.
After describing the phenomenon of optical cooling of the electron spin, in the
presence of measurement induced spin cooling, a procedure to calculate the signal-
to-noise ratio for a single shot spin measurement is given. Finally a generalized
measurement method for quasi-resonant excitation is described.

2.1 Energy levels

Fig. 2.1 illustrates the relevant energy levels of a single electron charged QD under
external magnetic field in the sample growth direction (z-direction, Faraday geom-
etry). In the ground state a single electron resides in the QD, either in spin-up | ↑〉
or spin-down | ↓〉 eigenstate. The two optically excited (trion) states | ↑↓⇑〉 and
| ↑↓⇓〉 are formed by two electrons in the singlet state and a heavy hole, either in
the (pseudo) spin up | ⇑〉 or down | ⇓〉 state. The two ground and excited states are
split by the Zeeman energies |ge|µBB and |gh|µBB. A linearly polarized laser with
its k-vector along the z-direction excites the QD. The optical selection rules in the
Faraday geometry are such that its right (left)-hand circularly polarized component
drives the transition | ↑〉 ↔ | ↑↓⇑〉 (| ↓〉 ↔ | ↓↑⇓〉 ) with the Rabi frequency ΩR

(ΩL). In fig. 2.1 the interactions of the level |4〉 are omitted for clarity. Spontaneous
emission from the trion state occurs with rate Γ ∼ 109s−1 and is circularly polar-
ized. The selection rules are relaxed by the ground state mixing due to hyperfine
interaction of the electron with the nuclei and by the heavy hole(hh) - light hole(lh)
mixing, resulting in weak diagonal transitions with rate γ. For fields larger than
600 mT the ground state mixing is negligible and the heavy-light hole mixing is the
main mechanism for the diagonal decay [1].

The Hamiltonian in the Schrödinger picture is given by

H =
~ΩR

2
(eiωLt|1〉〈3|+ hc) +

~ΩL

2
(eiωLt|2〉〈4|+ hc) +

µB
2
geσ̂z,eB +

µB
2
ghσ̂z,hB + ~ω0(|3〉〈3|+ |4〉〈4|) + ~ΩN(|1〉〈2|+ |2〉〈1|) (2.1)

where ~ωL is the laser energy and ~ω0 is the mean of the |1〉 ↔ |3〉 and |2〉 ↔ |4〉
transition energies, ~ΩN is the ground state coupling due to hyperfine interaction.
σ̂z,e (σ̂z,h) is the z-component of the Pauli vector for the ground (trion)-states defined
as
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Figure 2.1: Level diagram describing the singly charged QD in the presence of an
external magnetic field in the z-direction. For clarity the transitions involving the
level | ↓↑⇓〉 are not shown. Shown are the coupling of the blue vertical transition to
the σ+-polarized light field with Rabi frequency ΩR, the spontaneous emission rate
Γ, the weak diagonal decay rate γ = ηΓ with η << 1 being the branching ratio, the
hyperfine interaction induced electron spin state mixing with the strength ~ΩN and
the electron spin flip rate κ as a result of the cotunneling processes.

σ̂z,e = |1〉〈1| − |2〉〈2| (2.2)

σ̂z,h = |3〉〈3| − |4〉〈4| (2.3)

For a linearly polarized excitation laser along x-direction with the electric field vector
at the focus (x = 0, y = 0, z = 0)

EL = E0 cos(ωLt) x̂ (2.4)

The Rabi frequencies are given by

ΩR
L

= eE0D|〈x|σ
+
−〉|2/~ (2.5)

where D is the transition dipole moment. When ωL is close to the transition fre-
quency |1〉 ↔ |3〉, the coupling to the state |4〉 can be safely neglected for fields
B > 0.2T .

In order to eliminate the time dependence of the Hamiltonian one can go to the
rotating frame transforming the basis states as |3̃〉 = |3〉e−iωLt and |4̃〉 = |4〉e−iωLt.
In this frame the time dependence of the density matrix ρ̂(t) is given by [16, 38]

˙̂ρ(t) =
1

i~
[H, ρ̂(t)] + L (2.6)



2.2. Optically driven 2-level quantum emitter 11

where the Liouvillian L is given by

L =
Γ

2
(2σ̂13ρ̂σ̂31 − σ̂33ρ̂− ρ̂σ̂33) +

Γ

2
(2σ̂24ρ̂σ̂42 − σ̂44ρ̂− ρ̂σ̂44) +

(1 + n)
κ

2
(2σ̂12ρ̂σ̂21 − σ̂22ρ̂− ρ̂σ̂22) + n

κ

2
(2σ̂21ρ̂σ̂12 − σ̂11ρ̂− ρ̂σ̂11) +

ηΓ

2
(2σ̂23ρ̂σ̂32 − σ̂33ρ̂− ρ̂σ̂33) +

ηΓ

2
(2σ̂14ρ̂σ̂41 − σ̂44ρ̂− ρ̂σ̂44) (2.7)

where σ̂ij = |̃i〉〈j̃|, Γ is the spontaneous emission rate due to coupling the vacuum
photon states and η = γ

Γ
is the branching ratio. Cotunneling processes with the

electrons in the n-doped layer result in the spin flip rates (1 + n)κ and nκ [16, 39],
with n = 1

exp(geµBB/kBT )−1
being the Boltzman factor.

2.2 Optically driven 2-level quantum emitter

In order to calculate the signal from the resonantly driven QD, first an optically
driven 2-level system (levels |1〉 and |3〉) with the transition energy ~ω13 will be
studied and the level |2〉 will be incorporated later.

A Gaussian beam is focused onto the QD with the electric field at the focal plane
written as

ÊL = Ê+
L + Ê−L (2.8)

E±L(x, y) = ±iA0

2
e
−x

2+y2

ν2
0 e∓iωLt x̂ (2.9)

The geometry of the experiment is sketched in fig. 2.2.

x

E
k θmax

z

rr

d l

z

detector

QD as a dipole at 0=rr

incoming laser field

Figure 2.2: Geometry of the QD excitation. A linearly polarized Gaussian laser
beam is focused on the QD considered as a dipole along the x-direction. A detector
in the far field measures the composite field over the solid angle bounded by θmax.

The laser is linearly polarized along the x̂-direction and the dipole moment of the
2-level emitter is taken to be copolarized, i.e. D = Dx̂. The emission of a circularly
polarized dipole is the superposition of two linearly polarized orthogonal dipoles
with a phase difference of π

2
. Starting with the expression in [40] the electric field

operator of the emitter in the far field is written as



12 Resonantly probing a single electron spin

ÊQD = Ê+
QD + Ê−QD (2.10)

Ê+
QD(θ, φ, r) = −i eω

2
13D

4πε0c2r

 1− sin2 θ cos2 φ
− sin2 θ cosφ sinφ

sin θ cos θ cosφ

 π̂(t− r

c
) (2.11)

where Ê−QD is the hermitian conjugate of Ê+
QD and π̂(t) = |1〉〈3| is the lowering

operator in the Heisenberg picture with 〈π̂(t)〉 = ρ31(t) e−iωLt. The steady state
solution is

ρ31 = −Ω

2

−∆ω + iΓlw
2

∆ω2 +
Γ2
lw

4
+ Γlw

2Γ
Ω2

(2.12)

Γ =
e2ω3

13D
2

3 πε0c3~
(2.13)

where Γ is the spontaneous emission rate, Γlw is the total line width with Γ = Γlw
when there is no dephasing, ∆ω = ωL−ω13 and Ω = eA0D/~. A detector positioned
in the far field below the sample detects the interference signal of the dot field and
laser field.

Here the laser field is given by [41]

EL
±(r, t) = b0

z

r2
e±i(kr−ωLt)e

− 1

c20

x2+y2

r2 (zx̂− xẑ) (2.14)

b0 =
A0πη

2
0

2λ
(2.15)

c2
0 =

4

k2η2
0

(2.16)

where c0 = θmax is the angular spread of the Gaussian beam. Note the Guoy
phase shift [42] of −π

2
in the far field with respect to the field at the focus. The

total detected power is

P =

∫
det

Itotal(r)ûc(r)ds (2.17)

Itotal(r) = 2ε0c(E
−
L + E−QD)(E+

L + E+
QD) (2.18)

= 2ε0c〈Ê−QDÊ+
QD〉+ 2ε0c(E

−
LE+

L) + 4ε0cRe{E+
LE−QD} (2.19)

The integrals are over the detector area, ûc(r) is the unit propagation vector of
the composite field at position r, ds is the surface element on the detector. The last
term is the interference term. The ratio of the coherently scattered QD photons to
the total scattered photons is given by

IQDcoh
IQDsc

=
〈Ê−〉〈Ê+〉
〈Ê−Ê+〉

=
(∆ω2 +

Γ2
lw

4
) Γ

Γlw

∆ω2 +
Γ2
lw

4
+ Γlw

2Γ
Ω2

(2.20)
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Only the coherent part of the QD emission contributes to interference. Note that
due to the Guoy phase shift, the laser interferes only with the part of the QD field
originating from the imaginary part of ρ31 and it is a destructive interference. The
total power scattered by the dot is given by

Pscat = r2

∫
dΩ2ε0c〈Ê−QDÊ+

QD〉

=
e2ω4

13D
2

8π2ε0c3
ρ33

∫ 2π

0

∫ π/2

0

sin3 θdθdφ = Γ~ω13ρ33 (2.21)

with

ρ33 = 〈π̂+π̂〉 =
1
2

Γlw
2Γ

Ω2

∆ω2 +
Γ2
lw

4
+ Γlw

2Γ
Ω2

(2.22)

is the trion population in steady state. The total laser power hitting the sample
is

PL =

∫
∞
ILûLds = 2ε0c

∫
∞

(E−LE+
L)ûLds (2.23)

=
ε0cA

2πν2
0

4
= ALI0 (2.24)

where

AL =
πν2

0

2
(2.25)

is the laser are with AL ≈ 1.13FWHM2 and

I0 =
1

2
ε0cA

2
0 (2.26)

is the intensity at the QD location.Therefore, using the definitions of Γ, ρ33 and
Ω the total scattered power by the QD can be written as

Pscat = Γ~ω13ρ33 = PL
σ

AL
(2.27)

σ = σ0

Γ2
lw

4

∆ω2 +
Γ2
lw

4
+ Γlw

2Γ
Ω2

(2.28)

where

σ0 =
3(λL/n)2

2π

Γ

Γlw
(2.29)

is the on resonance low power cross-section of a two-level system, n is the refractive
index of the medium. In this case the medium is GaAs with nGaAs = 3.5. Making
use of the the narrowness of the line width i.e ∆ω << ω13, ωL, λL rather than λ13

is used in the expression for σ0. Conservation of energy dictates that the calculated
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Pscat is the decreased laser power in transmission due to destructive interference.
Denoting it as the absorption signal Pabs, the following equality holds

Pscat = PL
σ

AL
= −

∫
∞

4ε0cRe{E−LE+
QD}ds = Pabs (2.30)

The last equality has been explicitly calculated in [23] in the limit of paraxial
approximation. In practice, when the collection efficiency is taken into account the
detected signals are P det

scat = εRF
σ
AL
PL and P det

abs = εabs
σ
AL
PL with εRF , εabs < 1.

