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Abstract
We explore the prospects of using doubly charged, optically active, self-assembled quantum dot molecules in the (1,1) regime as
a spin–photon interface. Using optical means, we investigate the
coherence properties of the singlet–triplet subspace in the vicinity of the sweet spot, where that subspace becomes atomic-clock
like. We compare frequency domain measurements, making use
of coherent population trapping, with time domain measurements
based on coherent spin control. We find T2∗ coherence times in the
range of 10 ns to 200 ns, determined by charge fluctuations that
vary from sample to sample. In conjunction with measurements of
the Hahn spin echo, which we observe for up to 300 ns, we conclude
that additional sources of decoherence are playing a role.
We report a spin-measurement protocol making use of ancillary optical cycling transitions present in the system. We find an improvement of detection efficiency by two orders of magnitude compared
to conventional direct optical spin detection, suggesting single-shot
readout to be achievable.
The principal result of this thesis is the demonstration of the coherence of the optical interaction by quantifying the amount of
entanglement between a spontaneously emitted single photon and
the resident pseudo-spin. A visibility of the quantum coherence approaching 50 %, together with strong classical correlations unambiguously prove quantum entanglement between the two systems.
i

Zusammenfassung

Wir erforschen die Möglichkeit, optisch aktive, selbst organisierte Quantenpunkt-Moleküle im (1,1) Ladungs-Zustand als Spin–
Photon Schnittstelle zu verwenden. Mittels optischer Methoden
untersuchen wir die Kohärenz zwischen dem Singulett und dem
Triplett-Zustand mit verschwindendem Spin-Projektor, in der Umgebung der optimalen Konfiguration, welche diese zwei Zustände
vergleichbar macht mit einem Atomuhr-Übergang. Dabei vergleichen wir Messungen auf der Frequenzebene, welche auf dem Effekt
der Dunkelresonanz beruhen, mit Messungen auf der Zeitebene, basierend auf Kohärenter Spin-Kontrolle. Wir messen T2∗ KohärenzZeiten zwischen 10 ns und 200 ns, welche durch Ladungsfluktuationen limitiert sind, deren Stärke von Probe zu Probe variiert.
Zusammen mit Messungen des Hahn-Spin-Echos, welches wir über
bis zu 300 ns sehen können, lassen uns diese Resultate schliessen,
dass weitere Dekohärenz-Quellen eine Rolle spielen.
Des weiteren berichten wir über eine Methode zur Ablesung des
Spins, welche sich eines zyklischen optischen Überganges des Systems zu Nutzen macht. Wir beobachten eine Verbesserung der
Detektions-Effizienz um zwei Grössenordnungen verglichen mit der
konventionellen, direkten optischen Spin-Messung, darauf hindeutend, dass es möglich ist, den Spin-Zustand, ohne wiederholter Messung, direkt zu lesen.
Das Hauptresultat dieser Dissertation ist die Demonstration der
iii

Kohärenz der optischen Wechselwirkung, indem wir die optische
Verschränkung zwischen einem spontan emittierten Photon und
dem verbleibenden pseudo-Spin quantifizieren. Die beobachtete
Quanten-Kohärenz von fast 50 % beweisen zusammen mit den
deutlichen klassischen Korrelationen die Quantenverschränkung
der beiden Systeme.
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Chapter 1

Introduction

In recent years, quantum information processing has received an
enormous amount of attention, as it promises to solve a class of
computational problems that are inaccessible to classical computers, such as the factorisation of products of large prime numbers[1],
which has been demonstrated already for small numbers[2, 3]. The
discovery of error-correction algorithms[4] ensures that at least in
principle, it is possible to scale quantum information processing to
larger systems. Yet it remains an open challenge to build a system
that demonstrates quantum entanglement and complete coherent
control over more than just a few qubits.
A wide variety of systems are being explored for their capability to
store and manipulate quantum information. Good storage properties are typically, but not exclusively, found on systems in highvacuum, such as atoms in optical lattices[5], ions[6] or Rydberg
atoms[7]. Of particular interest are furthermore systems where
protection of the quantum information is guaranteed by topology,
for example encoded in Majorana fermions[8].
In terms of scalability, the extreme success of the computer industry in continuously increasing the device density (following Moore’s
law for 50 years) encourages the search for promising quantum
bit implementations in semiconductor materials. Superconducting
qubits[9] successfully demonstrated multi-qubit gates[10], but they
remain limited to operation at mK temperatures, with difficulty
1
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to convey quantum information to the world outside of their dilution refrigerator. Due to their relatively weak interaction with the
environment, the spin of individual charge carriers in a semiconductor are often considered. Electrons isolated from two dimensional
electron gases using nano-fabricated gates[11, 12] also require dilution refrigerators to operate. Spins bound to impurity states,
such as nitrogen vacancies in diamond[13], offer fantastic coherence times[14] even at room-temperature[15]. Similarly, electrons
bound to phosphor donors in silicon show impressive coherence and
control properties, and can be deterministically placed[16].
With the inception of quantum cryptography[17], quantum
communication became a part of quantum information processing.
Photons can carry quantum information over large distances,
without being disturbed. This has enabled a fundamental proof of
key concepts underlying the quantum description of our world[18,
19]. Future implementations of quantum information systems
will likely combine the aspects of information processing and
communication: By connecting stationary qubits (e.g. spin)
and flying qubits (photons), quantum computation nodes can be
combined into a quantum network[20]. First hybrid systems have
already been demonstrated[21].
In this context, self-assembled InGaAs quantum dots (QDs) become particularly interesting. Among the solid-state systems, they
stand out for their optical properties. Some of these preferential properties are: (i) An emission wavelength that is determined
by their size which thus can be tailored to particular system requirements, (ii) strict optical selection rules enabling direct optical access to the spin via spin-orbit coupling, (iii) strong confinement, limiting coupling to low-energy phonons, allowing operation
at 4 K, and (iv) consequently, photon emission into the coherent
zero-phonon lines. On the other hand, photon extraction from
the GaAs environment is non-trivial, and the fluctuating bath of
nuclear spins cannot be removed py isotope purification unlike to
diamond or silicon, leading to shorter coherence times. Furthermore, scalability is hindered by the randomness inherent to the
self-assembling growth.

2

Many different spin species to be trapped in the QDs are being explored: Individual conduction-band electrons have a well-defined
scalar g-factor, due to the s-type symmetry of the conduction band.
However, the s-type symmetry also induces coupling with the nuclear spins via Fermi contact-hyperfine interaction. Valence-band
holes have p-type symmetry, protecting their spin from the nuclear
spins. On the other hand, the g-factor becomes anisotropic, such
that the spin couples via spin-orbit to electrostatic noise. Excitons
can be used as quantum information carriers: Bright excitons can
be manipulated on ps time-scales, but have a short life-time. dark
excitons are meta-stable, and have been used to store quantum information in the process of generating cluster states of photons[22].
Double quantum dots or quantum dot molecules (QDMs)[23] enrich
the variety of spin choices even further, notably either two electrons
or two holes distributed equally within the QD pair. Such doubly
charged QDMs develop molecular bonding and anti-bonding states.
The anti-parallel orientation of the spins protects these so-called
S–T0 qubits from the nuclear spin bath. This unique combination of optical properties inherited from the self-assembled QDs
together with prolonged spin coherence renders these QDM S–T0
qubits particularly well-suited to convert between stationary and
flying qubits; serving as a spin-photon interface.
Particularly, there exists a charge configuration termed the sweet
spot, at which their T2∗ coherence time is in the 100s of ns[24].
Basically, in this configuration, the states S and T0 become comparable to the states of an atomic-clock transition[25], decoupled
from both magnetic and electric interactions. This typically prevents efficient operations on the qubit due to lack of control. In
the optical domain however, two-photon Raman processes in a Λsystem of optical transitions overcome this protection, which only
exposes the qubit to decoherence during active operation.
After an introduction to the QDM system presented in chapter 2,
chapter 3 is dedicated to our efforts understanding the coherence
properties of the S–T0 qubit. Based on theoretical considerations,
we estimate that the second-order effects of both magnetic and
field noise sources present in the system could lead to coherence
3
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times in rough agreement to our experimentally determined estimation of 200 ns based on coherent population trapping[24]. We perform measurements to observe the decay of Ramsay fringes, which,
while demonstrating coherent control of the system, shed some
light on the underlying sources inducing decoherence. It appears
that charge fluctuations are a limiting mechanism. In the samples
that we used for the time-domain measurements, these fluctuations
seem to be stronger than on our previous sample, leading to coherence times below 50 ns. Removing some of the low frequency noise
components using spin-echo techniques, we reach coherence times
of several hundred ns. The results further suggest that fast noise
sources are significantly contributing to decoherence as well.
Having established sufficient coherent properties and state control,
we proceed to demonstrate the versatility of the S–T0 system in
chapter 4. The rich level spectrum of doubly charged QDMs offers
optical cycling transitions. In single QDs, recycling transitions are
incompatible with the Λ-system used for spin manipulation. We
make use of such a transition to demonstrate efficient optical spin
readout[26]. This improves the detection efficiency by two orders of
magnitude compared to conventional direct addressing of the state,
bringing the method within reach of single-shot spin readout[27].
Finally, in chapter 5, we perform a proof-of-principle demonstration of a spin-photon interface based on S–T0 qubits: We show
that there is quantum entanglement between a photon emitted
from the QDM and the QDM state after the emission. The state
overlap with a fully entangled system is determined to be better
than 67 %, proving quantum entanglement between the QDM and
the emitted photon.

4

Chapter 2

Spectroscopy on self-assembled
QDs and QDMs
2.1

Self-assembled QDs and QDMs

In this section, I will describe the basics of sample design, growth
and processing. The data presented in this thesis was mainly collected from two individual QDMs, QDM 1 from sample D130523A
and QDM 2 from sample D160229A. When quoting specific properties of a sample or a QDM, I will refer to one of these. Refer to
appendix B for a listing of the sample structure.
As will become apparent through this section, there are many parameters that need to be chosen and controlled, especially with
QDMs. Some of these parameters are well controlled, but others
need extensive calibration or are simply subject to randomness. As
a result, when designing a QDM sample, a compromise has to be
found between optimal design parameters and ease of processing
and characterisation, in order to enable a fast turnaround between
design iterations.

2.1.1

Growth of QDs and QDMs

Self-assembled InAs quantum dots are grown by molecular beam
epitaxy (MBE) in the Stransky-Krastanov growth mode: The
larger lattice constant of InAs compared to that of the GaAs
5
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substrate induces strain, which prevents normal layer by layer
growth. Instead, after a few mono-layers (the so-called wetting
layer), islands of InAs start to form[28]. These islands have a
typical diameter of the order of 20 nm, with a height of a few nm.
At this point, the amount of In supplied during growth determines
the area density of these QDs on the substrate, rather than their
size. The QD layer is then capped with GaAs, resuming layer by
layer growth from the wetting layer. The smaller band gap of
InAs creates a 0D trapping potential for both electrons and holes
inside the GaAs matrix. The trapping energy of that potential
depends on the QD size and material composition. It is random
due to the self assembly, and has a spread of a few meV. It can be
influenced during growth by annealing, which reduces the effective
QD size by redistributing and alloying the InAs with the GaAs
environment, or by removing some of it completely[29, 30]. This
results in a reduction of the optical transition wavelength from the
natural ∼1200 nm to anything down to ∼900 nm[29]. We prefer to
work with QDs below 1000 nm, because of the possibility to work
with Si detectors in that range.
To grow quantum dot molecules, one inserts a second layer of InAs
on top of the first layer, separated by a thin spacer layer. The
strain induced by the QDs in the lower layer extends through the
spacer, where it acts as a preferential nucleation point for QDs in
the second layer[31, 32]. For a spacer thickness of the order of
10 nm, the resulting stacking ratio is close to one, with only few
QDs lacking a partner in the other layer. The spacer layer acts
as a tunnel barrier between the two QDs for both electrons and
holes[33, 34, 35].

2.1.2

Diode structure

QDs can trap free charges from the surrounding matrix, which can
be generated optically or captured from a nearby ionisation centre.
In order to control their charging state, the QDs are embedded in
a Schottky-diode structure[36]. Our device structure is illustrated
in figure 2.1. A n-doped layer underneath the QD layer serves as
the back contact, and a thin metal gate (6 nm of Au on top of 2 nm
6
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Current block

VS

EF

212 nm
GaAs

Top QD
5.5 nm capping

9 nm
GaAs

40 nm
GaAs

40 nm
n-GaAs

vb

3.9 nm capping

Back contact

Bottom QD

cb

−VG

42 nm
AlGaAs superlattice
18 nm GaAs
6 nm Au on 2 nm Ti

Potential

Growth direction

Figure 2.1: Schematic diagram of the conduction-band and valence-band edges
along the growth direction. VG denotes the externally applied gate voltage, whereas
VS is the built-in Schottky potential.

of Ti as bonding agent) is evaporated onto the sample surface.
Ohmic contacts to the doped layer are created by annealing of In.
The built-in Schottky potential plus any external potential applied
between the back contact and the metal gate generate an electric
field and tilt the band along the growth direction. The Fermi
energy inside the structure is pinned by the doped layer near it’s
conduction band. The internal field then determines the relative
alignment of the confined electronic levels in the QDs with respect
to the Fermi energy, and thus the charging state of the QDs.
To prevent a strong current flow when the sample is biased past the
flat-band condition, a current-blocking layer is inserted below the
sample surface, consisting of a GaAs–AlGaAs super-lattice. The
resulting step in the band edges prevents current-flow. Controlled
hole charging can be achieved similarly, using a p-doped layer, e.g.
in a p-i-n structure.
7
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(a)
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(b)
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Figure 2.2: (a) Band structure in the vicinity of the Γ-point, for bulk material
of direct band gap semiconductors with Zincblende structure like GaAs or InAs.
Depicted are the conduction band (cb) and the three spin-orbit-split states of the
valence band: The heavy-hole band (hh), the light-hole band (lh) and the spitoﬀ band (so). (b) Levels and optical selection rules for ideal QDs with perfect
symmetry. The 3D confinement removes the degeneracy of hh and lh at the Γpoint, by mixing higher k states. In most QDs, electron–hole exchange leads to
non-zero fine-structure splitting from mixing of the spin states, and correspondingly
to transitions that are linearly polarised. Only at magnetic fields of a few T are
circular transitions recovered.