Both of these detected signals have the same dependence on PL and ∆ω. With
P det
L denoting the detected laser power below the sample, Psat can be defined as the

detected laser power at which σ = σ0/2 for ∆ω = 0

Γlw
2Γ

Ω2 =
P det
L

Psat

Γ2
lw

4
(2.31)

⇒ σ = σ0

Γ2
lw

4

∆ω2 +
Γ2
lw

4
+

P detL

Psat

Γ2
lw

4

(2.32)

For both P det
scat and P det

abs , the FWHM of the ωL dependence is given by

FWHM = Γlw

√
1 +

P det
L

Psat
(2.33)

The contrasts at ∆ω = 0 have the same power dependence showing saturation
behavior:

P det
scat

P det
L

,
P det
abs

P det
L

∝ (1 +
P det
L

Psat
)−1 (2.34)

A typical resonance fluorescence (RF) gate voltage scan with a laser intensity
around QD saturation together with the power dependence of the contrast at ∆ω = 0
and FWHM of the linewidth ∆ω are shown in fig. 2.3. The magnetic field B = 0T
and the laser is linearly polarized. Depending on the electron spin state at a given
time, the laser couples either to the |1〉 ↔ |3〉 or to the |2〉 ↔ |4〉 transition and
the RF photons are coming from the respective transition. The laser power is
measured in units of the photo current from a photo diode positioned below the
sample. In order to get the power dependences individual scans are fitted with
Lorentzian curves and the linewidths and the contrasts are extracted. In order
to extract the linewidths in units of ∆ω from the linewidths in units of the gate
voltage the proportionality factor of the linear DC Stark shift is used. As in ref
[43], a constant factor c = 0.78GHz had to be added in order to fit the FWHM
curve. This constant accounts for the charge fluctuations in the QD environment
resulting in the fluctuation of the resonance energy. From the fits the obtained
values are Γ = 2.0GHz and Psat = 1.2nA in units of the measured photocurrent.
This photocurrent corresponds to a laser power of ∼ 0.9nW , assuming the room
temperature quantum efficiency for the photo diode. The quantum efficiency at
4K decreases by couple of factors but we did not characterize it for the particular
measurement.
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Figure 2.3: Resonance fluorescence (RF) counts as a function of gate voltage at
B = 0T when the QD is excited by a laser with power P det

L ≈ Psat. The curve is
fitted to a Lorentzian (top). The contrast P det

scat/P
det
L and FWHM of the linewidth

∆ω as a function of detector photo current. The data is fitted to 2.34 and 2.33 given
in the text (bottom).

2.3 Optical cooling of a single electron spin

The diagonal decay rate γ is responsible for the population transfer from the state
|1〉 to the state |2〉, if the laser drives the transition |1〉 ↔ |3〉. It has already been
noted that the origin of the diagonal decay rate γ is the heavy hole-light hole mixing
for fields larger than 200mT at which the hyperfine interaction induced ground state
mixing can be neglected. Another contribution to γ might come from an imperfect
alignment of the sample normal to the B−field, resulting in ground state mixing.
Define z as the normal to the sample surface. In 2.1 B = Bẑ is implicitly assumed.
For a given sample tilt the following terms in the Hamiltonian 2.1

µB
2
geσ̂z,eB +

µB
2
ghσ̂z,hB + ~ΩN(|1〉〈2|+ |2〉〈1|)

are replaced by the following terms:

µB
2
σ̂eBe +

µB
2
σ̂hBh (2.35)

where σ̂e (σ̂h) is the Pauli vector for the ground (trion) states. The effective
magnetic fields Be for the electron and Bh for the hole are defined as

Be =

gex(Bext + Be
N)x

gey(Bext + Be
N)y

gez(Bext + Be
N)z

 ; Bh =

ghx(Bext + Bh
N)x

ghy(Bext + Bh
N)y

ghz(Bext + Bh
N)z

 (2.36)

where Be
N (Bh

N) is the effective nuclear field for the electron (hole) and the notation
is such that gex is the electron g−factor in the x-direction. In general the effective
fields Be and Bh and therefore the electron and hole eigenstates point in different
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directions, both deviating from ẑ. Denoting the electron (trion) eigenstates in the
presence of Be (Bh) as |1̃〉, |2̃〉 (|3̃〉, |4̃〉), the Liouvillian can be written in these
basis and the spin pumping rate can be obtained from the following equation

〈2̃|ρ|2̃〉 = 〈3̃|ρ|3̃〉Γ {(θ
2
h

4
+
θ2
e

4
) + ηhh−lh(1−

θ2
h

4
− θ2

e

4
)} (2.37)

Figure 2.4: (a) Resonance fluorescence data as a function of laser detuning ∆ω
2π

and
gate voltage. At B = 500mT a linearly polarized laser is scanned across the QD
transitions and the gate voltage is stepped within the single electron regime. The
signals from the transitions | ↑〉 ↔ | ↓↑⇑〉 (above ∆ω

2π
= 0GHz) and | ↓〉 ↔ | ↓↑⇓〉

(below ∆ω
2π

= 0GHz) are visible in some gate voltage ranges. Since, apart at the edges
of the gate voltage plateaus, the cotunneling rate κ is small, the signals disappear
due to electron spin pumping (left). A second linearly polarized laser is introduced
which at a gate voltage of 270mV becomes on resonance with the | ↓〉 ↔ | ↓↑⇓〉
transition. When the first laser hits the resonance | ↑〉 ↔ | ↓↑⇑〉 at ∆ω

2π
≈ 7GHz

(| ↑〉 ↔ | ↓↑⇓〉 at ∆ω
2π
≈ −2.5GHz) the double resonance condition leads to the

recovery (partial recovery) of the signal.

Here θe (θh) is the angle between Be (Bh) and ẑ and terms up to order θ2 are kept.
It is expected that ghx

ghz
< gex

gez
and hence θh < θe. Also in-plane electron g−factor is

expected to be slightly less negative than the vertical g-factor (gex ∼ −0.5, gez ∼
−0.6) [44–46]. Therefore an upper bound for the effective branching ratio can be
written as

ηeff =
θ2

2
+ ηhh−lh (2.38)

where θ is the tilt angle of the sample. As will be shown in the next chapter, we
measured ηeff to be 1

250
for 10 different QDs. If it were determined by the sample
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tilt only, θ =
√

2
125

1800

π
≈ 50. Our sample alignment with respect to the z−axis is

expected to be better than 50. On the other hand, ηhh−lh is expected to deviate for
different QDs [45, 46]. Since a distribution in ηeff is not observed the possibility
that ηeff is determined by the sample tilt is not excluded.

When the magnetic field is large enough such that the coupling of the laser to
the diagonal transitions can be neglected, as a result of the diagonal decay channel
the laser driving the |1〉 ↔ |3〉 transition prepares the electron in | ↓〉-state with a
fidelity close to 100%, given that κ << ηρ33 [11].

The left panel of fig.2.4 shows the RF data at B = 500mT when a linearly
polarized laser is scanned and the gate voltage is stepped within the single electron
regime. The zero laser detuning is defined as the mean of the two vertical transitions
in the middle of the plateau. For gate voltages at the edge of the single electron
plateau the cotunneling rate κ is large and when the laser hits either the |1〉 ↔ |3〉
or |2〉 ↔ |4〉 transition an increase in the RF counts is observed. In the middle of
the plateau κ is small and as a result of spin pumping the signals disappear. In the
right panel of fig.2.4 a second linearly polarized laser is introduced which is kept at
constant frequency, and which is on resonance with the |2〉 ↔ |4〉 transition at a
gate voltage of 270mV . Therefore at this gate voltage a bidirectional spin pumping
occurs when the first laser is on resonance with the |1〉 ↔ |3〉 transition at around
7GHz detuning. Because of the bidirectionality a signal can be observed. Around
−3GHz detuning when the first laser hits the |1〉 ↔ |4〉 resonance the observed
signal is by about a factor of 6 smaller. This has two reasons. For the resonance
condition of |1〉 ↔ |3〉, RF photons are measured both from the |1〉 ↔ |3〉 and
|2〉 ↔ |4〉 transitions. On the other hand for the resonance condition of |1〉 ↔ |4〉
RF is only coming from the |2〉 ↔ |4〉 transition. We would expect a factor of 2
difference only if the spin pumping rates into the | ↓〉 state were equal for both
resonance conditions.
Due to the nature of the hh-lh mixing the spin pumping rates can differ for these two
resonance conditions. An optically generated (pseudo)spin-down hh is mixed with
lh states as | ⇓〉hh ≈ | ⇓〉hh+ε+| ⇑〉lh+ε−| ⇓〉lh. (The corresponding mixing exists for
the (pseudo)spin-up hh.) The spin-up(down) lh state has the angular momentum
of 1

2
(-1

2
) whereas the spin-up(down) hh state has the angular momentum of 3

2
(-3

2
).

Due to optical selection rules left-hand circularly polarized(σ−) light couples to the
diagonal transition via the ε− mixing (| ↑〉 → | ⇓〉lh) whereas the light coupling
due to ε+ mixing (| ↑〉 → | ⇑〉lh) is polarized perpendicular to the sample plane
and does not propagate in the z-direction. For the resonance condition of |1〉 ↔ |3〉

the path for the spin pumping into the | ↓〉 state is |1〉
Ω2

Γ−→ |3〉 (|ε+|2+|ε−|2)Γ−→ |2〉.
On the other hand for the diagonal resonance condition of |1〉 ↔ |4〉 the path for

the spin pumping into the | ↓〉 state is |1〉
(Ω|ε−|)

2

Γ−→ |4〉 Γ−→ |2〉. Here Ω is the Rabi
frequency due to the σ− polarized component of the linearly polarized laser. The
spin pumping rate in the case of the resonance condition |1〉 ↔ |3〉 is larger by a

factor of
Ω2

Γ
·(|ε+|2+|ε−|2)Γ

(Ω|ε−|)2
Γ

·Γ
= |ε+|2+|ε−|2

|ε−|2 .

Fig. 2.5 is a cross section of the left panel of fig.2.4 at 225mV gate voltage. Here
the diagonal coupling |1〉 ↔ |4〉 is directly observed. Note that the ratio of the peak
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Figure 2.5: Cross section of the left panel of 2.4 showing a laser scan at a gate
voltage of 225mV (left) and it’s zoom-in (right). The large peak is the resonance
with | ↓〉 ↔ | ↓↑⇓〉 transition and the small signal at ∆ω

2π
= −9GHz is the resonance

with the diagonal transition | ↑〉 ↔ | ↓↑⇓〉.

sizes is not necessarily ηeff since the photons coming from the diagonal decay might
have an arbitrary polarization and the driving laser polarization couples only partly
to this transition.

2.4 Signal-to-noise ratio analysis for time-resolved
electron spin measurement

In a single shot spin measurement the aim is to obtain a spin dependent signal in a
time interval before an environment or measurement induced spin flip occurs. If the
signal-to-noise ratio (SNR) is larger than 1, spin quantum jumps can be observed.
For smaller SNR, starting with the same initial conditions, the measurement can
be repeated n-times until SNR of the measurement average exceeds 1 such that an
ensemble averaged signal can be observed. In the case of the RF measurement the
signal for the single-shot spin measurement is

SRF = ṅRF∆t (2.39)

and the photon shot noise given by

NRF =
√
ṅRF∆t (2.40)

where ṅRF is the detected photon rate and ∆t is the integration time.

=⇒ SNRRF =
√
ṅRF∆t (2.41)

For a given collection efficiency nRF ∝ ρ33. Setting ∆t = τspin (spin life time) and
given that the spin life time is limited by laser induced spin flips,
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τspin =
1

ηΓρ33

(2.42)

⇒ ∆t ∝ 1

nRF
(2.43)

This relation suggests that SNR is independent of laser excitation intensity. There-
fore, the general expression for SNRRF can be written in the low power limit. For
the RF detection a linear polarizer has to be used which will suppress the QD-
photons by a factor of 2, reducing the SNRRF by a factor of

√
2. Assuming also in

this limit Γlw = Γ (negligible additional broadening) [43]

SNRRF =
1√
2

√
2ε0c

~ωL

∫
det

〈Ê−QDÊ+
QD〉ds

√
∆t (2.44)

≈ 1√
2

√
2ε0c

~ωL

∫
det

〈Ê−QD〉〈Ê
+
QD〉ds

√
∆t (2.45)

When the absorption in an interference experiment is measured, the signal is (in
units of photon number)

Sabs =

∫ ∆t

0

Pabs
~ωL

dt = ∆t
2ε0c

~ωL

∫
det

(E−LE+
QD + E+

LE−QD) ds (2.46)

The noise is the shot noise of the laser given by

Nabs =

√
∆t

2ε0c

~ωL

∫
det

(E−LE+
L) ds (2.47)

The signal, for a given laser intensity, is maximum when for the ideal case the
laser has the same spatial profile and polarization as the QD field, i.e. αEQD = EL.
Consider also the situation ∆ω = 0 i.e Re{ρ31} = 0 and α to be reel. In this limit
of maximum SNRabs the expression reduces to

SNRabs =

√
2ε0c

~ωL
∆t

∫
2αE−QDE+

QDds√∫
α2E−QDE+

QDds

= 2

√
2ε0c

~ωL
∆t

∫
E−QDE+

QDds (2.48)

which is 2
√

2 times the value of SNRRF . The factor of 2 is coming from the
factor of 2 in the interference, i.e. Sabs ∝ (E−LE+

QD +E+
LE−QD) = 2Re{E−LE+

QD}. The

factor of
√

2 is originating from the fact that the collection polarizer absorbs half
of the circularly polarized RF photons. Since there is no perfect overlap between
the Gaussian laser beam and the QD field, a background-free time-resolved RF spin
detection will in practice perform better than the calculated ratio, if the collection
efficiencies are the same.
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2.5 Measurement in other polarization basis

A general measurement method can be considered where the driving laser has an
arbitrary polarization and the composite field EL + EQD is detected in an arbitrary
basis. An expression for such a measurement will be obtained and the RF and
the absorption measurements will be shown to be special cases. Before proceeding a
simplified expression for the signal 2ε0c

∫
det

[(E−L+E−QD)(E+
L+E+

QD)]ûcds will be given
by making some approximations. First note that both the QD and the laser has
phase profiles of a spherical wave in the far field so that the relative phase difference
is independent of r. Before doing any polarization operation on the composite field,
a circularly symmetric objective collimates the beams such that afterward the z-
component of the polarization can be considered to be zero. The dot field is σ+

polarized and 2.1 shows that any mixture with the σ− component will be at least
a factor of 1

θ2
collect

smaller, where θcollect is the maximum collection angle given in

chapter 1. This contribution (≈ 0.1) is neglected here. Therefore at the location of
the QD (x = 0, y = 0, z = 0) and at the location of the polarization operation the
polarizations are the same. With these considerations, as far as spatial variations are
concerned, the vectorial nature of the fields can be reduced to constant polarization
states in the lateral plane in the far field and for every point r in the far field, the
QD field can be written as

E+
QD(r) = (iD(r)− A(r))〈σ+|E+

L (r)〉 |σ+〉 (2.49)

where A and D are reel and proportional to the real and imaginary parts of ρ31,
i.e

D = εRe{ρ31} (2.50)

A = εIm{ρ31} (2.51)

ε < 1 depends on the collection efficiency and the QD field-laser field overlap
integral. Only the magnitudes of A and D change with r. The laser field has the
general polarization written as

E+
L =

√
n

2
eiωLt(cosαeiβ/2|σ+〉+ sinαe−iβ/2|σ−〉) (2.52)

The dot field under this excitation is

E+
QD =

√
n

2
eiωLt(cosαeiβ/2(−A+ iD)|σ+〉) (2.53)

Here the convention is

dPL = ILds = (2E+
LE

−
L )ds = n (2.54)

with ds the unit area at the position r on the detector and n is the number of
collected photons per unit time in this area. The detection is done in an arbitrary
polarization basis |ψ±〉 in the Poincare sphere (fig. 2.6) given by
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|ψ+〉 = cos
θ

2
|x〉+ eiφ sin

θ

2
|y〉 (2.55)

|ψ−〉 = sin
θ

2
e−iφ|x〉+ cos

θ

2
|y〉 (2.56)

׀ ‹x׀‹
‹+ψ׀

σ+›φ׀

θ

σ׀
‹+π׀

φ

Figure 2.6: Poincare sphere showing the arbitrary measurement basis state |ψ+〉.

In order to calculate the signal dS = 2|〈ψ+|E+
L + E+

QD〉|2 ds, EL and EQD can be
written in the basis of |ψ±〉. If both the excitation and detection basis are |σ+〉, then
α = 0 , β = 0 , θ = π

2
, φ = π

2
and 2|〈ψ+|E+

L + E+
QD〉|2 = n(1− 2A+A2 +D2), where

the first term is the laser background, the second term the absorption signal and
the last terms are for the RF photons. This the conventional absorption experiment
with A ,D << 1. In case a linearly polarized laser makes angle θL to |x〉 and the
detection is in |y〉, then α = π

4
, β = −2θL , θ = π , φ = 0 and

2|〈ψ+|E+
L +E+

QD〉|
2 =

n

4
(2 +A2− 2A+ 2A cos(2θL)− 2 cos(2θL) +D2− 2D sin(2θL))

(2.57)
For θL = 0 (cross-polarized detection) 2|〈ψ+|E+

L +E+
QD〉|2 = n

4
(A2 +D2) which is

the usual RF signal. The factor 1
4

is originates from the fact that only σ+-component
of the linearly polarized laser drives the QD and the collection polarizer cuts half of
the σ+-polarized QD photons. For θL << 1 an interesting situation occurs. Keeping
terms up to second order in θL, A and D

2|〈ψ+|E+
L + E+

QD〉|
2 =

n

4
(A2 +D2 + 4θ2

L − 4DθL) (2.58)

Therefore this technique allows the detection of Re{ρ31}, i.e. the dispersive part
of the QD response.

Such a dispersive signal is shown in fig. 2.7 with θL = 0.01. APD counts are
plotted as a function of the gate voltage. The magnetic field is 1T and the signal
from | ↓〉 ↔ | ↑↓⇓〉 transition is observed. Since the detected power is low, the
measurement is shot noise limited without the need of lock-in modulation. On the
other hand, shot noise limited absorption measurements (apart from extremely low
excitation powers so that APDs can be used) rely on lock-in modulation, due to the
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Figure 2.7: (a) Gate voltage scan at B = 1T showing the dispersive signal from
the | ↓〉 ↔ | ↓↑⇓〉 transition. The linearly polarized excitation laser makes an angle
θL = 0.01 to |x〉. The reflected laser photons together with the dot photons are sent
to an APD after passing through a polarizer oriented along |y〉.

electrical noise of the photodiode at moderate powers and due to the classical laser
noise at high powers. It can be shown that the SNR for single shot electron spin
measurement with an ideal dispersive signal is half of that of an ideal absorption
experiment. The insensitivity of the dispersive signal to fluctuations in detuning
can be advantageous for spin measurement. Unlike the RF or the absorption mea-
surement the sign of the dispersion signal is spin state dependent, i.e. if the signal
is positive for | ↑〉 it will be negative for | ↓〉. Previously such a dispersive signal has
been measured with the lock-in technique using two photodiodes and a polarizing
beam cube [47].
Until now the signal at a given r has been calculated. In order to obtain an intu-
itive picture of the measurement the expression for the total detected signal will be
simplified further. Assume a spherical detector positioned at a distance |r| from the
QD. Accepting an error of the order of θ2

collect = 0.342 ≈ 0.1 allows to neglect the
position dependence of D(r) and A(r) (see 2.1).