2.1.3

Optical properties of self-assembled quantum dots

InGaAs is a direct band gap semiconductor, where the conduction band (CB) has s-type symmetry and the valence band (VB)
has p-type symmetry. The band structure of bulk material in the
vicinity of the Γ-point is illustrated in figure 2.2 (a). Spin-orbit
interaction leads to alignment of the spin with the k-vector in the
VB, and thus the formation of the heavy-hole (HH, J = 3/2 and
jk = ±3/2), the light-hole (LH, J = 3/2 and jk = ±1/2), and
the split-off (SO, J = 1/2) bands, the latter being split by the
spin-orbit energy.
The confined states in QDs consists of a superpositon of low k
states. The difference in mass between the LH and HH lifts their
degeneracy by tens of meV, such that for QDs, only the HH states
are relevant. The different superposition states can be characterised by their orbital symmetry very similar to the electronic
orbitals in atoms. In this work, we’re only working with the lowest
8
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energy states, the s-shell.
At high magnetic fields, angular momentum is a good quantum
number, and it’s conservation law requires that optical transitions
are circularly polarised and couple electrons with sz = +1/2 to
holes with jz = +3/2 or sz = −1/2 to jz = −3/2. This is illustrated in figure 2.2 (b). Such an electron-hole complex has total
angular momentum jz = 1 and is called a bright neutral exciton
(X0 ). The opposite combination with angular momentum jz = 2
does not couple to light and is therefore called a dark exciton. At
low magnetic fields, anisotropic electron-hole exchange interaction
mixes the |jz | = 1 states, such that the neutral exciton becomes
linearly polarised[37]. In the presence of an additional electron, the
electrons form a singlet state, disabling e-h exchange, such that the
charged exciton or trion (X− ) stays circularly polarised even at low
fields.
As the confinement potential is typically more shallow towards the
top of the QDs, the wave functions are pushed towards the bottom
of the QDs[38]. This effect is more pronounced for the holes due to
their higher mass, such that excitons carry a static dipole moment
corresponding to a centre-of-mass separation of about 0.3 nm.This
dipole results in the possibility to tune the exciton energy via the
quantum confined Stark effect [38], which is linear at low field
strengths. This allows to perform resonant spectroscopy by sweeping of the gate voltage. The dipole of QD 1 amounts to a tuning
coefficient of ∼0.8 µeV mV−1 .

2.1.4

Optical coupling

The high refractive index of GaAs (n = 3.54 at room temperature)
poses a significant challenge for the extraction of photons emitted
by the QDs. The angle of total internal reflection is about 16°,
corresponding to just 2 % of the full sphere or 3 % of the dipole
emission pattern. Taking into account the Fresnel reflection at
smaller angles, only 1 % of the dipole emission pattern couples out
of the sample surface.
One method to increase the coupling efficiency is to add a solidimmersion lens (SIL) to the sample surface[39]. This way, the wave9
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fronts stay parallel to the interface of the SIL, such that no total
internal reflection occurs, reducing to the normal-angle Fresnel reflection coefficient. Ideally the SIL would be made of a material
with an index of refraction matching GaAs, e.g. by micro machining the lens directly into the sample using focused ion beam
lithography. However, this requires precise positioning with respect to a pre-selected emitter, complicating sample preparation
considerably. Instead, we relied on external SILs made from ZrO2
(n = 2.1), that were glued onto the sample using vacuum grease.
At that index of refraction, the angle of total internal reflection
between the sample and the SIL is 36°. In either case, the field
of view behind the SIL is only a fraction of it’s diameter, strongly
limiting the selection of a suitable single QD or QDM.
Another method to increase the coupling efficiency is to build a
mirror into the sample below the doped layer. Alternating layers of AlAs and GaAs, each with a thickness corresponding to a
quarter of the emission wavelength in the material, make up a socalled distributed Bragg reflector (DBR). The change in the index
of refraction at each interface leads to Fresnel reflections, which
by choice of the layer thickness all add up constructively. When
the QDs are at the correct distance from the DBR, the oscillator
strength of the QD coupling to the external mode is doubled, such
that the collection efficiency can be increased up to fourfold.
This coupling can be enhanced even further. If the QDs are embedded in a weak planar micro cavity, the emission is redistributed
from non-resonant k vectors into the resonant cavity-mode, which
can be tailored to couple well to the external mode[27]. The disadvantage of any cavity structure is that it narrows down the window
of acceptable QDs, as their emission wavelength has to match the
cavity mode wavelength. With increasing cavity Q, this requirement gets more stringent. If the Q is not very high, a considerable
part of the emission is still lost to total internal reflection and the
cavity can be combined with a SIL to improve the extraction efficiency further.
If the Q factor of the cavity is made high enough, the emission becomes subject to Purcell-enhancement. This usually requires some

10
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lateral confinement of the cavity, e.g. using photonic crystals[40] or
micro-pillars[41]. To overcome randomness of the QD position and
wavelength, these structures need to be placed and tuned using
in-situ litography[42].
The top mirror of the micro cavity could be another DBR, which
would require to use a n-i-p structure in order to keep the top-gate
close enough to the sample. We instead simply use the gold gate
as top mirror. To that end, it’s thickness was increased to about
20 nm. In this case, Ti cannot be used as bonding agent, as it’s
absorption would reduce the cavity Q considerably. However, we
found that, at this thickness, the gold sticks well enough directly
on GaAs.
The sample D130523A did not include any micro-cavity, instead many of our experiments were performed with a SIL only.
D160229A was grown with a DBR bottom mirror and designed
for resonant cavity enhancement using a thick top gold gate. Our
experiments on that sample were performed without a SIL.

2.2

Charge states of QDMs

Because the diode structure only allows for control of the total
charge in the QDM, the charging sequence of the individual QDs
of the QDM is pre-determined by the QDM parameters. To model
the charging sequence, let us first pretend that we have full control
over the electrostatic potentials in each QD, as in gate defined
quantum dots. The total electrostatic energy of the charge state
(nB , nT ) with nB (nT ) ≤ 2 electrons in the bottom(top) dot is given
by


X
nk − 1
el
E(nB ,nT ) = nB nT VBT +
nk Uk + Vkk
.
(2.1)
2
k∈{B,T }

Here, Vkk is the on-site Coulomb energy in QD k, VBT is the crosssite Coulomb energy, while Uk is the external electron potential in
QD k referred to the Fermi energy. The charge configuration is then
simply given by the state with the lowest energy. Figure 2.3 (a)
shows the results obtained from this simple model against the QD
11
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potentials. The characteristic shape of the charge stability regions
is called the Coulomb diamonds, and is a feature well-known from
transport spectroscopy on split-gate QDs[43].
In stacked QDMs however, the QD potentials cannot be tuned
independently. Instead, they can only be controlled via the voltage VG applied between the top gate and the back contact. The
lever-arm model simply assumes a linear dependence of the QD potentials on VG , with a slope defined by the ratio lk of the distance
between the QD layers and the doped layer to the thickness of the
full diode structure[36, 44]. It is illustrated in figure 2.3 (b). The
QD potential is then given by
Uk = −Ektrap + lk · (VS − VG ) ,

(2.2)

with the intercept determined by the trapping energy E trap and
the Schottky potential VS . Therefore, only a single linear cut of
figure 2.3 (a) is accessible in a given QDM.
We are interested in the (1,1) regime and, as we will discuss further
down, we would like to have access to the sweet spot, corresponding
to UB = UT . Because of the trapping energy, the (1,1) regime
occurs at VS − VG > 0 (typically VG ≈ 0), corresponding to a
finite field across the structure. To bring the electron-levels of the
two QDs in resonance at this field, the top QD will necessarily have
a higher trapping energy than the bottom QD, meaning that it’s
optical transition will be more red than the transition of the bottom
QD. In the following we will therefore use the terms red/top QD
interchangeably, as well as blue/bottom QD.
Due to the randomness of the trapping energies between the QDs
in a given sample and layer, only few QDMs have access to the
sweet spot (about 1 %). When designing a sample or looking for
a suitable QDM, it is helpful to note that the location of the accessible cut through the
 charge-state chart is only determined by
trap
trap
trap
lT EB − lB ET ≈ l EB
− ETtrap . By assuming the ratio between the electron and hole trapping energies to be equal to the
electron and hole band offset between GaAs and InAs of 58 % (e)
to 42 % (h)[45], the sweet-spot condition can be estimated simply
from the exciton transition energy difference between the QDs. To
12
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Figure 2.3: (a) Lowest energy charge configuration depending on the electrostatic potentials Uk of the two QDs. The edges of the charge-stability plateaus
appear when the chemical potential of a particular level crosses the Fermi-energy.
The figure also displays in green typical locations of the slice accessible in an individual QDM in our structures, calculated for bottom QDs with exciton transition
wavelengths at 925 nm, 935 nm and 945 nm respectively, and the transition wavelength of the top QD fixed at 970 nm. The marker dot indicates VG = 0 for
VS = 0.7 V built-in Schottky potential. In the (1,1) regime, the resonance condition for the electronic levels (= the sweet-spot) is indicated in red. (b) Illustration
of the lever-arm model: Both QD potentials depend linearly on the gate voltage:
Uk = −Ektrap + lk · (VS − VG ).

find a suitable QDM we therefore developed methods to automatically record PL spectra of several hundred individual QDMs. The
lever-arm model then allows to limit detailed characterisation to
those candidates, where the sweet-spot is likely to occur in the
(1,1) charge stability regime.
In the basic lever-arm model, the energies of all charge states are
linear in VG . This is not true any more when coherent tunneling
is taken into account. In our samples, the tunnel barrier between
the back contact and the QD layers is thick enough that tunneling processes with the back gate can be treated as slow incoherent
processes. The inter-dot tunneling on the other hand needs to be
treated coherently. Hence, the distribution of the electrons across
the two dots is not a good quantum number any more, only the
total charge number. For a given total number of electrons n, the
eigenstates are now found by solving the spectrum of a tunneling
Hamiltonian that has the lever-arm energies on the diagonal. We
13
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Figure 2.4:
Gate-voltage dependence of two-electron QDM states calculated
using the lever-arm model with (solid lines) and without (dashed lines) inter-dot
tunneling. Blue lines depict the singlet state, green lines depict the triplet states,
the latter remain degenerate at zero magnetic field. The vertical red bar highlights
the location of the sweet spot. Grey lines are the model results for charge states
with either less than two or more than two electrons, suggesting that only a small
part of the diagram is accessible at the given parameters. For demonstration
purposes, the tunneling energy t has been increased roughly by a factor of two
compared to actual values in our samples.

will continue to speak of the (1,1) regime as long as the expectation values for the occupation numbers in each dot stay close to
one. This model can also be applied predict the energy of optical
transitions in QDMs, if holes are included as well[46].
Since tunneling is spin conserving, the (1,1) state splits into antisymmetric and symmetric spin combinations, the singlet (S) with
S = 0 and the triplets (T0 ,T− and T+ ) with S = 1. The singlet
state starts to hybridise with the (0,2) and (2,0) states, while the
triplets do not hybridise, as the Pauli-exclusion principle forbids
antisymmetric spin combinations of two electrons in a single level.
This model is equivalent to the Heitler-London approximation[47]
of the molecular bonding and anti-bonding states, which is where
we derive the name quantum dot molecule from. The tunneling
14
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Hamiltonian in the singlet subspace can then be written as


V2e + ∆U t
0
C
,
t
0
t
H(1,1)
=
(2.3)
0
t V2e − ∆U
where t is the tunneling matrix element, V2e = (VBB + VT T ) /2 is
the on-site coulomb repulsion and ∆U = UB −UT +(VBB − VT T ) /2
is the potential difference between the two QDs, which can be
considered a measure of the electric field along the growth direction
and thus is linear in VG 1 . Figure 2.4 compares the eigenstates of
this Hamiltonian for zero and non-zero tunneling.
The resulting splitting between the lowest singlet eigenstate and
the triplet states splitting is typically denoted by J and is called
the exchange splitting. The difference in tunneling mobility of the
singlets and triplets leads to a J that is dependent on the gate
voltage. In the above Hamiltonian, J achieves it’s minimum at
∆U = 0, where the first derivative of J with respect to ∆U vanishes. The minimum J is given by
Jmin

1
=
2

q

2|t|2
2
2
8|t| + V2e − V2e ≈
.
V2e

(2.4)

At it’s minimal value, J is to first-order protected against field
noise. This condition is thus called the sweet spot. As neither electric nor magnetic fields couple to first order to J, the |Si ↔ |T0 i
transition becomes comparable to an atomic clock-transition[24].
This is desirable for applications in quantum information processing, thus we will refer to these two states as the qubit states.
The second-order sensitivity of J against field noise is determined
by it’s curvature, which, at the sweet spot, is given by
∂2J
Jmin
2|t|2
=
≈
2 − 4J
2 .
2
∂∆U 2
3Jmin
V2e
min − 2t + V2e

(2.5)

1

The energy of the (1,1) configuration has been set to zero and differences
between the on-site Coulomb energies between the two dots were absorbed into
∆U .
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The first derivative of J with respect to VG can be interpreted as
a permanent dipole that is associated with the pseudo-spin qubit.
The second-order dependence implies that this dipole can be controlled by VG , up to a magnitude given by the QD layer separation2 .
Such an externally tunable dipole is particularly interesting in the
context of hybrid systems involving QDMs, as it enables tunable
interactions.

2.3

State diagram and optical selection rules of
QDMs in the (1,1) regime

The optical selection rules of single QDs can be readily extended to
QDMs. The orbital part of the dipole coupling operator requires
that coupling is only possible between states differing by exactly
one electron-hole pair in the same QD with anti-parallel spin. However, tunneling mixes the number states as described in the previous section, such that the resulting oscillator strength of a given
transitions depends on wave function overlap of matching number
states. For a QDM charged with two electrons, there are six spin
states, of which in the vicinity of the sweet spot, the two singlets
with both electrons predominantly in the same dot are high up in
energy due to the on-site Coulomb interaction. In this configuration, the hole levels are far from resonance, such that their mixing
due to coherent tunneling can be neglected. Therefore, optical
transitions can be categorised into red/top QD and blue/bottom
QD transitions, based on the location of the hole. The splitting of
the hole states is considerably larger than the splittings of the electronic levels, such that the location of the hole can be identified
already from the transition energy. However, tunneling between
the dots will reduce the lifetime of the hole state in the blue QD,
which is why the red transitions are usually brighter. The work
described in this thesis was based almost exclusively on transitions
in the red QD.
2
However, the optical coupling starts to decrease rapidly at about half that
value.
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Figure 2.5: Optical selection rules of QDMs in (1,1) regime, in an applied magnetic field along the growth axis (Faraday geometry). Only the direct excitons with
the hole in the top dot are shown. Blue arrows in the state labels represent a
spin in the bottom dot. Red arrows represent a spin in the top QD. Single arrows
represent electrons, double arrows represent heavy holes. Transitions drawn in full
red (blue) lines are σ − (σ + ) polarised. Dotted transitions represent forbidden transitions that become weakly allowed due to hh-lh mixing. J denotes the exchange
splitting. Et (Eb ) denotes the electronic Zeeman energy in the top (bottom) QD.
Eh denotes the hole Zeeman energy in the top dot. For each polarisation, there
are two transitions originating from the triplets that are approximately resonant, up
to diﬀerences in the electronic g-factor between the QDs. Due to strongly varying
hole g-factors[48, 49] between samples and even between QDs in the same sample,
|R++ i could be higher or lower in energy than |R−− i.

After the optical creation of an electron-hole pair, there are four
possible spin configurations for the three electrons in the four available states, times two possible hole spin configurations. From the
resulting eight exciton spin configurations, there are four with two
electrons predominantly in the red QD, and four with two electrons
predominantly in the blue QD. The latter ones therefore involve
the creation of an electron in a different QD than the hole, and are
therefore called indirect excitons. Their oscillator strength is weak
due to the small wave-function overlap. Their energy is higher than
their direct counterparts, due to the weaker Coulomb attraction
with the hole. In our experiments, only the direct exciton states
are of relevance. The optical selection rules between the four (1,1)
17
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ground states and the four direct excitons with the hole in the red
QD, for an external magnetic field applied parallel to the growth
direction (Faraday geometry), are highlighted in figure 2.5.
Notably, the selection rules sustain two Λ-system (|Si−|R+ i−|T0 i
and |Si − |R− i − |T0 i), allowing fast spin-manipulation of the qubit
states |Si and |T0 i. For single spins in QDs, a Λ-system is available if the QD is subjected to a magnetic field perpendicular to
the growth direction (Voigt geometry). This highlights one of the
qualities of the S–T0 qubit. Clock-like protection from both electric and magnetic field coupling is good for the coherence, but also
inhibits control using first-order interactions. However, in the optical domain, two-photon stimulated Raman processes are possible,
enabling manipulation despite the protection.
Furthermore, the spin-polarised states |T+ i and |T− i are part of
optically decoupled two-level schemes. Driving these transitions
will cycle the state along the transition, thus termed (re-)cycling
transitions. For single spins, cycling transitions are only available
in Faraday geometry. Such transitions allow for efficient optical
spin measurement, we describe a corresponding protocol in chapter 4.

2.4

Spectroscopy on quantum dot molecules

A number of spectroscopic techniques are available for characterisation and interaction with QDMs. Photoluminescence (PL), a nonresonant technique, stands out for it’s relative simplicity. By probing many states simultaneously, it allows to identify many properties of QDs and QDMs quickly. However, many effects can only be
observed via resonant methods. Particularly, controlling the QD
state by optical means requires resonant or nearly resonant driving
of optical transitions. Among them, resonant differential reflection
(dR) and transmission (dT), essentially homodyne methods, rely
on interference between excitation and resonantly scattered light.
Resonance fluorescence (RF) on the other hand is sensitive to both
coherently and incoherently scattered photons, and enables access
to photon statistics. It relies on the cross-polarisation technique to
18
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suppress the excitation light[50].

2.4.1

Confocal microscope

A confocal microscope is used to enable single-emitter spectroscopy. Figure 2.6 shows a schematic diagram of our microscope.
An aspheric lens with a NA of 0.68 creates a diffraction limited
focus spot of the order of 1 µm diameter. At the typical QD
densities of our samples, that corresponds to less than one QD
simultaneously in the focus on average. The sample is held at 4.2 K
in a liquid He bath cryostat, in a vacuum tube filled with 25 mbar
of gaseous He to enable heat transfer. The sample is mounted
on nano-positioners, allowing to bring a QD of choice into the
centre of the spot in situ. A photo-diode is installed below the
sample to allow transmission experiments, but in the experiments
described in this thesis, it is only used to calibrate the excitation
laser power. A superconducting solenoid allows to apply magnetic
fields of up to 7 T parallel to the optical axis. Optical access to the
sample is provided by a wedged window at the top, above which
multiple optical-fibre coupled excitation arms and detection arms
are combined using free-space beam splitters. Polarisers and wave
plates in each arm allow to compensate for polarisation changes
in the beam splitters, the window and the lens in order to get a
well defined linear polarisation. A λ/4 wave-plate can be inserted
directly above the window to enable measurements in circular or
elliptic polarisations.

2.4.2

Photoluminescence

A non-resonant laser with a photon energy above the band-gap of
GaAs or the wetting layer generates free carriers. On a ps timescale, these carriers diffuse and relax into low-lying confined states
of the QDs, much faster than the inter-band relaxation time. Due
to the abundance of carriers in the vicinity, the exact charge configuration that is populated is subject to some randomness. Eventually, the energy is released into optical photons by recombination, the photoluminescence (PL). The emitted light is collected
and analysed using a grating spectrometer and measured using a
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Figure 2.6: Schematic diagram of the confocal microscope. The sample is held
in a liquid He bath cryostat. It is mounted on a stack of nano positioners, allowing
movement in all three dimensions. A superconducting solenoid (not shown) allows
to apply magnetic fields of up to 7 T parallel to the optical axis. An aspheric
lens with an NA of 0.68 creates a diﬀraction limited focus, allowing to perform
spectroscopy on a single QDM.

liquid-N2 cooled CCD camera, allowing to cover a broad spectral
range. This makes PL the tool of choice for initial characterisation
of unknown QDs. PL spectra obtained in combination with electric field control or the application of external magnetic fields allow
to identify the charge state of individual QDs[44] and QDMs[46].
This makes PL an invaluable method particularly in the growth
process of QDM samples, where parameters need to be optimised,
and a quick turnaround is essential for the production of a sample
according to the needs of the experiment.
Figure 2.7 shows the PL spectra of both QDs of a QDM vs. gate
voltage. Due to the thick tunneling barrier between the QD layers
and the back contact, the charge regimes are not very well defined
and the lines corresponding to different charge states overlap significantly. The alignment in gate voltage of the anti-crossings between
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Figure 2.7: PL intensity map of QDM 1 from sample D130523A, in a magnetic
field of 1 T. (a)/(b) shows the optical transitions in the blue/red QD. Transitions
are labelled with the charge configuration in the ground state (lower row) as well
as the optically excited state (upper row). In each row, the left(right) number
corresponds to the number of electrons in the blue(red) QD. while the upper row
corresponds to the excited state. The hole occupation is not indicated; in the
ground state, the it is zero, in the excited state there is always one hole either
in the blue (panel (a)) or the red (panel (b)) QD. For the (1,1) states, a S(T)
suffix denotes the singlet(triplet) spin configuration, indicated on states where
there is significant exchange splitting. Labels in green, black and red correspond to
transitions where the ground state contains zero, one or two electrons respectively.
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the two dots is strong evidence that the two QDs indeed are partners in the same QDM. The characteristic red-shift by 6 meV or
4 nm is typical for the Coulomb energy difference between the X0
and the X− (one additional electron in the same dot). Starting
from these indicators and by comparison with theoretical patterns
from the model described previously, on can identify many of the
optical transitions, particularly those involving the (1,1) states[46].
However, one cannot determine the precise location of the sweet
spot with respect to the edges of the charge stability plateaus, as in
PL, the edges are actually determined by the lowest lying exciton
state, not the lowest lying ground state.

2.4.3

Differential resonant spectroscopy

In differential reflection (dR) and transmission (dT)[51], a narrowband laser is tuned across the optical transition. The scattered
light is collected together with the transmitted or reflected laser
light. The collected light intensity is typically dominated by the
laser light. The next weaker term is the interference between the
laser light and the Raman-scattered photons. That latter term can
be separated from the former by Stark-shift modulating the QD
in and out of resonance, and determining the modulation of the
collected light intensity using a lock-in amplifier[52]. Differential
resonant spectroscopy is therefore a homodyne detection method.
For an ideal two-level emitter, the rate of coherently scattered photons is proportional to the polarisation of the emitter, given in
steady state by
∆ − iΓ
Ω 2
,
(2.6)
2∆ + 2Γ2 + Ω2
where Γ is the spontaneous emission rate, ∆ is the laser detuning
from the transition, and Ω is the Rabi-frequency of the laser drive.
This function describes both an absorptive response given by the
imaginary part, as well as a dispersive response given by the real
part. Depending on the phase difference between the excitation
light and the scattered light at the detector, a mixture of the two
is observed. This phase depends quite sensitively on the placement
of the QD in the focus of the excitation laser, complicating analysis
to some degree.
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We used this technique for the coherent population trapping experiment (see section 3.2.1). Time-resolved measurements however
are excluded by this method: Single-photon detectors with the required timing resolution are flooded by the laser background.

2.4.4

Resonance ﬂuorescence

When a two-level atom is driven on resonance, it’s optical response
encompasses also spontaneous emission, in addition to coherent
photon scattering. The entirety of all scattered photons is called
resonance fluorescence (RF). It’s scattering rate is proportional to
the excited state population, given in steady state by
1
Ω2
.
2 2∆2 + 2Γ2 + Ω2

(2.7)

Using single-photon detectors such as silicon avalanchephotodiodes (APDs), one can not only measure the scattering
rate, but also access the photon statistics of the emitted light.
However, in a typical QD sample, the peak RF intensity is several
orders of magnitude weaker than the drive power. Without careful
treatment, this fluorescence will be swamped by residual laser light
entering the detector. Techniques that carefully avoid detecting
excitation light are sometimes called dark-field spectroscopy. For
some systems, particularly experiments on trapped atoms and
ions, this can be achieved by choosing the excitation direction perpendicular to the detection direction[53, 54]. A related technique
for self-assembled quantum dots works by coupling the excitation
light into a guided mode of the sample[55], and detecting out of
plane. The roles can also be reversed[56], with the additional
possibility to include a superconducting single-photon detector
on-chip[57]. The method that we use is based on polarisation[50]:
Excitation and detection are exactly orthogonally polarised, such
that less than 10−6 of the excitation light reaches the detector.
One has to ensure that the optical transitions couple to both the
excitation and the detection polarisation, implying that optimising
for collection efficiency necessarily has to involve a sacrifice in
excitation efficiency.
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Figure 2.8: RF spectroscopy on the red QD of QDM 1 from sample D130523A.
(a) RF intensity vs. wavelength and gate voltage of the X0 at zero field. (b)
RF intensity vs. wavelength and gate voltage in the (1,1) regime, at 1 T. (c)
On-resonance RF intensity of the transitions involving singlet and triplet ground
states, over the (1,1) plateau.