⇒
∫ θcollect

0

E+
QDE

−
L dΩ ≈ E+

QD

∫ θcollect

0

E−L dΩ (2.59)

Moreover ∫ θcollect
0

ELdΩ√∫ θcollect
0

|EL|2dΩ
√∫ θcollect

0
dΩ

= 0.96 ≈ 1 (2.60)

allows to write

∫ θcollect

0

ELdΩ ≡ EL,eff

∫ θcollect

0

dΩ (2.61)∫ θcollect

0

|EL|2dΩ ≈ |EL,eff |2
∫ θcollect

0

dΩ (2.62)
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In all the analysis for the signals and noises given in this chapter these relations
allow to consider the fields to be constants over the detector surface given by EL =
EL,eff and E±QD = E±L,eff (±iD − A) with D and A independent of r.
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3 Quantum-dot-spin single-photon
interface

3.1 Introduction

As we saw in section 2.1 optical excitations of single electron charged quantum dots
(QD) have favorable selection rules that allow for recycling trion transitions where
the scattered photon polarization is strongly correlated with the electron spin-state
[9]. However the realization of a spin-photon interface in the spirit of what has been
recently realized for trapped ions [48] and recently for a single electronic spin of a
nitrogen vacancy centre in diamond [49] suffers from the fact that the background
excitation laser scattering from the solid-state interfaces and defects overwhelms
the QD resonance fluorescence. While single QD resonance fluorescence (RF) has
been recently observed by several groups [50, 51], the reported experiments did not
demonstrate a complete suppression of the background in a charge-controlled QD
that is essential for the realization of a spin-photon interface.

Combining our high level laser suppression by up to a factor of 107 with our
high overall photon collection efficiency of 0.1 % we realized a classical spin-photon
interface. We show that detection of a single photon, resonantly scattered on the
charged-exciton (trion) resonance, projects the QD spin to a state where the spin
is pointing along the external magnetic field (| ↑〉 ) with a conditional initialization
fidelity of 99.2%. The bunching of resonantly scattered photons reveals information
about electron spin dynamics allowing us to measure directly the cotunneling rate.

3.2 Background-free resonance fluorescence
measurement

To determine the transition energies of the QD differential transmission (DT) mea-
surements are carried out. Here we measure the interference of the transmitted
laser and the QD photons with a photodiode below the sample in the cryostat. The
photocurrent is converted to voltage with a preamplifier outside of the cryostat. In
order to suppress the low frequency noise we make use of the lock-in technique. The
signal is modulated by modulating the sample gate voltage and the output of the
preamplifier is sent to the lock-in amplifier for demodulation. In the experiments
presented here, we have only addressed the higher energy (blue) trion transition | ↑〉
↔ | ↑↓⇑〉 with a resonant laser field; provided that B > 0.2T, excitation of the | ↓〉
↔ | ↓↑⇓〉 transition can be safely neglected. Fig. 3.1(b)&(c) show the DT signal
from the trion transition with a 100 ms integration time at B = 1T and B = 0T

This chapter is based on [14].
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Figure 3.1: (a) Energy level diagram for a quantum dot (QD) charged with a single
electron. (b)&(c) Differential Transmission (DT) signal as a function of gate voltage
and laser frequency at B = 1T and B = 0T . At B = 0T DT signal is seen at gate
voltages where the QD is singly charged. At B = 1T the DT signal (white points) in
the middle of the plateau disappears due to spin pumping. Dashed line corresponds
to the gate voltage trace in Fig. 3.2(a)

. In the middle of the single electron plateau the DT signal disappears at B = 1T
since in this gate voltage regime the rate of the laser induced spin pumping into | ↓〉
state far exceeds the co-tunneling rate κ↑↓, resulting in high fidelity preparation of
the electron in the | ↓〉 state within several microseconds [11]. At the plateau edges,
high co-tunneling rate ensures the randomization of the electron spin population.
The broadening of the absorption lineshape for gate voltages where the DT signal
starts to disappear is due to dynamical nuclear spin polarization [17].

As described in section 1.2 RF is detected by collecting the emitted QD photons
through the focusing objective (NA = 0.55) and a single mode fiber to an APD
in the Geiger mode. A linear polarizer that is placed before the collection fiber
and oriented orthogonal to the reflected laser polarization extinguishes the reflected
laser photons by a factor exceeding 106 while eliminating only half of the circularly
polarized RF photons. Fig. 3.2(a) shows the RF signal as the gate voltage is scanned
along the dashed line in fig. 3.1(b) with an excitation laser power 10 times below the
QD saturation. The deviation of the RF lineshape from the expected Lorentzian
is most likely due to the nuclear spin polarization [17], since we observe that for
B = 0, the RF lineshape has a perfect Lorentzian lineshape. At the gate voltage
when the laser is on resonance with the | ↑〉 ↔ | ↓↑⇑〉 transition, the ratio of the
RF counts to the total photon counts is 0.996 ± 0.001. Taking into account the
branching ratio, the fidelity of our conditional state initialization is 0.992 ± 0.001.
Based on measured RF counts (∼ 500, 000/sec) at B = 0T for a laser power above
QD saturation and using the measured trion lifetime of ∼ 1nsec, we estimate an
unprecedented overall QD RF collection efficiency of ∼ 0.1%.
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Figure 3.2: (a) Resonance fluorescence (RF) signal from the QD as the gate voltage
is scanned along the red dashed line on Fig. 3.1b. Laser power is well below the
QD saturation, P = 0.1 · Psat. The gray trace shows the measurement background
obtained at the same laser power with the laser frequency fully detuned from the QD
transition. On resonance the ratio of RF photons to laser background exceeds 200.
(b) A typical time trace recorded from the avalanche photo-diode (APD) with a 200
nsec time resolution with a resonant laser with P = 0.1 ·Psat. Each pulse arises from
the detection of a single photon, which indicates that the spin is in the | ↑〉 state
with (99.2±0.1)% fidelity. (c) G2 curve obtained by measuring photon coincidences
on two APDs on nsec timescales. The expected antibunching behavior for a single
emitter is observed, with a spontaneous emission rate Γ ∼ 109s−1. TheG2 curve does
not reach zero at τ = 0 due to the finite time resolution ∼ 450 psec of the Hanbury-
Brown and Twiss measurement set-up. (d) Unnormalized photon correlation, G2

curve obtained from ∼ 60, 000 traces such as the trace in (b) for P = 0.1 ·Psat. Solid
line is an exponential fit with a decay time τdecay = (540 ± 40)nsec, corresponding
to the cotunneling limited lifetime of the | ↑〉 state.

Fig. 3.2(b) shows a typical time trace of the APD counts integrated for 200 ns
per point as the gate voltage in Fig. 3.2(a) is kept constant for resonant excitation.
Whereas at a given time the absence of a photon detection provides almost no
information about the electron spin-state, detection of an APD electrical pulse means
with a confidence level of 99.2 % that the electron is in the | ↑〉 state. Moreover,
we can locate the electron spin projection event onto the | ↑〉 state associated with
each photon count to within 300psec of the arrival of the APD pulse; this projection
time uncertainty is limited only by the jitter in the rise-time of the APD pulse.
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3.3 Study of electron spin dynamics using photon
correlation

We study RF count statistics by performing second order correlation (G2) analysis.
We first note that the RF photon correlations at short time-intervals exhibit the
hallmark photon antibunching signature of a single quantum emitter (Fig. 3.2(c)).
Fig. 3.2(d) shows the unnormalized photon correlation G2(τ) curve obtained from
∼ 60, 000 time traces such as the one shown in Fig. 3.2(b), at the same gate volt-
age and laser power. Since laser photons follow Poissonian statistics with a flat
G2(τ) curve, the bunching behavior around τ = 0 is a signature of RF photons,
revealing information about the spin-flip dynamics. The decay of G2(τ), fitted to an
exponential function with the decay time τdecay = (540 ± 40) ns, provides a direct
measurement of the | ↑〉 lifetime. As we discuss below, for the laser power used in
this experiment, the laser induced spin decay rate is (4.4µs)−1 and the spin lifetime
is almost exclusively determined by co-tunneling processes. As will be derived in
the next section, the cotunneling rate κ is half of the inverse of the G2(τ)-decay
time. For the given gate voltage κ = 1

2·540
ns−1 = 9.3 105 s−1. For the experimental

conditions of fig. 3.2(b), we estimate that the conditional probability that we detect
a photon given that the electron is in | ↑〉 state is ∼ (6.4 ± 0.6)%. By varying the
laser intensity the efficiency of spin-state detection can be improved to about 20%;
this enhancement comes at the expense of an increase in the laser background such
that only 98.6% of the detected photons originate from the QD RF.