Figure 2.8 displays RF spectra obtained in linear polarisation on
the red QD of QDM 1 versus gate voltage. Panel (a) shows the
vicinity of the neutral exciton at zero magnetic field. It shows two
parallel lines, shifting linearly with gate voltage due to the DCStark effect. The two lines arise from a zero-field spin splitting
of the X0 due to anisotropic electron-hole exchange. It imposes
linear polarisation onto the transitions, with the axes defined by
the asymmetry of the dot potential. The difference in brightness
arises from a better polarisation overlap of the detection path with
the upper line. Consequently, the lower line has proportionally
better overlap with the excitation path. Hence, at weak excitation
power, both lines should be equally bright. However, in this scan,
the drive power is close to or above saturation for both transitions,
such that the scattering rates of both lines are similar, and only
the overlap with the detection path is relevant.
In panel (b), the vicinity of the (1,1) regime was scanned, and the
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magnetic field was set to 1 T. RF is only visible at the edges of the
charge stability plateau. In the centre, whenever the drive is resonant with one of the optical transitions, the spin is pumped into
one of the undriven spin states within a few optical cycles, rendering the QDM dark. This provides a simple way to deterministically
inititialise the spin[58, 59]. On the other hand, this implies that
read-out of the state of a S–T0 qubit via detection of spin-selective
RF will be inefficient: Only the first few photons carry information,
after which the information contained in the spin state is erased.
At the edges of the charge plateau, the spin lifetime is reduced due
to co-tunneling with the back-contact. This renders spin pumping
ineffective and the RF signal is recovered. From the edges of the
triplet transitions, the linear DC-Stark shift can be determined.
The edges of the singlet however indicate a bending of the singlet
energy. From the slope, one can infer the location of the sweet spot
to be close to the centre of the (1,1) plateau.
The on-resonance RF intensity for the singlet and the triplet transitions at each gate voltage is shown in panel (c). All optically allowed transitions in the (1,1) regime are circularly polarised, such
that both polarisations couple equally well to the linear excitation and detection polarisations. At the edges of the plateau, the
triplet transitions are brighter than the singlet by roughly a factor
two, as always two triplet states are simultaneously resonant with
the laser drive. Finally, one can see that the triplet RF does not
quite vanish even in the centre of the (1,1) regime. This is due
to the recycling-transitions of the spin-polarised triplet states |T− i
and |T+ i. These states spin-pump typically roughly two orders of
magnitude slower than the other two states, such that much less
co-tunneling is required to recover the RF signal.

2.4.5

Collection eﬃciency

An important aspect for correlation measurements is the collection
efficiency, where the coincidence rate scales to the power of the
number of photons required in the coincidence. We can estimate
the collection efficiency of our optical setup from the maximum
RF rate. In sample D130523A with a SIL and the polarisation
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Figure 2.9: Time-resolved RF from the X0 after excitation by a strong ps laser
pulse. The data is excellently fit by a delta-pulse corresponding to residual laser
light and an exponential RF decay with a lifetime of τ = 450 ps, convolved by the
SSPD timing jitter of σ = 32 ps.

optimised for maximum collection, we were seeing up to 500 kHz
count rate. In sample D160229A without SIL, on QD transitions
that were close to the optimal wavelength of the micro cavity, we
could observe up to ∼5 MHz count rate. Far above saturation, the
steady-state population of the excited state of a two-level atom is
1/2, such that the emitted photon rate is given by Γ/2. Hence, the
collection efficiency can be obtained by dividing twice the asymptotic count rate by the spontaneous emission lifetime Γ. To measure the lifetime, one can use a mode-locked laser to prepare an
exciton within a very short time, and observe the fluorescence decay in time domain. For the typical lifetimes of a few hundred ps,
the timing jitter and the asymmetric delay due to the avalanche
dynamics in Si-APDs are a problem. Instead, we used a superconducting single-photon detector (SSPD), which has a jitter below
100 ps, and whose distribution is Gaussian.
Figure 2.9 shows the time-resolved RF from QDM 2. The model
prediction for the shape of the RF emission in time domain is a
convolution of a Gaussian with an exponential decay: the exponentially modified Gaussian distribution. It appears in many fields
of science, thus numerical methods to approximate it’s transcen26
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dental distribution function have been known for a long time[60].
From the fit, we can extract a lifetime of 450 ps. Thus, we obtain a
detection efficiency of about 5 × 10−4 for D130523A and 5 × 10−3
for D160229A. Taking into account the quantum efficiency of the
APDs in that wavelength range of 10 % to 15 %, losses in the beam
splitter and fibre-coupling of about 3 dB and another factor of two
depending on the polarisation, we arrive at collection efficiency at
the first lens for D130523A of the order of 1 % and for D160229A
in the range 10 % to 20 %. This is in rough agreement with estimations based on simulations for the extraction efficiency into
free-space due to the sample geometry.

2.5

Pulsed experiments

Many experiments involving quantum control consist of a measurement protocol that is divided into multiple phases, consisting
of sequences of laser pulses, each of which performing a particular
operation on the quantum state. Such pulses could be generated by
an inherently pulsed laser source, such as a mode-locked Ti:Saphire
laser, or they could be generated by amplitude-modulation of a
continuous wave (CW) laser source, such as a semiconductor-diode
laser.
From a CW source, pulses with a length of the order of µs can be
generated using acousto-optic modulators (AOMs). Shorter pulses
can be generated using electro-optic modulators (EOMs) based on
the Pockels effect. Particularly, fibre-based EOMs achieve very
high modulation bandwidths, due to their applications in telecommunication. These are based on a wave-guide in a LiNb3 crystal,
where electrodes parallel to the wave guide allow the application of
perpendicular electric fields, modulating the intrinsic birefringence
and thus an optical phase shift to propagating light with horizontal
polarisation. Amplitude modulation is achieved in a Mach-Zehnder
geometry, where the two arms are subject to a field of opposite direction, such that the relative phase shift is proportional to the
applied field, resulting in a sinusoidal dependence of the transmission on the applied voltage: T (V ) ∝ 1 + cos (πV /Vπ ) + . The best
devices have a bandwidth of up to 40 GHz, corresponding to rise
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times of the order of 10 ps. The Vπ of the best devices does not
exceed a few volts, which is still higher than what our pulse generator devices can produce. Their insertion loss of <3 dB is usually
tolerable. Finally, they can achieve a maximum on–off ratio of up
to 30 dB.
A good on–off ratio is dependent on precise alignment of the polarisation with the field, and on a precise adjustment of the applied
voltage to a transmission minimum. The former is typically ensured by the inclusion of a polariser into the wave guide. The latter however requires constant adjustment of the bias voltage. Both
temperature changes as well as photo-ionisation of defect centres
within the crystal lead to drifts in the bias voltage corresponding to the transmission minimum on a time scale of minutes. To
ensure a consistent suppression level, automatic feedback is typically employed. To that end, we connected an APD to the unused
port opposite to the collection arm of the microscope, recording
the instantaneous laser intensity after strong attenuation. A fieldprogrammable gate array (FPGA) from National Instruments was
programmed to histogram the photon counts synchronously with
the pulse sequence, allowing to directly measure the residual laser
intensity during dark periods of the pulse sequence. Whenever the
suppression ratio would fall below a certain threshold, the measurement was automatically interrupted, and the bias voltages of
all EOMs re-adjusted. Figure 2.10 shows an example of a time
trace of the residual laser intensity over the course of a long measurement, including the adjustments to the bias voltage that were
made. As can be seen from that plot, the drift rates vary strongly
among different EOMs.
The drive signals for the EOMs were generated by specialised devices, either a PicoSecond Pulse Labs 12020 pulse pattern generator
(PPG), or a Tektronix AWG70000 arbitrary waveform generator
(AWG), which happens to provide six freely programmable channels; two analogue and four digital.
If ultrafast laser pulses from a mode-locked laser are to be integrated into the pulse sequence, the pulse pattern and the laser
have to be synchronised. Mode-locked lasers dictate a particular
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Figure 2.10: (a) Total residual laser intensity during the dark phases of the
pulse sequence, measured as a count rate on an APD. The experiment involved
four lasers, the graph shows the total intensity from all four lasers. (b) EOM bias
voltage determined by minimising residual laser intensity. One of the four EOMs
shows a much stronger bias drift than the other three.

repetition rate, which can possibly be subdivided by pulse picking
every n’th pulse.3 Our Spectra-Physics Tsunami Ti:Saphire laser
has a natural repetition rate of 76.5 MHz, or a period of 13.1 ns.
While it can be synchronised to an external reference at that frequency, the generation of the reference by the pattern generator
consumes one of it’s outputs, which often are one of the most limited resources. Most PPGs can instead be triggered to an external
source, but this usually results in a random trigger delay due to
a freely running internal clock, in the case of the PSPL amounting to a random delay in the range 0 ns to 5 ns. The AWG70000
is notable for it’s ability to instead lock it’s internal clock to an
arbitrary external reference, such as the Ti:Saphire laser, leading
to a synchronisation jitter of just a few tens of ps.
By connecting the APDs with a time–digital converter (TDC) that
3

This is again done using an EOM, but in a free-space setup, where it is
used as a switchable waveplate between crossed polarisers, instead of a MachZehnder geometry.
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is synchronised with the pulse pattern source, one can identify the
pulse during which an RF photon was scattered in post-processing.
This time-windowing greatly helps to reduce background counts
from residual laser light or RF scattering during axillary pulses.
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Chapter 3

S–T0 coherence

One distinguishes the spin lifetime T1 , corresponding to energynon-conserving transitions between spin eigenstates from the decoherence, dephasing or decorrelation time T2 , corresponding to
energy-conserving loss of phase information. Furthermore, in ensembles of spins, a distinction is made between the decoherence
time of an individual spin (still named T2 ), and the loss of ensembleaveraged coherence within the time typically denoted by T2∗ . Alternatively, the same nomenclature is applied when a single spin is
repeatedly measured under noisy experimental conditions, essentially sampling an ensemble of configurations of the environment.
Techniques that actively decouple some of the environment from
the spin(s) lead to intermediate coherence times. These coherence
times obey the relation
T2∗ ≤ T2actively-decoupled ≤ T2 ≤ 2 T1 .

In self-assembled QDs the T1 times of electrons are of the order of
ms[61, 62], and are due to interaction with phonons[63]. However,
in this system, all observed T2 times are orders of magnitude below
this ultimate limit.
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3.1
3.1.1

Theoretical estimations
Hyperfine interaction for single electrons

In QDs, the electron coherence is typically limited due to hyperfine
interaction with the nuclear spins of the host matrix, whose main
contribution stems from Fermi contact hyperfine interaction [64,
65]:
#‰ X
#‰
Hhf ≈ S ·
Ak |Ψ ( #‰
r k )|2 I k ,
(3.1)
k

|

#‰
=: B Oh

{z

}

where #‰
r k is the location of the k’th nucleus, Ak is the hyperfine
interaction strength, and the collective effect of all nuclear spins
acts onto the electron as an effective magnetic field, the Overhauser
#‰
field B Oh . In InGaAs QDs, it typically has strength of the order
of 20 mT.
The randomness due to nuclear spin dynamics√leads to decoherence. In general, the fluctuations scale with 1/ N [66, 64], where
the mesoscopic nature of the nuclear spin-bath with N ∼ 105 , becomes a bit of a curse: Too few spins to average out well enough,
but too many to make use of them. The resulting T2∗ times are of
the order of ns [67, 68, 69].
In an applied external magnetic field, the difference in energy scales
for the nuclear Zeeman energy compared to the electron Zeeman
energy leads to very different precession frequencies. Therefore,
the contribution perpendicular to the magnetic field averages out.
To first order, only the parallel component contributes[66], and the
effective Hamiltonian becomes Ising-like:
X
Hhf ≈
Ak |Ψ ( #‰
r k )|2 Ŝz · Iˆz .
(3.2)
k

The nuclear spins interact with each other via dipole-dipole interaction, leading to a correlation time of the order of µs. Under these
conditions, the electron is precessing in a random but essentially
frozen Overhauser field. This can be exploited using decoupling
schemes, bringing the coherence closer to the T2 times, which are
of the order of µs[67, 69].
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3.1.2

Hyperfine interaction for S–T0 qubits

The QDM states |Si and |T0 i however are protected to first order
from hyperfine interaction in the form given in equation (3.2), as
their projection of the electronic spin operator onto the field axis is
zero. To
we define a generalised nuclear spin operator
P be specific,
#‰
α
I =
k αk I k , which consists of a weighted average over spin
operators of individual spins. The hyperfine Hamiltonian (3.1)
projected onto the (1,1) subspace is given by

Hhf

hT |
√ +s
|T+ i
2Iz

= |T− i  0s
|T0 i  I+
a
|Si
I+

hT− |
√0 s
− 2Iz
s
I−
a
I−

hT0 |
s
I−
s
I+
√0 a
2Iz

hS|
a 
I−
a 
√I+ a .
2Iz 
0

(3.3)

Here, s and a are weighting functions given by the symmetric and
anti-symmetric combination respectively of the electronic states of
each individual QD. The effect of that Hamiltonian are illustrated
in figure 3.1. While indeed the nuclear spins do not couple to the
energy of |Si and |T0 i, they do induce mixing between the two
states depending on the difference in Overhauser field as represented by the generalised spin operator Iza (experimentally seen in
gate defined QDMs at low fields[70]). These will contribute to second order, suppressed by J. Similarly, the flip-flop terms couple
the qubit states to the spin-polarised states via exchange of angular
momentum with the nuclear spins.
In order to estimate the effect of the nuclear spins on the coherence between |Si and |T0 i, we calculate an effective Hamiltonian
to second order in Hhf using a Schrieffer-Wolff transformation[71].
We assume a frozen nuclear spin ensemble at infinite temperature
(i.e. static during T2∗ , but completely randomised). We can now
calculate the nuclear-spin induced variance of J by calculating the
variance of the second order approximation of the hyperfine Hamiltonian. We arrive at


q
2Ahf 2 gN q 2
2
2
hJ i − hJi =
2hIx + Iy2 i + 8hIz2 i,
(3.4)
N
J
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Figure 3.1: Interactions between QDM states mediated via Fermi contact hyperfine interaction with the nuclear spins. Σhµ (∆hµ ) refers to the sum (diﬀerence) of
the Overhauser fields in each dot. µ = z is the component of the Overhauser field
parallel to the external field, while µ = ± are flip-flop terms exchanging angular
momentum between the electronic and the nuclear spins.

where the expectation values of the nuclear spin operators represent individual nuclear spins. The dependence on the in-plane
fluctuations of the nuclear spins (the first term under the square
root) is the result of double flip-flop processes between |Si and
a terms. The dependence on
the spin polarised states via the I±
the parallel fluctuations (the second term under the square root)
is the result of second order mixing between |Si and |T0 i via the
Iza term. Interestingly, double flip-flops involving |T0 i do not contribute at all to second order, as the probability amplitudes for
the processes via |T+ i interfere destructively with those via |T− i.
From Ahf ≈ 135 µeV[72] we finally estimate an order of magnitude
of ∆J ≈ 5 neV, corresponding to a coherence time of the order
of 150 ns. Using nuclear spin bath narrowing techniques[72] based
e.g. on dynamic nuclear spin polarisation[73], it should be possible to enhance this coherence further, which has been shown in
gate-defined QDMs[67, 74, 75].
Detailed calculations of coherence functions dominated by hyperfine interaction, mainly targeting gate-defined quantum dots, have
been performed in a similar semi-classical framework[76]. For parameters comparable to our QDMs, a decay time of the order of
1 µs were obtained, concluding that mainly double flip-flops from
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|Si are contributing.

3.1.3

Electric noise in coupled quantum dots

The protection from magnetic noise gained by the use of antiparallel electron spins in S–T0 qubits is traded for an increase in
sensitivity to electric noise via the dependence of J on the electric
field. As described in chapter 2, by careful design of the sample
structure, this dependence becomes second order at the sweet spot.
Nonetheless, for large enough field fluctuations, it will become the
limiting mechanism for decoherence.
In order to compare electric noise to magnetic noise, we assume a
random electric field parallel to the growth direction that is static
on the time scales of T2∗ . We further approximate the exchange
splitting to be parabolic in the field strength. Given a Gaussian
distribution of field strengths with variance σF2 and centre offset
from the sweet spot by µF , the shape of the resulting distribution
of J depends on the ratio |µF |/σF , and is highly non-Gaussian for
small µF . The resulting variance of J is given by
2

2

hJ i − hJi = 2



∂2J
∂F 2

2


σF2 2µ2F + σF2 .

(3.5)

As exciton energies depend via DC-Stark-shift on the electric field
as well, we can get an upper bound to the noise magnitude from the
optical line width. From linewidths of the order of 5 µeV FWHM
and an estimate of the exciton dipole of 0.3 nm, the field noise does
not exceed 7 kV m−1 RMS.
We can estimate the curvature from the lever-arm model using
equation 2.5. With an estimated on-site Coulomb energy of
20 meV, J = 300 µeV and a QD separation of 15 nm, we get a
curvature of 0.2 neV/(kV/m)2 . From this, we extract an upper
limit to the charge noise induced uncertainty of J of the order
of 10 neV, corresponding to a lower limit of the coherence time
of 50 ns.
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3.2

Measurement of S–T0 coherence in
frequency domain

This section is based on the publication K. M. Weiss, J. M. Elzerman, Y. L. Delley, J. Miguel-Sanchez, and A. İmamoğlu. “Coherent Two-Electron Spin Qubits in an Optically Active Pair of Coupled InGaAs Quantum Dots”. In: Phys. Rev. Lett. 109.10 (Sept.
2012), p. 107401. doi: 10.1103/PhysRevLett.109.107401. The
measurements were performed on sample ES1773.

3.2.1

Coherent population trapping

One method to characterise the coherence between two ground
states that are part of a Λ-system is to measure the efficiency of coherent population trapping (CPT)[77, 78]. When both transitions
are driven by a coherent laser field, new eigenstates are formed,
which, when the two-photon detuning is zero, include a state with
no admixture of the excited state, a dark state. For that dark state,
the probability amplitudes for optical excitation through either of
the two drive fields interfere destructively. Moreover, spontaneous
emission will pump the system quickly into that dark state. Since
the dark state is a coherent superposition of the two ground states,
if the system starts “forget” the phase relation of it’s state due
to decoherence, it will become bright again. Thus, intuitively, the
scattering rate at zero two-photon detuning is a measure of the
coherence between the two states. CPT has been used previously
to measure the T2∗ time in a single QD in Voigt geometry for both
an electron spin[68] as well as a hole spin[79].
Figure 3.2 shows the coherent scattering amplitude obtained when
scanning two lasers in the vicinity of |Si ↔ |R+ i and |T0 i ↔ |R+ i.
If either of the lasers is too far from resonance, the signal is lost due
to spin-pumping. However, there is also a diagonal cut through the
resonance, corresponding to zero two-photon detuning: The CPT
dip.
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Figure 3.2: Diﬀerential reflection on a QDM from sample ES1773 when probing
|Si ↔ |R+ i while the pump laser drives |T0 i ↔ |R+ i. This figure appeared as figure 2(a)
in reference [24]. Reprinted with permission from the American Physical Society.

3.2.2

Fitting of optical Bloch equations to the CPT data

In order to extract an estimate of the S–T0 coherence, the system is modelled using the optical Bloch equations. The model
is then numerically fitted to the scattering intensity for various
two-photon detunings. It encompasses all eight levels shown in figure 2.5, includes laser-drive, spontaneous emission and Markovian
dephasing between the S and T0 states as well as Markovian dephasing among the exciton states. Results from fitting the model to
a high-resolution scan with low coupling-laser power is highlighted
in figure 3.3.
In the data presented, the measurement uncertainty makes it impossible to determine an upper limit to the coherence time. Instead, we only estimate a lower bound to the coherence, amounting
to 200 ns.

3.2.3

Extension of the model to quasi-static noise

The model described above is based on Markovian dephasing between the ground states. For classical noise, this would correspond
to the fast limit, with correlation times much shorter than the coherence time. However, slow field noise couples to second order
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Figure 3.3: (a) CPT dip for resonant coupling laser at 0.46 µeV Rabi coupling.
(b) Zoom-in into dip. Full lines are results from simulation of the optical Bloch
equation of the full 8-level model, for various T2∗ dephasing times. This figure appeared
as part of figure 4 in reference [24]. Reprinted with permission from the American Physical Society.

even at the sweet spot. In the limit of quasi-static noise where all
dynamics of the system are faster than changes in the instantaneous
field, this simply corresponds to uncertainty in the two-photon detuning. This can be incorporated into the model by averaging over
the two-photon distribution expected from the field noise. This
leads to a convolution of the CPT shape along the two-photon detuning, which reduces the depth of the dip, in a similar way to
Markovian dephasing. In principle, the exact shape of the CPT
dip is different for slow Gaussian noise and for fast Markovian dephasing[80]. In practice however, the requirements on the SNR
make it difficult to gather enough data to allow a clear distinction
between these two models.

3.2.4

Discussion

The main difficulty in using CPT to infer coherence times lies in
the fact that the scattering rate at the dip is inversely proportional
to the coherence time. Therefore, long integration times are needed
to achieve the required signal to noise ratio. Dispersive line-shapes
complicate the analysis further. Furthermore, if the environment
is influenced by the drive lasers such as through dynamic nuclear
spin polarisation, it becomes practically impossible to model the
system well enough in order to recover the experimental line shape.
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3.3

Noise spectroscopy on the X0

In section 3.1.3, we used the optical line-width to get an upper
bound on the magnitude of the field noise in our structure. One can
go one step further and analyse the noise statistics of the scattered
light to infer statistics of the field noise [81, 82, 83]. We apply the
method outlined by Kuhlmann et al. [82] onto our QDM system,
in order to allow us to estimate the influence of field-noise on the
decoherence of S–T0 qubits.
To that end, we recorded RF time-traces sampling at 100 kHz over
several minutes. The driving laser frequency is held constant at
a given detuning of the order of the line width from the observed
centre of the optical transition. The RF count-rate depends on
the detuning of the laser to the instantaneous optical transition
frequency via the absorption line shape described in equation (2.7).
The transition on the other hand depends linearly on the electric
field via the DC Stark effect, such that field fluctuations manifest
themselves as fluctuations of the RF intensity.
In order to separate the shot noise from the fluctuations that we are
actually interested in, we model the data as uncorrelated photons,
whose rate is governed by an unknown fluctuating count rate r(t),
which will depend on the detuning between the laser and the optical
transition. Then, the number of photons that are collected in a
given time-window of length ∆t will follow a Poisson distribution:

Z
C(t, t + ∆t) ∼ P

t+∆t

0

r(t ) dt

0


.

t

We convert that into a measured count rate q(t) = C(t, t+∆t)/∆t.
Define (t) = q(t) − r(t), which, in the limit of small ∆t, is a
random variable with zero mean and variance r(t). Furthermore,
it is independent from r(t0 ) and (t0 ) for |t − t0 | ≥ ∆t. Rewriting
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q(t) = r(t) + (t), we find
Sq (ω) = h|r̂(ω) + ˆ(ω)|2 i
= h|r̂(ω)|2 i + h|ˆ
(ω)|2 i
= Sr (ω) + Sshot .
| {z }
=hri

Particularly, the shot-noise Sshot stays additive white noise, allowing one to recover Sr from Sq . However, when Sq is estimated from
measured time traces taken during a total measurement
p time Ttot ,
the shot-noise leads to a measurement uncertainty of Ttot r/∆t2 ,
also independent of the frequency. Sr on the other hand decays
with increasing frequency, such that subtracting r from Sq will
quickly disappear into the noise floor.
The noise floor due to shot noise can be strongly reduced under the
assumption that Sr is smooth on a logarithmic scale. Then, one
can average over frequency bins proportional in width to the centre
frequency ω. Consequently, the detection floor for the power spectral density decreases with 1/f , greatly extending the frequency
range over which Sr can be measured.
Figure 3.4(a) shows the results of a measurement of the noise spectrum of the RF on the neutral exciton for two different detunings.
During the data-processing, great care has been taken to avoid windowing effects or sampling artefacts, without altering the spectral
power scale.
For intermediate frequencies, the noise appears to be almost constant, up to the kHz range, where it slowly rolls off towards an
asymptotic decay following f −2 . At very low frequencies, we observe 1/f -like noise, typical of electronic systems. It’s contribution
to the total noise however is small, as it is limited to very low
frequencies. Most importantly, the majority of the noise power is
concentrated in the kHz range, which in principle is low enough to
enable real-time measurements of the fluctuating field, thus allowing active feedback stabilisation. Our attempts to do so are described in appendix A. While we were able to measure a reduction
of the line-width of the neutral exciton transition, significant noise
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Figure 3.4: (a) Power spectral density of the intrinsic count rate relative to the
average count rate Sr /hri2 , obtained by subtracting shot-noise from the measured
noise spectrum. Two diﬀerent detunings are plotted, as indicated in the other two
panels. (b) Average count rate hri depending on the laser detuning. (c) RMS
fluctuations of intrinsic count-rate, after subtraction of the shot-noise. Green line
in both panels: Simultaneous fit of RF intensity and RMS noise, based on a model
of a Lorentzian profile whose centre frequency is random and follows a Gaussian
distribution.

remains even after feedback. A main limit was given by the measurement bandwidth not being significantly larger than the noise.
Figure 3.4 (b) shows the average count rate and (c) the total rate
fluctuations, depending on the laser detuning to the optical transition, achieved here via Stark-shift tuning. The data is consistent with a simple model, consisting of a Lorentzian profile whose
centre position is subject to Gaussian noise. The corresponding
convolution profile used in the fit is the Voigt profile[84], while the
RMS fluctuations predicted by this model were calculated numerically. The extracted fit parameters predict a line width (HWHM)
of Γ = 1.7 mV and field fluctuations with a standard deviation of
σ = 1.8 mV. The data shown was recorded at a drive-power close
to saturation, where power-broadening is non-negligible. Further
data taken at lower powers consistently shows a smaller line width,
but the same value for the field fluctuations. The good agreement
of the model suggests that indeed slow Gaussian spectral wandering is responsible for the observed line broadening. However, while
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the spectral distribution of the noise matches our expectation for
field fluctuations, this measurement does not a-priori distinguish
between different mechanism inducing spectral wandering[82], although extensions are possible that allow for some distinction[83].