In order to prove that the G2(τ) decay time is indeed a measure of the spin
lifetime, we perform an n-shot measurement [1] of the laser induced spin decay
time in the middle of the single electron plateau where the co-tunneling rate is
negligible and compare the result to the G2(τ) measurements. The scheme of an
n-shot measurement cycle is depicted in the inset of Fig. 3.3(a). In these n-shot
spin measurements, a linearly polarized laser on resonance with the | ↑〉 ↔ | ↑↓⇑〉
transition is switched on and over a time window of micro seconds the RF counts
are saved with 200 ns integration time per data point. To undo spin-pumping that
arises from the spin-measurement back-action in the form of spontaneous spin-flip
Raman scattering into the | ↓〉 state, we apply a gate voltage pulse that first ejects
the electron from the QD and then injects a new electron with a random spin.
Repeating this cycle ∼ 10, 000 times at a laser power of Psat = 3nW corresponding
to QD saturation , we obtain the exponentially decaying n-shot curve depicted in
Fig. 3.3(a) (black points) with the decay time of (860 ± 20)ns. The decay time of
G2(τ) obtained with the same laser power and at the same gate voltage is (840±40)ns
and is in good agreement with the n-shot measurement at the corresponding laser
power (Fig. 3.3(a) (red points)). The laser induced decay rates are expected to
be proportional to the trion population, which in turn is proportional to the RF
counts. The measured decay times of (480± 30)ns, (860± 20)ns and (4.4± 0.2)µs
from the n-shot measurements at laser powers 10Psat, Psat and 0.1 · Psat agree well
with the expected ratio of 1 : 2 : 10 (data not shown). Fig. 3.3 (b),(c) show G2(τ)
measurements from another QD performed at two different gate voltages at the edge
of the single electron plateau. In this regime the spin life time is determined by the
cotunneling processes and the decay of the curves reveals the dependence of the
cotunneling rate on the gate voltage.
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Figure 3.3: (a) G2 (red) and nshot (black) measurements obtained at a gate voltage
in the middle of the plateau and laser intensity P = Psat. Solid lines are exponential
fits with decay times (840 ± 40)ns and (860 ± 20)ns respectively, demonstrating
the agreement between the two measurement methods. (b)&(c) G2 curves obtained
from a second quantum dot with a laser power P = 0.1·Psat and at two gate voltages
close to the plateau edge (large cotunneling) and 7.5mV apart. The solid lines are
exponential fits, showing decay times of (1.0± 0.1)µs and (2.5± 0.2)µs respectively.
These decay times are direct measurements of cotunneling-limited spin decay rates
at the given gate voltages, with the faster decay, (b), corresponding to the gate
voltage closer to the plateau edge as expected.

3.4 Calculation of the 2nd order photon correlation
G2(τ )

In order to calculate G2(τ) we will use the rate equations:

ρ̇33 = Rρ11 − Γ(1 + η)ρ33 (3.1)

ρ̇22 = ηΓρ33 + κρ11 − κρ22 (3.2)

ρ̇11 = Γρ33 + κρ22 − (R + κ)ρ11 (3.3)

with the condition

ρ11 + ρ22 + ρ33 = 1 (3.4)

The levels are labeled as in chapter 2. Here κ is the bidirectional cotunneling rate,
η = γ

Γ
is the branching ratio and R is the laser pumping rate. This equations can

be written in the matrix form:

d

dt

ρ11

ρ22

ρ33

 = M

ρ11

ρ22

ρ33

 (3.5)
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M =

 −(R + κ) κ Γ
κ −κ ηΓ
κ 0 −Γ(η + 1)


We first find the steady state solutions by setting d

dt

ρ11

ρ22

ρ33

 = 0. The steady state

solutions are:

ρ11 =
1

D
κΓ(1 + η) (3.6)

ρ22 =
1

D
(RηΓ + κΓ(1 + η)) (3.7)

ρ33 =
1

D
Rκ (3.8)

with D being the determinant of the matrix M :

D = R(κ+ ηΓ) + 2κΓ(1 + η). (3.9)

For τ > 0 the expression for g2(τ) is given by

g2(τ) =
〈σ̂31(t)σ̂31(t+ τ)σ̂13(t+ τ)σ̂13(t)〉

〈σ̂33(t)〉2
(3.10)

=
〈σ̂31(t)σ̂33(t+ τ)σ̂13(t)〉

〈σ̂33(t)〉2
(3.11)

where σ̂ij = |i〉〈j| and the operators are in the Heisenberg picture. Using the
quantum regression theorem [40] and 3.5 we can write the differential equation

d

dτ

〈σ̂31(t)σ̂11(t+ τ)σ̂13(t)〉
〈σ̂31(t)σ̂22(t+ τ)σ̂13(t)〉
〈σ̂31(t)σ̂33(t+ τ)σ̂13(t)〉

 = M

〈σ̂31(t)σ̂11(t+ τ)σ̂13(t)〉
〈σ̂31(t)σ̂22(t+ τ)σ̂13(t)〉
〈σ̂31(t)σ̂33(t+ τ)σ̂13(t)〉

 (3.12)

We let t→∞ and we write in short hand notation

d

dτ
χ(τ) = Mχ(τ) (3.13)

with the initial condition

χ(0) =

ρ33

0
0

 =

Rκ
D

0
0

 (3.14)

Comparing with 3.11 we see that the third column of χ will enable us to calculate
g2(τ). χ(τ) can be calculated with the Laplace tranform

(sI−M)χ(s) = χ(0) (3.15)

After calculating χ(s), g2(τ) is found to be
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g2(τ) =
D

κ

[
κ

s1s2

+
s1 + κ

s1(s1 − s2)
es1τ +

s2 + κ

s2(s2 − s1)
es2τ
]

(3.16)

with

s1
2

= −Γ(η + 1) +R + 2κ

2
∓ 1

2

√
(Γ(η + 1)− 2κ−R)2 + 4R(Γ− κ) (3.17)

The first two terms of 3.16 result in anti-bunching dip with a width of Γ, since
for R, κ << Γ s1 ≈ −Γ(η + 1). The third term is related to | ↑〉 life time. If the
life time is limited by the cotunneling rate (R << κ), then we find s2 ≈ −2κ. This
is the condition for Fig.3.2(d). If the measurement is done in the middle of X1−

plateau where the cotunneling rate κ is negligible (κ << R) then we find s2 ≈ −Rη.
Starting form the | ↑〉 state, on the time scale of Γ, the dot behaves like a two-level
system (levels |1〉 and |3〉). Initially the excited state reaches the equilibrium value
ρ33 = R

R+Γ
≈ R

Γ
and the initial laser-induced spin flip rate is ρ33ηΓ = Rη. This is

also the decay rate of g2(τ) when the cotunneling rate is neglible.
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4 Measurement of heavy-hole
hyperfine interaction in InGaAs
quantum dots using resonance
fluorescence

We measure the strength and the sign of hyperfine interaction of a heavy-hole with
nuclear spins in single self-assembled quantum dots. Our experiments utilize the
locking of a quantum dot resonance to an incident laser frequency to generate nuclear
spin polarization. By monitoring the resulting Overhauser shift of optical transitions
that are split either by electron or exciton Zeeman energy with respect to the locked
transition using resonance fluorescence, we find that the ratio of the heavy-hole
and electron hyperfine interactions is −0.09 ± 0.02 in three QDs. Since hyperfine
interactions constitute the principal decoherence source for spin qubits, we expect
our results to be important for efforts aimed at using heavy-hole spins in quantum
information processing.

4.1 Introduction

Theoretical and experimental studies in the last decade have established that hy-
perfine interaction with the quantum dot (QD) nuclei constitute the principal deco-
herence mechanism for electron spin qubits [5, 6, 10, 52–54]. An interesting strategy
to circumvent leakage of quantum information to the nuclear spin environment is
to represent quantum information with the pseudo-spin of a QD heavy-hole (HH)
[2, 3, 7]: since HH states are formed mainly out of bonding p-orbitals of the lattice
atoms, it had been argued that the HH hyperfine interaction is negligible. Recently,
it was shown theoretically that the hyperfine interaction of a HH with the nuclear
spins in a QD, while being Ising-like, could in fact be comparable in strength to
that of the electron [55, 56]. While prior experiments have addressed hole-nuclei
coupling in an ensemble of QDs [57, 58], high resolution measurements of HH hy-
perfine interaction in single optically active QDs have remained unexplored.

In this chapter, we present resonance fluorescence (RF) measurements that di-
rectly reveal the relative strength of the HH-hyperfine interaction in single-electron
charged InGaAs QDs. To this end, we generate a precise amount of nuclear spin
polarization in an external magnetic field by dragging the higher energy (blue) Zee-
man shifted charged exciton (trion) transition using a non-perturbative laser field
[17]. We then measure the resulting Overhauser shift of the QD transitions that
are shifted either by the Zeeman energy of the exciton (the red trion transition)

This chapter is based on [18].
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or the electron (the forbidden/diagonal transition) with respect to the blue trion
resonance. The nuclear spin polarization induced energy shifts in these transitions
are determined by the difference and the sum of the Overhauser field seen by the
electron and the HH, respectively. Measuring the nuclear spin polarization induced
shift of these two transitions allows us to directly determine the ratio of the HH to
electron Overhauser shift to be η = −0.09± 0.02 in two QDs and η = −0.10± 0.05
in a third QD.

4.2 Measurements
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Figure 4.1: (a) Resonance fluorescence (RF) signal from the blue trion transition
vs gate voltage and pump laser detuning, ∆ at B = 4T and P = Psat/2. Remain-
der of the experiments are performed at the gate voltage indicated by the dashed
line, where the signal is reduced ∼ 4 times due to spin pumping and a large line
broadening due to dynamic nuclear spin polarization is observed. Inset: energy level
diagram for a quantum dot charged with a single electron. (b) Cross section of (a)
across the dashed line, opposite scan directions indicated by the arrows. A total
dragging range of ∼ 8GHz is observed. Interference with the laser background is
partly responsible for the change of RF counts along the dragging range.