3.4

Coherent spin rotations

Coherent spin control is one of the DiVincenzo criteria for quantum
computation[85]. One method for QDs relies on short laser pulses
from a mode-locked laser, and hence is sometimes termed ultrafast
all-optical control. It has previously been demonstrated for single
electron spins[69], single hole spins[86] and S–T0 qubits of pairs of
holes[87] (though far from sweet spot).

3.4.1

AC-Stark shift

Ultrafast spin-rotation makes use of the AC-Stark effect[88, 53]. It
describes an effective energy shift a quantum state acquires, when
a coherent field far detuned from resonance couples it to an excited
state. The effective shift can be obtained by adiabatic elimination
of the excited state, which, is given by ~|Ω|2 /∆ to second order in
the Rabi coupling Ω. Comparing with the
 steady-state population
of the excited state Ω2 / 4∆2 + 4Γ2 + Ω2 , it is clear that a sizeable
shift can be achieved without causing much population transfer, as
long as ∆  Ω, Γ.
When the Λ-system of a QDM in the (1,1) regime is driven, the
Hamiltonian in the rotating frame of the two laser drives is given
by
hR− | hT0 |
hS|
|R− i
∆
ΩT
ΩS !
1
H = |T0 i
(3.6)
Ω∗T
+δ/2
0 ,
~
|Si
Ω∗S
0
−δ/2
where δ represents the two-photon detuning. This is the same
Hamiltonian as relevant for CPT, however, now applied in the
regime of large ∆.
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Figure 3.5: Illustration of coherent rotation of the qubit status via the |R+ i
Λ-system. (a) The system written in the eigenbasis of the bare Hamiltonian. Two
lasers with Rabi-frequency ΩS and ΩT drive the Λ-system red detuned by ∆, with
a two-photon detuning of δ. (b) The system rewritten in the basis dictated by the
lasers. In this basis, the lasers only couple to |+i, while any non-zero two-photon
detuning mixes these states. (c) Adiabatic elimination of |R+ i introduces an energy
shift to |+i. (d) In the natural basis, the energy shift corresponds to a rotation,
where the rotation axis is determined by the ratio of the two Rabi frequencies as
well as the two-photon detuning.

Let us define an effective Rabi frequency Ω2eff = |ΩT |2 + |ΩS |2 . We
rewrite the system Hamiltonian in the orthonormal basis given by
∗
∗
|+i = Ω−1
eff (ΩT |T0 i + ΩS |Si)

|−i = Ω−1
eff (ΩS |T0 i − ΩT |Si) .
In this basis, |+i is coupled by Ωeff to the excited state, while |−i
does not couple to the lasers. Note that |−i is the CPT dark-state,
it is however only an eigenstate of the system when the Raman twophoton resonance condition (δ = 0) is fulfilled. If the detuning ∆
is large, the only effect of the laser drive will be the AC-Stark shift,
over time inducing a phase between the states in the transformed
basis. This is illustrated in figure 3.5.
After performing adiabatic elimination of |R+ i, the resulting reduced Hamiltonian in the subspace of |Si and |T0 i can be expressed
as
#‰
P #‰
Hred = δσ̂z + · σ̂ ,
(3.7)
∆
where σx,y,z are the Pauli-operators acting on the qubit sub-space,
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Figure 3.6: (a) Representation of the S–T0 qubit state as a pseudo spin, described
by a vector on the surface of the Bloch sphere. The Bloch vector precesses quickly
in the pseudo magnetic-field due to the exchange splitting J around the z-axis.
(b) Alternatively, we work in a rotating frame (~ = 1), where the qubit state stays
fixed, but a time reference needs to be given to completely specify the qubit state.

#‰
and P is an effective laser-power vector given by:
Px = ΩS Ω∗T + Ω∗S ΩT
Py = iΩS Ω∗T − iΩ∗S ΩT
Pz = |ΩS |2 − |ΩT |2 .
#‰
Note that kP k = Ω2eff . In this form, the second order action of the
two detuned laser fields manifestly induces a spin rotation around
an axis defined by the two lasers. In the following, we will often
specify the qubit state in terms of a pseudo-spin Bloch vector, as
illustrated in figure 3.6.

3.4.2

Ultrafast all-optical control

Standard ultrafast all-optical control uses a single laser to supply
both laser fields ΩS and ΩT driving the Λ-system. This immediately implies that δ = J. To beat the spin precession, we therefore
require a strong laser pulse, fulfilling |Ω|2 /|∆|  J, such that a significant rotation can achieved before the spin precession becomes
significant. Consequently, the pulses also have to be shorter than
the precession time, such as those from a mode-locked laser.
This requires an even larger detuning |∆|  |Ω|, in order to prevent significant excited-state population, despite power broaden44
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ing. Specifically, to achieve a π-rotation with fidelity 1 − , we
2
need to simultaneously fulfil 2 |∆| ≥ | Ω∆ | ≥ J. Replacing the
inequalities with equalities, we find |∆| = −2 J and consequently
|Ω|2 = −3 J 2 .
We note that with the implied |∆| > J, the driving of the other
Λ-system involving |R+ i needs to be considered. In this system, it
is |−i that is driven, and |+i stays dark. Therefore the AC-Stark
shifts induced by the two systems cancel mostly (up to the difference in ∆), if driven equally strong. Therefore, in order to be
effective, circular or elliptic polarisation has to be chosen, to favour
the transitions to |R− i.
A typical exchange splitting in our QDMs is of the order of J ≈
2π~ · 100 GHz ≈ 300Γ. Thus, for 90 % fidelity, we would require
|Ω|2 ≈ 108 Γ2 . With saturation powers of the order of 50 nW, this
requires a peak pulse power of 5 W. While the time-averaged power
at the 76.5 MHz repetition rate of our mode-locked Ti:Sa laser stays
moderate with an order of magnitude of 1 mW, these powers proved
to cause significant technical problems, which is discussed in the
following.
One issue is that fibres start to respond non-linearly to such pulses.
This includes white-light generation via self phase modulation and
fluorescence from defects. The effect can be observed by measuring
the spectra of pulses sent through a fibre at various power levels.
Figure 3.7 shows such a data set. These effects happen on the first
few cm of the fibre, after which spectral broadening and dispersion
have sufficiently prolonged the pulses, such that the peak intensity
drops below the threshold for significant non-linear effects.
To minimise these effects, we tried to reduce the laser power as
much as possible, implying a longer pulse length, without exceeding
a significant fraction of the precession time of ∼12 ps. To that end,
we controlled the pulse length via a 4f pulse shaping setup: The
ultrafast pulse is dispersed using a transmission grating, it’s spectral width limited using a adjustable slit aperture, and recombined
in a second transmission grating. In this way, we prolonged the
<200 fs pulses from our mode-locked lasers to about 2 ps. To guide
our choice of pulse shape, we simulated the optical Bloch equations
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Figure 3.7: The spectrum of the rotation pulse, generated by a mode-locked
Ti:Sa laser in fs mode, spectrally limited using razor blades in a 4f setup, after
transmission thought a single-mode fibre (Thorlabs 780HP). The dashed lines indicate the expected power density assuming no spectral broadening to occur. The
indicated power levels correspond to the time-averaged power inside the fibre at a
pulse repetition rate of 76.5 MHz, calibrated at low power. The spectral oscillations
on sub-nm scale are due to etaloning in the spectrometer.

for the eight relevant levels of our QDM system. We also considered softening the spectral selectivity of our pulse shaping system
by tilting the slit, in order to reduce ringing in time domain of
the pulse. However, the simulations suggested that sharp edges
are actually desirable.: To reduce the required power, the pulse
should be brought spectrally as close as possible to the transitions,
while minimising the overlap with the absorptive line shape of the
transition.
Using these optimisations, we were able to perform spin rotations
without requiring excessive laser power levels. We measure the spin
rotation via the amount of population transferred, when starting
from a spin initialised into an eigenstate. The pulse sequence is
shown in figure 3.8(a). Figure 3.8(b) displays the RF intensity
collected from the transition |Si ↔ |R+ i, which was driven between
individual rotation pulses. With the available power, up to 5π
rotation can be identified. The fidelity at 2π rotation is of the
order of 70 %. A sub-linear dependence of the rotation angle with
respect to pulse power is apparent. This is suspected to be due to
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Figure 3.8: Ultrafast spin rotation: (a) The pulse sequence consisted of alternating 5 ns initialisation/measurement pulses driving |T0 i ↔ |R− i, and fs rotation pulse, shaped to 5 nm spectral width, with it’s blue edge about 0.4 nm red of
|T0 i ↔ |R− i. The sequence was repeated at the full repetition rate of the Tsunami
of 76.5 MHz. (b) Average count-rate during the measurement pulse, versus rotation pulse power. (c) Gate voltage correction required to keep the measurement
pulse on resonance.

interaction with phonons in the excited state[89].
A further high-power pulses lies in the semiconductor environment
of the QDMs and is highlighted in figure 3.8(c). For the spin rotation shown (b), we had to adjust the applied gate voltage for
each rotation pulse power level in order to keep the fixed drive
laser resonant with |Si ↔ |R+ i. Far below even 1π rotation, the
resonance is shifted by much more than the line-width. We explain
this behaviour by a change of the internal electrostatic field, due to
ionisation of trapped charges by the strong pulse. It has been suggested that these charge traps exist mainly in the current blocking
layer with it’s increased content of Al[90].
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3.4.3

Two-laser quasi-resonant control

In order to overcome the problems caused by strong rotation pulses,
we switched to a quasi-resonant rotation scheme. The two laser
drives ΩS and ΩT in equation (3.6) are each supplied by individual
lasers. This way, we can choose a vanishing two-photon detuning
δ, allowing for much slower rotation, weaker laser pulses, but also
less detuning ∆. Under these conditions, the rotating frame of the
lasers is also the rotating frame of the spin, in which the AC-Stark
shift simply acts as an effective magnetic field along a direction that
can be chosen freely. Alternatively, one can analyse the process
in the lab frame, where the pseudo-spin is precessing quickly. The
superposition of the two lasers results in a beat note, that is exactly
synchronised with the spin precession, stroboscopically rotating the
spin a tiny bit each time it passes. Thus, the rotation direction
in the lab-frame is given by the phase of the beat-note, which is
determined by the relative phase of the two lasers.
Obviously, for this to work, the frequency of the beat note needs to
match the precession frequency well enough, with a precision given
by the inverse pulse duration. Furthermore, the system coherence
must be sustained during the pulse duration. The coherence of
a typical diode laser is of the order of 10 MHz. Therefore, for
rotation pulses shorter than 10 ns, the laser coherence should not
be a problem.
Figure 3.9 displays the transfer efficiency by quasi-resonant spin
rotation, depending on pulse power and pulse length, obtained for
a detuning of ∆ ≈ 10 GHz. The quality of the rotation pulse appears comparable to ultrafast spin rotation. However, this rotation
scheme requires much less laser power, therefore does not cause unwanted charge effects. Furthermore, it is easier to integrate into
more complex pulse sequences.

3.5

Measurement of S–T0 coherence in time
domain

The coherence function W (t) describes the phase coherence remaining on a qubit after an evolution for a time t[91]. It depends
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Figure 3.9: Quasi-resonant spin rotation: Amount of transferred population as
measured by RF count-rate from triplet state after initialisation into singlet state.
Each trace corresponds to a given laser power, for pulse durations in the range 0 ns
to 10 ns.

on the manipulation done to the qubit during that time. Importantly, the time t is pre-determined, thus it is allowed to optimise
the system for each given storage time.
A simple model of decoherence assumes only precession of the qubit
in an effective noise field along z, whose strength ω(t0 ) is random
and fluctuating over time t0 . Coherence is
time due to the
R tlost0 over
0
acquisition of an unknown phase φt = 0 dt ω(t ). Consequently,
the statistical properties of ω determine the coherence function
W (t). In the case of free precession and Gaussian noise with correlation times longer than t, W (t) turns out to be Gaussian, with a
coherence time determined only by the variance of ω. If ω changes
slowly, it is possible to undo some of the unknown precession by the
application of spin-flips during the evolution. The simplest example is the Hahn spin-echo[92]. More complicated pulse sequences
have been developed by the NMR community, allowing to optimally
suppress any influence of fluctuations in ω that are slower than the
maximal pulse rate. Detailed computation of the corresponding
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Figure 3.10: Illustration of the pulse sequence used to measure Ramsey fringes.
Spin initialisation and measurement is performed by the same pulse, by resonant
driving of the |T0 i ↔ |R+ i transition. The repetition period is set by pulse picking
every n-th pulse of a Ti:Sapphire laser. The pulse is split in two and each part is
delayed on a separate 8-pass delay stage, such that when τ− is made shorter, τ+
gets longer. This way, the total precession time t can be varied continuously over
a range of 16 ns.

coherence functions and their dependence on the noise correlation
time-scales are given by Cywiński, Lutchyn, Nave, and Das Sarma
[91]. In the limit of Markovian noise,the coherence function decays
exponentially, independent of the pulse sequence that is applied.

3.5.1

Ramsey fringe measurements on sample D130523A

Ramsey fringes are a manifestation of spin precession. The are
made visible by measuring the spin-population along a fixed inplane axis, and varying the time-delay t between initialisation and
measurement. Initialisation and measurement is typically done
using a π/2 rotation from and to eigenstates of the system. This
pulse sequence is illustrated in figure 3.10.
The π/2 rotations were realised using ultrafast rotation pulses as
described in section 3.4.2. The 4f shaped pulses of a mode-locked
Ti:Saphire laser were split into two copies, and time-delayed on a
delay-stage in a way that an increase in delay for one pulse corresponded to a decrease in delay for the other pulse. This allowed
us to continuously vary the time t between the pulses over a range
spanning 16 ns. One of the copies was further delayed in a optical fibre to arrive after the initialisation and measurement pulse,
which was performed by a 5 ns pulse resonant with |T0 i ↔ |R+ i.
The precession time was thus defined not between copies of the
same pulse, but between copies of two subsequent pulses of the
mode-locked laser. This way, we could additionally step the delay
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Figure 3.11: Ramsey fringe visibility obtained from QDM 1 of sample D130523A,
at a magnetic field of B = 1 T. First five panels: Visibility of Ramsey fringes
with respect to total precession time and gate-voltage oﬀset from sweet spot ∆V .
The data was taken in pieces spanning about 13 ns, plotted alternating in blue
and green. The shaded areas represent one sigma of shot noise. The lines show
fits by two diﬀerent models, slow Gaussian noise (orange), and slow quadratically
modified Gaussian noise (dashed red). For both fits, the second order sensitivity
of the S–T0 coherence on the sweet-spot detuning was taken into account. Last
panel: The extracted coherence times from the Gaussian fits, together with the
model prediction for a fixed noise amplitude of 0.8 mVrms ,

time in increments of 13.1 ns, by increasing the pulse-picking interval. For each precession time t, the RF count rate during the
measurement pulse was measured for a number of delays separated
by 2 ps, such that the precession period was sampled by about 6
measurements. For each t, we fitted a sinusoid to the data, and
interpreted the modulation contrast as a measure of the coherence.
The results of these measurements is shown in figure 3.11, for a
number of gate-voltage offsets from the sweet spot ∆V . The strong
rotation pulses induce a large internal field (see sec 3.4.2), which depends on the repetition rate of the experiment, as the average pulse
power is proportional to the repetition rate. Therefore, for each
51

3.

S–T0 coherence
sub-range spanning 13 ns corresponding to a given pulse-picking
rate, a different internal field offset had to be accounted for. To
achieve that, for a given detuning from sweet spot, the resonance
frequency of the transition |T0 i ↔ |R+ i was determined, and then
the actual gate-voltage maximising RF counts at that wavelength
was selected. Unfortunately, this assignment is not very precise, resulting in considerable mismatch between these sub-ranges within
each trace.
We attempt to fit the data using two models, both based on quasistatic noise, as suggested by our noise-spectroscopy measurements
described in section 3.3. In the first model, we assume a Gaussian
distribution of electrostatic field values parallel to the growth direction, leading to a distribution of J values that features a sharp
peak around it’s minimum value. This results in a decay that is
algebraic at long delay times t. At short times, the decay is Gaussian. Far from sweet spot, any coherence is lost before the algebraic
decay becomes visible. However, the model does not seem to match
the data close to the sweet spot either.
The second model assumes a Gaussian distribution of J, corresponding to the estimation presented in section 3.1.3. This model
matches the first model far from sweet spot, but remains Gaussian
even close to the sweet spot. Here, the fit is more convincing. We
obtain value of the RMS noise amplitude of σ ≈ 0.8 mV. This
model could possibly be explained by an additional weak noise
source that only becomes relevant close to the sweet spot, such as
nuclear spin noise or in-plane electric field noise, both supposed
to be weak. However, with the data at hand, it is impractical to
completely identify the noise sources.

3.5.2

Ramsey fringe measurements on sample D160229A

We repeated the Ramsey measurements on sample D160229A.
This time, we were using quasi-resonant spin-rotation, in order to
overcome the difficulties encountered previously with the strong
laser pulses from ultrafast rotation (see section 3.4.3). With this
method, the precession times can be directly defined via the EOM
pulse pattern. This allows us to interleave many different preces52
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Figure 3.12: (a) Illustration of the pulse sequence. The pulse sequence is a
concatenation of a number of delay times t and all four combinations of initialisation
and measurement pulses in either of |Si and |T0 i. This way, all delay times are
measured simultaneously, such that slow drifts do not lead to a systematic distortion
of the measured coherence function. The order of the individual precession times
are furthermore randomised, to prevent correlations between the sub-sequences to
systematically distort the measurement. (b) Return/transfer probability between
the two qubit states, for two π/2 rotation pulses separated by τ , depending on the
two-photon detuning ∆ of the two lasers of the rotation pulse. The black/white
hyperbolic curves overlaid in the lower right panel indicate the expected location of
maxima/minima, given by the relation τ ∆ = nπ + φ0 , where the phase oﬀset φ0
causes the asymmetry of the data. It is due to a slight imbalance between the two
rotation lasers. The loss of contrast towards large ∆ is due to the spin precessing
away within the duration of the rotation pulse.

53

S–T0 coherence
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

(a)

10

(b)

8
6
4
2

0

5

10

15

Delay [ns]

20

25

10

5

0

5

10

Coherence [ns]

Visibility

3.

0

Offset from sweet spot [mV]

Figure 3.13: T2∗ coherence measurements on QDM 2 from sample D160229A,
measured at a magnetic field of 2 T. (a) Ramsey fringe visibility for various detunings from the sweet spot. (b) Coherence times extracted from an exponential
decay fitted to the data shown in the left panel. The full line is a Lorentzian fit to
the coherence times.

sion times arbitrarily during the same measurement, reducing the
susceptibility to systematic errors induced by drifts or dependence
on the experimental parameters. The pulse sequence is illustrated
in figure 3.12(a). However, because the measurement effectively
takes place in the rotating frame set by the two-photon detuning
of the two lasers used for spin-rotation, the Ramsey oscillations
are now much slower. To extract the Ramsey fringe amplitude,
we therefore vary the two-photon detuning and fit a model to the
observed population oscillations. Figure 3.12(b) shows a typical
result from such a measurement and illustrates the Ramsey fringe
shape expected from the model.
Figure 3.13(a) aggregates the fringe visibility extracted for different delay times and gate voltages. In contrast to the previous
measurements on D130523A, two significant differences are apparent: The coherence decays on a shorter time-scale than previously,
and it resembles more an exponential decay rather than a Gaussian decay. This might hint at a noise source with correlation time
of the order of ns. Figure 3.13(b) displays the dependence of the
exponential decay time on the detuning of the gate voltage from
the sweet spot. Similar to the previous sample, a clear reduction
of coherence is observed away from the sweet spot. It roughly fol54
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Figure 3.14: The pulse sequence we employed to measure the spin-echo coherence. The azimuthal angle of the spin rotation is determined by the relative phase
of the two detuned lasers, which was varied using a phase-EOM. The population
transfer between initialisation and measurement pulse depends sinusoidally on the
diﬀerence Φ between the azimuthal angles of the rotation axes.

lows a Lorentzian profile, matching again the noise variance model
described in section 3.1.3. This suggests that also this noise couples to the z-component of the electric field, although such fast
correlation times are atypical for electrostatic noise.

3.5.3

Spin-echo on sample D160229A

We proceeded to perform a Hahn spin-echo experiment[92]. It has
been previously observed in single QDs[69] using ultrafast optical
control, as well as in gate-defined QDMs[93]. As the echo pulse
removes any DC-component in the noise, any decay of the spinecho signal must necessarily be caused by noise with a shorter
correlation time.
To distinguish coherence from static background signal, we vary the
azimuthal angle Φ of the spin rotation using a phase-EOM acting
on one of the two lasers generating the rotation pulses. Figure 3.14
illustrates the pulse sequence. We then fit a sinusoid into the phasedependence of the state population as determined from the RF
intensity observed in the measurement pulse.
Figure 3.15(a) displays the visibilities resulting from our spin-echo
measurements, performed for various offsets from sweet-spot and
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Figure 3.15: Spin-echo coherence, obtained on QDM 2 from sample D160229A
at a magnetic field of 2 T. (a) Spin-echo fringe visibility for various detunings from
the sweet spot. (b) Coherence times extracted from an exponential decay fitted to
the data shown in the left panel. The full line is a Lorentzian fit to the coherence
times.

precession times. The echo-pulse leads to a significant extension of
the coherence time, with T2echo in the 100s of ns. However, the visibilities seem to follow an exponential decay similar to the Ramsey
results, indicative of fast noise components. Figure 3.15(b) shows
the corresponding decay times, plotted versus the gate-voltage offset from sweet-spot. The loss of coherence time away from sweet
spot is also consistent with the results from the Ramsey measurements.
At these time-scales the phase-coherence of the diode lasers become
relevant. We repeated some of the spin-echo measurements with active stabilisation of the relative phase, without finding a significant
difference (see section 5 for details on the phase-lock). Similarly,
the suppression contrast of the amplitude EOMs of both the rotation pulses as well as the measurement pulses becomes critical: A
spin-measurement laser close to saturation induces fast dephasing
within 1 ns. At optimal EOM suppression of 30 dB it still dephases
the spin completely in 1 µs. To overcome the limited suppression,
two EOMs were cascaded to increase the maximum suppression.
Note that neither of these effects would explain a dependence on
the gate voltage.
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3.5.4

Conclusion

The time domain measurements show that coherence persists for
at least a few ns without any decoupling pulses applied. Quasiresonant spin manipulation allowed us to achieve more consistent
measurement results, as well as opening up the possibility to apply
more complex pulse sequences. Spin-echo prolonged the observed
coherence to 100s of ns. The noise sources responsible for the coherence decay however remain unclear. The exponential decay of
both the Ramsey fringes as well as the Hahn spin-echo suggests the
involvement of fast noise mechanisms on D160229A, which couple
to the spacial displacement of the charge configuration as indicated
by the gate-voltage dependence. Charge fluctuations are typically
concentrated at low frequencies, which was explicitly measured on
D130523A. However, piezo-electric coupling to phonons also scales
with the distance to the sweet spot. We thus speculate that the
observed dephasing is at least partially caused by interaction with
phonons. Phonon-induced spin-flips have been identified as the
dominant contribution to T1 at high magnetic fields[61]. In our
QDMs with exchange splitting J ≈ 100 GHz, we are essentially in
a large field regime in respect to the phonon density of states. Indeed, there is some literature support from theoretical calculations
geared towards gate-defined double quantum dots that phonons
represent a significant decoherence channel[94, 95, 96].
With the flexibility of EOM-generated quasi-resonant spin
rotation, pulse sequences could be engineered to perform noisespectroscopy[97] on fast time-scales by designing a filter-function
to distinguish specific noise sources. Such methods have been
employed on superconducting flux qubits[98, 99], and could
possibly help to identify the origin of dephasing.
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Chapter 4

Enhanced spin detection
eﬃciency using
recycling-transition readout

Efficient spin measurement is an important ability of any quantum information system. This is particularly true in scenarios,
where correlations between multiple spins have to be measured.
To demonstrate, for example, the heralded entanglement of distant spins[100], the heralding photon has to be detected, and in
the same experimental cycle both spins have to be measured. The
success-probability scales with the spin-measurement efficiency to
the power of the number of spins to be measured. In that particular example with just two spins, the success rate was of the order
of one coincidence event per hour. Further progress is hindered by
the lack of efficient spin-measurement.
In a Λ-system, detection of state-selective RF is difficult, as the
information is lost after scattering just two photons on average.
However, the level scheme of QDMs in the (1,1) regime hosts a
recycling transition, promising a significant increase in detection
efficiency. In single QDs, such a recycling transition is available
in Faraday geometry, where single-shot read-out has been demonstrated[27]. In QDMs, single-shot readout of a single spin trapped
in one QD was enabled by measuring RF on the other QD[101].
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Figure 4.1: RF spectrum of QDM 1 in the centre of the (1,1) charge stability
regime, driving the system simultaneously with three lasers. One laser is fixed on
resonance with the transition |T0 i ↔ |R+ i, the other two are varied.

Using this transition, we were able to demonstrate an improvement
by almost two orders of magnitude, leading to an overall efficiency
of 4 % in sample D130523A without extraction-efficiency enhancing
micro cavity. This chapter is mainly based on: Y. L. Delley, M.
Kroner, S. Faelt, W. Wegscheider, and A. İmamoğlu. “Spin Measurement Using Cycling Transitions of a Two-Electron Quantum
Dot Molecule”. Sept. 14, 2015.