Our experiments combine two recent advances in experimental QD spin physics;
namely the high-efficiency detection of RF [14, 50, 51] and the possibility to lock a
QD resonance to an incident laser frequency via nuclear spin polarization [17]. Fig-
ure 4.1(a) shows the gate-voltage dependent RF signal from the blue trion transition
at B = 4T as the pump laser is scanned from an initial blue-detuning (ωp > ω0

t−b)
to a final red detuning (ωp < ω0

t−b); here ω0
t−b is the trion resonance frequency in the

absence of nuclear spin polarization and ωp is the pump laser frequency. Reflected
photons from the linearly polarized excitation laser are blocked by polarization sup-
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pression [14]. The RF signal is strong at the edges of the plateau where co-tunneling
rate κ↑↓ is large, and disappears in the middle of the plateau due to spin pumping
[11, 16]. The characteristic extension of the peaks in the direction of the laser scan
is due to dynamic nuclear spin polarization, i.e. the resonance dragging effect [17].
Experiments are performed at the gate voltage indicated by the dashed line where
the dragging range is close to maximum. At this gate voltage the RF contrast is
reduced ∼ 4 times due to spin pumping. Figure4.1(b) shows laser scans obtained
at a gate voltage denoted by the dashed line in Fig. 4.1(a) for two opposite scan
directions: a total dragging range of ∼ 8GHz is observed. We define the middle
point between the onset of forward and backward dragging as ωp − ω0

t−b = ∆ = 0.
All other frequencies are measured relative to this point. In the remainder of the
measurements we use the detuning ∆ of the pump laser that is slowly scanned
across the blue trion transition, in either forward or backward direction, as a knob
for adjusting the amount of nuclear spin polarization in the QD.
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Figure 4.2: (a)&(b) Energy level diagrams showing the pump and probe lasers.
The probe laser re-pumps the spin into the | ↑〉 state by driving the red trion
(a) or the diagonal (b) transition. Dashed (solid) lines indicate the ground and
excited energy levels before (after) the polarization of nuclei by the pump laser.
δEHH (δEe) denotes the Overhauser shift seen by a single QD HH (electron). (c)
Resonance fluorescence (RF) signal recorded as the probe laser is scanned across the
diagonal (right) or the red trion (left) transitions. An arbitrary offset is added to
the top two scans for clarity. Prior to the probe laser scan the pump laser is scanned
across the blue trion transition and stopped at a detuning of ∆ = 0.5GHz (top) or
∆ = −2.5GHz (bottom). Solid lines are Lorentzian fits. Peak positions are shifted
due to nuclear spin polarization induced by the pump laser.

Since the electrons in the relevant optically excited states form a singlet, the
nuclear-spin-polarization-induced change in the trion Zeeman splitting is given ex-
clusively by the Overhauser shift of a single HH. To measure this HH Overhauser
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shift, we tune a strong pump laser to create a precise amount of nuclear spin polar-
ization by dragging the blue trion transition from ω0

t−b to ω0
t−b + ∆. The pump laser

which remains on resonance throughout the dragging range, at the same time leads
to a substantial electron spin pumping into the | ↓〉 state, causing a reduction in the
strength of the RF signal. Subsequently, we scan a weak probe laser across the red
trion and the diagonal resonances: once the probe laser is on resonance with either
the red trion (Fig. 4.2(a)) or diagonal (Fig 4.2(b)) [59] transition, it pumps the elec-
tron spin back to the | ↑〉 state, leading to a partial recovery of the RF signal. The
top traces in Fig. 4.2(c) show the enhancement of the RF signal when the probe
laser is on resonance with the red trion (left) or the diagonal (right) transitions,
when the pump laser frequency was fixed at ∆ = 0.5GHz. When we scan the pump
laser to a final detuning of ∆ = −2.5GHz, the resulting nuclear spin polarization
modifies both the red trion and the diagonal transition resonance frequencies; the
change in the red trion (diagonal) resonance is given by (−δEe(∆) + δEHH(∆))/2
((−δEe(∆) − δEHH(∆))/2), where δEHH(∆) (δEe(∆)) denotes the ∆-dependent
Overhauser shift seen by a single QD HH (electron), i.e. the change in the Zee-
man splitting of the HH (electron) in presence of nuclear spin polarization. There-
fore, by measuring the shift in the corresponding resonances using the probe laser
(Fig. 4.2(c) bottom trace), we determine the ratio η(∆) = δEHH(∆)/δEe(∆) of the
HH and electron Overhauser shifts to be −0.09. This reveals that the HH and the
electron hyperfine interactions have opposite signs.

The shift in the red trion and the diagonal transition frequencies are extracted by
fitting a Lorentzian lineshape to the resonantly enhanced RF signal (Fig. 4.2(c)).
To confirm that the ratio η(∆) is in fact independent of the amount of nuclear
spin polarization, we repeat the experiment for a range of different ∆ values. Fig-
ure 4.3(a) shows a series of probe scans across the diagonal transition for different
pump laser detunings. The extracted transition energies are plotted in Figure 4.3(b)
(green dots). The red dots in Fig. 4.3(b) show the shift of the red trion transition
measured using the same technique. Dashed lines are linear fits to the extracted
nuclear-spin-polarization-modified resonance frequencies.

The remarkable linear fit to the data in Fig. 4.3(b) not only shows that η(∆) = η
as we anticipated, but also that both δEHH and δEe scale linearly with the pump-
laser detuning. This linear dependence allows us to simply determine the relative
strength of the HH hyperfine interaction as η = −(α − β)/(α + β), where α (β) is
the slope of the red-trion (diagonal) transition depicted in Fig. 4.3(b). Using the
measured slope of −0.98± 0.02 for the red line and −0.82± 0.02 for the green line
we calculate η = −0.09± 0.02.

An accurate determination of η requires that scanning the probe laser across the
red trion or the diagonal transition does not modify the nuclear spin polarization
that was created by the pump laser. Such a modification would occur if the probe
laser itself caused dragging. If this were the case, the pump laser would no longer be
resonant with the blue trion transition, leading to a decrease in the (pump laser in-
duced) RF signal that constitutes the background of the scans shown in figure 4.2(c)
1. We choose the probe laser power for both the diagonal and the red trion transi-
tion such that there is no measurable change in the background as the probe laser

1Background is given by the pump laser induced RF signal when the probe laser is off resonance
with the diagonal or the red trion transition.
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Figure 4.3: (a) Resonance fluorescence (RF) signal as a function of probe laser
frequency scanned across the diagonal transition and pump laser detuning, ∆. The
position of the peak corresponding to recovered RF counts shifts due to nuclear spin
polarization induced by the pump laser. (b) (green points) The position of the peaks
in (a) extracted from Lorentzian fits to the data. Red points correspond to peak
positions extracted from similar scans where the probe laser is scanned across the
vertical transition. Dashed lines are linear fits with slopes indicated on the figure.
Arrows point to the relevant axis.

is scanned across that transition. In addition, the linewidths of the recovered RF
signal match the QD transition linewidth at B = 0T , in agreement with the absence
of probe induced dragging. Furthermore we repeated the measurement at various
probe laser powers; only when the laser power is low enough does the slope be-
come completely independent of laser power. Figure 4.4(a) shows the Overhauser
shifts of the vertical and diagonal transitions, each for two different probe laser
powers indicated on the graph. The measured slopes at different powers are indeed
in excellent agreement. The oscillator strength of the diagonal transition is much
weaker than that of the red trion transition, requiring higher probe laser powers
to induce resonant spin pumping. By repeating the diagonal transition Overhauser
shift measurements for two different gate voltages, 1mV apart, around the gate
voltage indicated by the dashed line on Fig. 4.1(b) (blue traces on Fig. 4.4(a)), we
have also confirmed that the slopes do not depend on the gate voltage. The latter
measurements also suggest that small changes in the charging environment and the
resulting changes in the confined electron and HH wave-functions do not alter the
ratio η. The ratio η also shows no appreciable dependence on the strength of the
external magnetic field (Fig. 4.4(a) inset).

Due to the large variation in HH g-factor and the positively-charged trion con-
finement energy, it is generally believed that the confined HH wave-function could



38
Measurement of heavy-hole hyperfine interaction in InGaAs quantum dots using

resonance fluorescence

-35

-33

-31

-29

di
ag

on
al

 tr
an

si
tio

n 
fr

eq
. (

G
H

z)

-4 -2 0 2
∆ (GHz)

-107

-105

-103

-101

red trion transition freq. (G
H

z)

(a) B = 4T B = 7.25T

Psat /80, slope: -1.01 ± 0.02
Psat /165, slope: -0.98 ± 0.02
Psat /5, slope: -0.83 ± 0.01
Psat /10, slope: -0.82 ± 0.02
Psat /10, slope: -0.83 ± 0.03
Psat /10, slope: -0.83 ± 0.01

Psat /4
slope: -0.82 ± 0.01 -68

-64

-60

128124120

72

68

64

Psat /165 
slope: -1.00 ± 0.01

-39

-36

-33

di
ag

on
al

 tr
an

si
tio

n 
fr

eq
. (

G
H

z)

-4 -2 0 2
∆ (GHz)

-99

-96

-93

red trion transition freq. (G
H

z)

(b) B = 4.5T, QD2

Psat /80, slope: -0.98 ± 0.02
Psat /165, slope: -0.98 ± 0.01
Psat /5, slope: -0.81 ± 0.02
Psat /10, slope: -0.81 ± 0.02

QD2 QD3QD1

λ
ge

gh

η

951.3

-0.6

1.3

956.3

-0.6

0.9

962.0

-0.6

1.4

0.09 0.09 0.1

(nm)

Figure 4.4: (a) Transition energies of the red trion (red points) and the diagonal
transition (green and blue points) vs pump laser detuning, ∆, at B = 4T . Probe
laser power and slopes of linear fits (dashed lines) are indicated on the figure. The
dark and light blue points are measured with the same laser power at two different
gate voltages, 1mV apart, around the gate voltage indicated by the dashed line on
Fig. 4.1(a). The dark and light green and red points are measured at two different
laser powers at the gate voltage indicated by the dashed line on Fig. 4.1(a). The
slopes do not change with changing probe laser power or gate voltage. Inset shows
measurements at B = 7.25T : the axes are the same as those on the main figure.
(b) Transition energies of the red trion (red points) and the diagonal transition
(green points) vs ∆, measured on a second quantum dot. The vertical shift between
the two green lines is due to a shift in the gate voltage, caused by fluctuations in
the quantum dot charge environment. The box compares the emission wavelength,
electron (ge) and heavy-hole (gh) g-factors and η for 3 different quantum dots.

change substantially from one QD to another. To determine if these changes lead
to a modification of HH-hyperfine interaction, we have repeated our experiments on
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two other QDs. Figure 4.4(b) shows measurements on a second QD which yields
η = −0.09±0.02. The ratio for a third QD, determined with a factor 2.5 lower accu-
racy, yielded η ∼ −0.1. Remarkably, we find that the strength of the HH-hyperfine
interaction in these 3 QDs to be almost identical, even though their HH longitudinal
g-factors vary substantially (Fig. 4.4(b)).

4.3 Nuclear spin polarization by driving the diagonal
transition
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Figure 4.5: Resonance fluorescence signal when the gate voltage is scanned in the
positive direction for different laser frequencies. The magnetic field is 300mT and
the excitation laser power P ≈ 10Psat.

In this section we show an alternative method to create nuclear spin polarization
by driving the weak diagonal transition. Fig. 4.5 shows resonance fluorescence signal
when the gate voltage is scanned in the positive direction and the laser frequency is
stepped. The magnetic field is 300mT and the excitation laser power P ≈ 10Psat.
This data is significantly different from Fig. 2.4 (a) where P ≈ 0.1Psat and the
magnetic field is 500mT . The additional signal indicated by the white arrow appears
when the laser is on resonance with the diagonal transition | ↑〉 ↔ | ↑↓⇓〉. Since
this transition should be very weak, the signal is much larger than expected. On
the other hand there is no signal when the laser is on resonance with the other
diagonal transition | ↓〉 ↔ | ↑↓⇑〉. We argue that when the laser drives the transition
| ↑〉 ↔ | ↑↓⇓〉 it creates nuclear spin polarization which almost cancels the electron
Zeeman splitting. The laser then becomes quasi-resonant with the strong vertical
transition | ↓〉 ↔ | ↑↓⇓〉 resulting in a strong RF signal. On the other hand when the
laser is driving the transition | ↓〉 ↔ | ↑↓⇑〉 the nuclei are polarized in the opposite
direction resulting in an increase of the electron Zeeman splitting.
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Figure 4.6: Shown is differential reflection signal at 300mT from successive scans
in the negative direction by the weak probe laser for a second QD. In order to create
nuclear spin polarization, the gate voltage and the frequency of the strong linearly
polarized pump laser is held at the position corresponding to the signal indicated
by the arrow in Fig. 4.5. The pump laser is blocked in the collection path.

We test this hypothesis by performing a two-color differential reflection measure-
ment on a second dot. The gate voltage and the frequency of the strong linearly
polarized pump laser is held at a position corresponding to the signal indicated
by the arrow in Fig. 4.5. The appearance of this signal means that the nuclei are
polarized. We scan the frequency of the weak probe laser across the quantum dot
transitions in the negative direction. The polarization of the probe laser is orthog-
onal to the pump laser and parallel to the collection polarizer (Fig. 1.4). Similar
to the differential transmission (DT) measurement described in section 3.2 we do
differential reflection (DR) measurements using gate modulation were the signal is
the interference of the QD photons with the reflected instead of the transmitted
laser light. Fig. 4.6 shows the DR-signal for successive probe laser scans. The lower
(upper) peaks are from the red (blue) vertical transition. A bistable behavior is
observed for both transitions revealing bistability of the nuclear spin polarization.
When the nuclei are polarized the red (blue) transition is shifted toward blue (red).
In some scans the pump laser cannot polarize the nuclei and sometimes the spin
polarization is lost during the scan. The hyperfine induced shift of the red vertical
transitions seems to be smaller than the shift of the blue transition. This is due to
the AC Stark shift since the strong pump laser is quasi-resonant with the transition
| ↓〉 ↔ | ↑↓⇓〉 when there is nuclear spin polarization. In this scheme we could
not figure out how much nuclear spin polarization is created and thus using this
technique for hole hyperfine measurement was not feasible.



4.4. Conclusions 41

4.4 Conclusions

Despite the accurate measurement of the Overhauser shift of the HH and the electron
that we have demonstrated, it is not straightforward to use our data to extract the
actual HH hyperfine interaction constant with high accuracy due to differences in the
confined electron and the HH envelope wave-functions. The exact mechanism behind
dragging of QD resonances is not well understood; however, it is safe to assume that
the underlying nuclear spin polarization is mainly mediated by the electron 2. The
precise magnitude of the HH Overhauser shift is therefore influenced by the overlap
between the electron and hole wave-functions and their confinement length-scales.
Repeating the experiments on different QDs, with vastly different in-plane g-factors,
would yield further information about the sensitivity of η to the HH confinement.

The striking feature of our experiments is the (almost) perfect linear dependence
of the Overhauser shift on the pump-laser detuning. What is more remarkable is the
fact that the slope of the red trion energy shift is ∼ −1, indicating that the Over-
hauser shift of the blue trion transition satisfies (−δEe(∆)+δEHH(∆))/2 = −∆+c,
where c is a constant much smaller than the bare optical transition linewidth. On the
other hand theoretical models proposed to explain dragging showed a finite depen-
dence of the absorption contrast on the bare laser detuning [17, 60], suggesting that
the amount of nuclear spin polarization has a non-trivial dependence on the laser
frequency. Our experiments could help in identifying the mechanisms underlying
the dragging of QD resonances.

In summary, we have developed a new measurement technique combining two
recent advances in QD physics to determine the strength of HH hyperfine interac-
tion. Our measurements on highly strained self-assembled QDs indicate a coupling
strength that is ∼2 smaller than the theoretical prediction for strain-free GaAs QDs
[55], and provide further support for efforts aimed at using confined HH pseudo-
spins as qubits in solid-state quantum information processing. After completion of
this work, we became aware of related experiments by Chekhovic et al. [62] on InP
QDs.

2We note that W.Yang et al. [60] and X. Xu et al. [61] propose a dragging mechanism based on
the HH hyperfine interaction.
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5 Outlook

This thesis presents resonance fluorescence as a powerful tool for QD spectroscopy
with large bandwidth and low noise. Some important future QD experiments which
were considered to be very challenging are now easier to be thought of with the
results and the techniques presented here. For example the classical spin-photon
interface presented in chapter 3 can be converted into a quantum interface by con-
verting the red and the blue photons into photons with identical frequencies but
with orthogonal polarizations, using birefringent elements and optical modulators
[63]. The technique of chapter 4, to create a precise amount of nuclear spin polar-
ization with a pump laser and to probe with a second weak laser, can be used to
measure whether or how much the nuclear spin polarization changes the linewidth
of the QD transitions and the width of the nuclear spin distribution. The latter
is predicted to decrease after dragging [17]. Some other experiments are listed and
explained in more detail below:

5.1 Distant spin-spin entanglement

The realization of a spin-photon interface constitutes a key step toward implemen-
tation of quantum information processing protocols such as non-deterministic spin
entanglement between distant spins. Even though elimination of laser background
through polarization suppression in our scheme results in the loss of correlations be-
tween the spin-state and the emitted photon polarization, the fact that the photons
emitted by the two spin-states have different energies ensures that by driving both
the red and the blue trion transitions resonantly with a π-pulse, we could generate
the entangled spin-photon state |ψ〉 = (| ↑, 1blue〉 − | ↓, 1red〉)/

√
2, starting from an

initial electron spin in state (| ↑〉 − | ↓〉)/
√

2. As was demonstrated by Monroe
and co-workers [64] for two trapped ions, such entangled spin-photon states gener-
ated from two distant QDs could be used to achieve spin entanglement conditioned
upon coincidence detection of one blue-trion and one red-trion photon at the output
of a Hong-Ou-Mandel interferometer. We emphasize that in the non-deterministic
entanglement experiments using trapped ions, the entanglement fidelity was pri-
marily limited by the detector dark counts that were ∼ 20% of the signal photons:
these considerations highlight the significance of the factor of 20 improvement in the
fluorescence to background photon ratio we have achieved in our experiments, as
compared to prior work [1]. The principal challenge in realization of the distant QD
spin-entanglement scheme is the identification of two QDs with similar enough trion
resonances. Even if the two QD trion resonance energies are not exactly identical, it
is possible to generate identical QD photons by off-resonant Rayleigh scattering In
the case of two non-identical QDs, it would be advantageous to use the Voigt geome-
try, where one starts from an initial electron spin state | ↑x〉 and upon scattering of a
laser photon project the system onto the state |φ〉 = (| ↑x, 1blue〉+ | ↓x, 1red〉)/

√
2. In
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this case, the energy difference between the blue and the red photons is determined
exclusively by the electron Zeeman energy. On the other hand, nearly identical QD
pairs that can be tuned onto resonance using the gate-voltage-induced dc-Stark shift
have already been identified in other experiments [65]. More importantly, demon-
stration of two-photon interference of single-photon pulses generated by two different
QDs has also been demonstrated [66]. Locking of trion resonances to the resonant
laser field via dynamical nuclear spin polarization could be used to ensure that the
electron Zeeman splitting of the two QDs are rendered identical [17].

A particularly exciting possible extension for the spin-photon interface demon-
strated here is for a double-QD system consisting of a gate-defined and a self-
assembled QD [67]. It has been shown that in a coupled-QD system, optical tran-
sitions in a neutral QD could be used to monitor the spin-state of a single-electron
charged QD [68]. If realized, a double QD spin-photon interface along the lines we
describe in this chapter could be used to generate distant spin entanglement be-
tween two gated QDs. Another interesting extension is the implementation of our
method in a single-hole charged QD where the positively-charged trion transition
selection rules are identical to the ones we considered [2]; because of the larger T ∗2 -
time of the hole spin, distant hole-spin entanglement protocol would be easier to
verify experimentally.

5.2 Quantum nondemolition (QND) measurement

From a quantum measurement perspective, our electron spin measurement experi-
ments in chapter 3 realize a positive operator valued measure (POVM) with mea-
surement operators Ê1 = p1| ↑〉〈↑ | and Ê2 = | ↓〉〈↓ |+ (1− p1)| ↑〉〈↑ | [69]. For the
parameters of fig 3.2, the probability p1 ' 0.02 for a measurement time of ∼ 0.5µs,
but can be increased to 0.1 as mentioned before. If the collection efficiency and the
excitation laser power were increased such that p1 ∼ 1.0 was achieved, our scheme
would constitute a single-shot QND measurement of the electron spin which is crucial
for fault-tolerant quantum computation. We estimate that such a spin measurement
[52] is within reach using our scheme. Collection efficiencies from microcavities have
been predicted to be as high as 35% [70]. One possibility is to use QDs coupled
to gated photonic crystal microcavities that are engineered for high collection ef-
ficiency [71, 72]. We predict that such structures could give up to a factor of 15
improvement in the overall collection efficiency. In addition, given the observation
that a sizable fraction of QDs have vanishing in-plane heavy-hole g-factors [46], it is
plausible to expect much smaller spin-flip spontaneous emission rate from the trion
state γ, as compared to what we observed in our experiments. A smaller branching
ratio will reduce the laser back action allowing a non-demolition measurement to
be performed on a longer time scale, and hence with better efficiency. By combin-
ing the above two factors, achieving a factor of more than 20 improvement in the
measurement efficiency p1 necessary for a single-shot QND measurement appears
feasible. We note that recently an optical single shot electron spin measurement has
been realized in a double quantum dot structure where the transitions of one dot
give information on the electron spin residing in the other dot [73].
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5.3 Electron spin resonance

The background-free spin-photon interface that we have realized could be consid-
ered as a non-deterministic method for conditional spin-state initialization with high
fidelity. The deterministic methods for spin-state preparation rely on optical pump-
ing where a fidelity exceeding 99% could only be achieved on a timescale ∼ 10µs for
Faraday [11] and ∼ 10ns for Voigt geometry [74]. In contrast, detection of a single
resonance fluorescence photon in our case prepares the spin state with the same
level of initialization fidelity on a timescale limited only by the detector response
time 2. For the APD’s we have used, this timescale is 300ps; however with faster
single-photon detectors, it would be straightforward to achieve a timescale of 40 ps.
Given the ultra-short T ∗2 ∼ 2nsec characteristic of electron spins in self-assembled
QDs [16], fast spin-state initialization is important for protocols relying on prepara-
tion of the spin in a superposition state. We also predict that fast spin initialization
could be useful in carrying out conditional electron spin resonance (ESR) measure-
ments [53] without the need for a pulsed microwave source; we envision here that
the detection of a photon initializes the electron spin in the spin-up state, which
then undergoes Rabi oscillations under the influence of the continuous-wave reso-
nant microwave field. The likelihood of detecting a second photon at a time τ later
will oscillate with this Rabi coupling, such that photon coincidences at time delay
τ will reveal information about coherent spin rotation.

5.4 Measurement of in-plane hole hyperfine
interaction

We measured the hole hyperfine interaction along the z-direction (sample growth
axis). Interaction along this direction is relevant for decoherence if the basis of
the hole spin qubit is also along the z-direction. In the Voigt geometry the lateral
hyperfine interaction with the hole is of relevance. The interaction strength in the
lateral direction can be measured if the presented experiments of chapter 4 are
repeated in the Voigt geometry. It is predicted that this interaction is due to hh-lh
mixing and it’s strength is expected to be ∼ 1% of the Ising-type interaction [55, 56].
Measurement of this interaction would hence require ∼ 10 times better measurement
accuracy.

5.5 Study of heavy-hole light-hole mixing

Heavy hole(hh)-light hole(lh) mixing has been discussed in section 2.3. The mixing
results in a weak diagonal decay channel with the branching ratio |ε+|2 + |ε−|2 = η =
γ
Γ
, assuming equal rates for electon-hh and electron-lh recombinations. As discussed

in section 2.3 we measured the same η of 1
250

for 10 different dots, raising the question
on the effect of a finite sample tilt with respect to the magnetic field. To eliminate
this question and to obtain a reliable value for |ε+|2 + |ε−|2 the sample tilt can be

2We emphasize that the average waiting time for achieving this single-photon-detection-based
initialization is still ∼ 10µs for the Faraday geometry that we used.



46 Outlook

controlled by mounting the sample on two perpendicularly oriented goniometers.
The Hall current from a Hall bar placed next to the sample would enable to follow
the goniometers.

After measuring |ε+|2 + |ε−|2 the next question would be the ratio |ε+||ε−| . Comparing
the size of the small peak at −8GHz in Fig. 2.5 with the large peak would enable
to calculate the ratio |ε+|

|ε−| . The signal for the large peak originates from the path

| ↓〉
Ω2

Γ−→ | ⇓↑↓〉 Γsp−→ | ↓〉. The signal for the small peak originates from the path

| ↑〉
(Ω|ε−|)

2

Γ−→ | ⇓↑↓〉 Γsp−→ | ↓〉.
Here Ω is the Rabi frequency due to the σ− polarized component of the linearly

polarized laser. Only the σ− component of the laser can drive the diagonal transition
and can do so due to the | ⇓〉lh mixing. The pump rate for the diagonal transition is
reduced by the mixing factor |ε−|2. The ratio of the peak sizes is equal to the ratio
of the trion populations which is in turn proportional to the pump rates so that this
ratio is equal to |ε−|2.
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laser frequency fully detuned from the QD transition. On resonance
the ratio of RF photons to laser background exceeds 200. (b) A typ-
ical time trace recorded from the avalanche photo-diode (APD) with
a 200 nsec time resolution with a resonant laser with P = 0.1 · Psat.
Each pulse arises from the detection of a single photon, which indi-
cates that the spin is in the | ↑〉 state with (99.2± 0.1)% fidelity. (c)
G2 curve obtained by measuring photon coincidences on two APDs
on nsec timescales. The expected antibunching behavior for a single
emitter is observed, with a spontaneous emission rate Γ ∼ 109s−1.
The G2 curve does not reach zero at τ = 0 due to the finite time
resolution ∼ 450 psec of the Hanbury-Brown and Twiss measurement
set-up. (d) Unnormalized photon correlation, G2 curve obtained from
∼ 60, 000 traces such as the trace in (b) for P = 0.1 · Psat. Solid line
is an exponential fit with a decay time τdecay = (540± 40)nsec, corre-
sponding to the cotunneling limited lifetime of the | ↑〉 state. . . . . . 27

3.3 (a) G2 (red) and nshot (black) measurements obtained at a gate
voltage in the middle of the plateau and laser intensity P = Psat.
Solid lines are exponential fits with decay times (840 ± 40)ns and
(860± 20)ns respectively, demonstrating the agreement between the
two measurement methods. (b)&(c) G2 curves obtained from a sec-
ond quantum dot with a laser power P = 0.1 · Psat and at two gate
voltages close to the plateau edge (large cotunneling) and 7.5mV
apart. The solid lines are exponential fits, showing decay times of
(1.0 ± 0.1)µs and (2.5 ± 0.2)µs respectively. These decay times are
direct measurements of cotunneling-limited spin decay rates at the
given gate voltages, with the faster decay, (b), corresponding to the
gate voltage closer to the plateau edge as expected. . . . . . . . . . . 29

4.1 (a) Resonance fluorescence (RF) signal from the blue trion transi-
tion vs gate voltage and pump laser detuning, ∆ at B = 4T and
P = Psat/2. Remainder of the experiments are performed at the gate
voltage indicated by the dashed line, where the signal is reduced ∼ 4
times due to spin pumping and a large line broadening due to dynamic
nuclear spin polarization is observed. Inset: energy level diagram for
a quantum dot charged with a single electron. (b) Cross section of
(a) across the dashed line, opposite scan directions indicated by the
arrows. A total dragging range of ∼ 8GHz is observed. Interference
with the laser background is partly responsible for the change of RF
counts along the dragging range. . . . . . . . . . . . . . . . . . . . . . 34
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4.2 (a)&(b) Energy level diagrams showing the pump and probe lasers.
The probe laser re-pumps the spin into the | ↑〉 state by driving the red
trion (a) or the diagonal (b) transition. Dashed (solid) lines indicate
the ground and excited energy levels before (after) the polarization
of nuclei by the pump laser. δEHH (δEe) denotes the Overhauser
shift seen by a single QD HH (electron). (c) Resonance fluorescence
(RF) signal recorded as the probe laser is scanned across the diagonal
(right) or the red trion (left) transitions. An arbitrary offset is added
to the top two scans for clarity. Prior to the probe laser scan the
pump laser is scanned across the blue trion transition and stopped at
a detuning of ∆ = 0.5GHz (top) or ∆ = −2.5GHz (bottom). Solid
lines are Lorentzian fits. Peak positions are shifted due to nuclear
spin polarization induced by the pump laser. . . . . . . . . . . . . . . 35

4.3 (a) Resonance fluorescence (RF) signal as a function of probe laser
frequency scanned across the diagonal transition and pump laser de-
tuning, ∆. The position of the peak corresponding to recovered RF
counts shifts due to nuclear spin polarization induced by the pump
laser. (b) (green points) The position of the peaks in (a) extracted
from Lorentzian fits to the data. Red points correspond to peak po-
sitions extracted from similar scans where the probe laser is scanned
across the vertical transition. Dashed lines are linear fits with slopes
indicated on the figure. Arrows point to the relevant axis. . . . . . . 37

4.4 (a) Transition energies of the red trion (red points) and the diago-
nal transition (green and blue points) vs pump laser detuning, ∆, at
B = 4T . Probe laser power and slopes of linear fits (dashed lines) are
indicated on the figure. The dark and light blue points are measured
with the same laser power at two different gate voltages, 1mV apart,
around the gate voltage indicated by the dashed line on Fig. 4.1(a).
The dark and light green and red points are measured at two dif-
ferent laser powers at the gate voltage indicated by the dashed line
on Fig. 4.1(a). The slopes do not change with changing probe laser
power or gate voltage. Inset shows measurements at B = 7.25T : the
axes are the same as those on the main figure. (b) Transition energies
of the red trion (red points) and the diagonal transition (green points)
vs ∆, measured on a second quantum dot. The vertical shift between
the two green lines is due to a shift in the gate voltage, caused by fluc-
tuations in the quantum dot charge environment. The box compares
the emission wavelength, electron (ge) and heavy-hole (gh) g-factors
and η for 3 different quantum dots. . . . . . . . . . . . . . . . . . . . 38

4.5 Resonance fluorescence signal when the gate voltage is scanned in the
positive direction for different laser frequencies. The magnetic field
is 300mT and the excitation laser power P ≈ 10Psat. . . . . . . . . . 39
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4.6 Shown is differential reflection signal at 300mT from successive scans
in the negative direction by the weak probe laser for a second QD.
In order to create nuclear spin polarization, the gate voltage and the
frequency of the strong linearly polarized pump laser is held at the
position corresponding to the signal indicated by the arrow in Fig. 4.5.
The pump laser is blocked in the collection path. . . . . . . . . . . . 40