4.1

Diagonal transitions

If the optical selection rules of the QDM were ideal, no optical
coupling between the spin-polarised states and the qubit states
would exist. Yet, at the centre of the charge stability plateau,
there is significant spin-pumping. If the states were completely
decoupled, the QDM would be found in a spin-polarised state half
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of the time due to slow spin randomisation via co-tunneling with
the back-contact. Then, if there were no optical path out of these
states, spin pumping should not be effective.
However, this is not the case. This is highlighted in figure 4.1,
showing a RF spectrum obtained in the centre of the (1,1) charge
stability regime of QDM 1 when simultaneously driven by three
lasers. One laser is fixed on resonance with the transition |T0 i ↔
|R+ i and simultaneously with |T+ i ↔ |R++ i. The other two lasers
are scanned over the spectral range in the vicinity of the transitions
involving the singlet states and triplet states respectively. For most
combinations of laser frequencies, no significant RF is observed,
due to spin-pumping. RF is only recovered when |Si and |T− i are
simultaneously driven by the two lasers, in addition to |T0 i and
|T+ i driven by the fixed laser. Furthermore, we see that one way
to recover RF is by driving the transition |T− i ↔ |R+ i, which
should be dipole-forbidden.
The reason for these so-called diagonal transitions to become
weakly allowed is likely due to hh-lh mixing[102, 62], which
has been confirmed to be relevant in QDMs charged with two
holes[103]. Thus, a more accurate schematic diagram of the optical transitions in QDMs in the (1,1) regime is given in figure 4.2.
These diagonal transitions can be made use of to bring an advantage to spin-measurement. By transferring the population of
one of the qubit states via such a diagonal transition into one of
the spin-polarised states, we can now measure the population via
the RF intensity collected from that state. Because these diagonal transitions are almost completely forbidden, the spin-pumping
rate out of these states are very slow, enabling many photons to
be scattered. To transfer the population, the diagonal transition
needs to be driven, which requires strong laser pulses and/or long
durations, because of the weak oscillator strength.

4.2

Pulse sequence

The pulse sequence used to verify our spin-measurement protocol is
outlined in figure 4.3 (a). Our realization of the protocol measures
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the |T0 i population by transferring it to the ancillary |T+ i state.
This is achieved using a 100 ns pulse of laser 2, set resonant with
the |T0 i ↔ |R++ i transition (figure 4.3(a): transfer). The laser
is set to the maximal power of ∼190 nW, corresponding to about
7.2× above saturation of the cycling transitions (relative oscillator
strength fc ∼ 1), but far from saturation of the diagonal transition.
During this pulse, population in |T0 i will eventually get excited to
|R++ i, from where it decays to |T+ i with high probability. Once
in |T+ i, the population can be effectively measured by detection
of the RF of laser 3 tuned to |T+ i ↔ |R++ i (figure 4.3(a): measurement). At 24 nW, the transition is close to saturation.
To quantify the effectiveness of our spin-measurement protocol, we
either prepare the qubit in |T0 i to determine the detection efficiency of the measurement scheme, or in |Si to derive an upper
limit on the background signal or “false positives”. Initialization
into |Si is achieved by enabling both laser 2 and laser 3 during
1 µs, spin-pumping population from all triplet states into |Si (fig62
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Figure 4.3: (a) The pulse sequences used in the experiment. For each pulse,
sketches indicate the transitions of the level scheme that are resonantly driven.
Wavy orange lines indicate the most relevant spontaneous emission paths that lead
to spin-pumping. The full sequence alternates between the four variations ÀÁÂÃ
in an interleaved fashion, diﬀering in which pulses are used and which are omitted:
When the preparation pulse is used, the qubit is prepared in |T0 i, otherwise it
is left in |Si. If the transfer pulse is used, a cycling measurement is performed,
otherwise a direct measurement is performed. (b) Gray (dark red) histogram shows
time-resolved RF count rate of the cycling transition spin measurement when the
qubit is prepared in |T0 i (|Si) by presence (absence) of the preparation pulse from
laser 1, corresponding to correct (false) detection of |T0 i. The binning size is 2 ns
and the histogram was integrated for a total of 5 × 105 repetitions. Blue, red and
green shaded backgrounds indicate the time periods of the preparation, transfer and
measurement pulses respectively. Black histogram shows residual laser background.
Laser background is subtracted from histogram for presentation purposes during
the preparation pulse only (blue shaded area), as there it is particularly high and
hampering comparability. The background count rate from the preparation laser
is about 25 kHz. The values given are the detection probabilities integrated over
1.3 µs. (c) as in (b), but for direct spin measurement, i.e. with the transfer pulse
omitted. The orange dashed rectangle indicates the integration window of 25 ns.
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ure 4.3(a): initialization). In order to prevent coherent population
trapping[77, 24] in a superposition of the triplet states, the lasers
are rapidly alternated rather than being switched on simultaneously. Due to the degeneracies among the transitions involving
the triplets, deterministic one-step spin-pumping into |T0 i is not
possible. Instead, to prepare |T0 i, we first initialize into |Si and
then apply a 20 ns pulse of laser 1, resonant with |Si ↔ |R+ i (figure 4.3(a): preparation). The only other strongly allowed transition
from |R+ i leads to |T0 i, thus fast spin-pumping will quickly prepare |T0 i with high fidelity. The power of laser 1 is set to 48 nW,
close to saturation power of the addressed transition.
The results for our spin-measurement protocol are compared
with direct measurement based on spin-selective RF scattering on
|T0 i ↔ |R+ i, using a shorter 100 ns pulse of laser 3. The energies
of |T+ i ↔ |R++ i and |T0 i ↔ |R+ i differ only by the difference in
g-factor of the two QDs, which at 1 T amounts to less than 1 µeV
(refer to figure 4.2). Therefore, laser 3 can drive both transitions
nearly resonantly using a single wavelength.
In order to ensure equal experimental conditions, all four combinations (initialization into either spin-state, cycling or direct measurement) are repeated once per 20.4 µs in an interleaved fashion.

4.3

Spin measurement results

The histograms of detected RF photons are shown in figure 4.3(b)
for our cycling measurement protocol and figure 4.3(c) for direct
measurement. The background signal level due to residual reflected laser light is measured continuously. This is achieved by
applying a square modulation to the gate at 731 Hz, periodically
ejecting all electrons from the QDM and thus disabling RF scattering. When restricting the detection to the first 1.3 µs of the
measurement pulse, we find a (3.76 ± 0.03) % probability to correctly detect the |T0 i state, and a (0.73 ± 0.02) % probability for
a false positive detection. Without the spin transfer (direct detection), in the first 25 ns of measurement, the probability to detect
|T0 i is (4.8 ± 0.4) × 10−4 with (1.4 ± 0.2) × 10−4 false positive de64
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tection. Even when utilizing the cycling transition, we are still
in the spin heralding regime; the probability to detect a photon
is low, such that the lack of any detection event does not reveal
much information about the spin. In that regime, the probability
to detect a second photon during the same spin measurement can
be neglected, and the heralding probability is proportional to the
integrated photon detection rate.
Let us now discuss the length of the spin measurement detection
window. Due to spin-pumping, both the signal as well as the false
positives will exponentially decay until a spin-independent background level is reached [shown in figure 4.4(a)]. Therefore, while
the detection probability of spin-dependent photons saturates, the
spin-independent background does not. A compromise has to be
found between maximizing the heralding rate and it’s “accuracy”;
the more false positives are detected, the less likely a photon detection event correctly identifies |T0 i.
The figure of merit commonly used for quantum measurements
is the average readout fidelity Favg = 1/2 (P (T |T ) + P (S|S)). It
is the average of the probabilities to correctly detect a qubit in
either state. In our case, where the presence of a photon is interpreted |T0 i and the absence of a photon is interpreted as |Si, this
translates to Favg = 1/2 + 1/2 (pT − pS ), with pS,T the probability
to detect a photon given a particular spin state. Obviously, any
spin-independent background signal does not enter the fidelity. Indeed, as shown in figure 4.4(b), there is no penalty for prolonging
the measurement time deep into spin-pumping, when only spinindependent background is detected. The window length of 1.3 µs
for the cycling measurement and 25 ns for the direct measurement
were instead selected based on a measure for the “usefulness” of
the obtained data: the mutual information as defined e.g. in [104]
between the measurement result and the prepared spin.
Our protocol improves the heralding rate over direct detection by
about a factor of 80, slightly short of the two orders of magnitude to be expected from the branching ratios of |T+ i ↔ |R++ i
and |T0 i ↔ |R+ i. We attribute the discrepancy to imperfect population transfer from |T0 i to |T+ i. Indeed, off-resonant excita65
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tion of other exciton levels puts a limit on the population transfer efficiency. At 1 T, the diagonal transition |T0 i ↔ |R++ i is
about 10 (natural) line widths detuned from the vertical transition |T0 i ↔ |R+ i. As the oscillator strength of that transition is stronger by a factor ffΛd ≈ 200 however, the ratio of offresonant |R+ i excitation to the desired |R++ i excitation is significant. Higher magnetic fields would reduce population loss due
to off-resonant excitation, but if would complicate the verification
due to the splitting of the remaining nearly-resonant transitions:
Direct measurement and cycling measurement would require separate drive lasers, and to prevent population shelving in |T− i, a
second extra laser would be necessary. Furthermore, dynamic polarization effects of the nuclear spins become more pronounced at
higher fields [105], complicating the comparison of different parameter sets. Similar reasoning holds true for |T0 i ↔ |R− i, albeit at
a somewhat lower rate. A simple estimate based on rate equations
predicts 30 % of the |T0 i population will eventually drop to |Si via
off-resonant excitation of |R+ i.
Further insight about the transfer efficiency can be gained by analyzing the influence of the transfer pulse parameters. As long as
the diagonal transition is driven far below saturation, the transfer efficiency is only dependent on the integrated pulse power. As
with the detection window length, increasing the transfer pulse
area comes at the cost of an increased false positive detection rate.
Figure 4.4(c) and (d) shows the results we obtained for different
transfer pulse lengths and powers. A striking point is the fact that
the false positives rate does not saturate, while the |T0 i– |T+ i
transfer efficiency does. This suggests that the false positives are
primarily due to population excited out of |Si during the transfer
pulse, instead of residual |T0 i or |T+ i population present before
the transfer pulse. The data agrees quite well with a simple model
for the spin-transfer from |T0 i to |T+ i based on rate equations. For
the case of the qubit prepared in the |T0 i state, we use our previous
estimates of the branching ratios, saturation powers and collection
efficiency to arrive at a model with no free parameters. What
cannot be explained by such a model is the lower efficiency seen
when using 200 ns pulses compared to shorter pulses. We assume
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Figure 4.4: (a) Grey histogram: Full 1.8 µs histogram of cycling measurement
binned at 20 ns bin sizes. Dark red histogram: False-positives during cycling measurement. Black histogram: Laser background. Delay is time since the start of
the measurement pulse. (b) Grey (dark red) line: Total integrated |T0 i detection
efficiency (false positives rate) vs. width of detection window. Blue dashed line:
The diﬀerence between correct detection and false positive detection, equivalent to
the spin detection fidelity minus 50 %. The orange vertical line indicates detection
window of 1.3 µs which maximizes mutual information between measurement and
spin. (c) |T0 i detection efficiency vs. transfer pulse area, measured for three diﬀerent transfer pulse lengths. Full line indicates expected efficiency based on a simple
rate equation model using the parameters given in the main text (d) Zoom-in of
(c) around false positive detection.

this to be a consequence of slightly different experimental conditions in effect when that dataset was taken. To model the false
positives, we include a direct population transfer from |Si to |T+ i
at a rate proportional to the transfer from |T0 i to |T+ i. The data
of figure 4.4(d) is fitted using a proportionality constant of 5 %. We
attribute the source of that population transfer to residual optical
coupling of |Si to the excitons due to incomplete suppression of
laser 1 by the EOM.

4.4

Limitations and possible enhancements

In summary, we have established that cycling transitions in
QDMs in the (1,1) regime allow for a significant improvement
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in qubit measurement efficiency. While the overall efficiency we
have demonstrated is modest due to our low photon detection
efficiency of 2.5 × 10−4 , achieving single-shot read-out of |Si–|T0 i
qubits is within reach. The protocol suffers from the difficulty
to address individual transitions, impacting the fidelity of the
population transfer. This issue can be reduced by the use of
higher magnetic fields, possibly allowing for up to 50 % higher
detection efficiency. However, this comes at the cost of increased
nuclear spin effects and a more complicated spin initialization. We
emphasize that, even with the improvements in spin measurement
efficiency reported here, realization and verification of heralded
entanglement of distant |Si–|T0 i qubits is feasible [100].
Sample D160229A was specifically designed to enhance the extraction efficiency, in order to allow single-shot readout. However, it
turned out to feature exceptionally strong diagonal transitions,
reducing the spin-pumping time out of the recycling transition
regime. This prevented the scattering of sufficiently many photons
for single-shot readout, despite the improved extraction efficiency.
An estimation of the strength of the diagonal transitions can be
gained already from one-laser RF spectra obtained at the edge of
the (1,1) charge stability regime, as displayed in figure 4.5. We are
able to directly observe scattering from the diagonal transitions,
weaker than the dipole transitions by just a factor of 20. This
clearly shows that the selection rules are less well-defined in this
QDM than usual. Additionally, this data allows to directly determine the hole g-factor by comparing the transition energies e.g. of
|Si ↔ |R+ i and |Si ↔ |R−− i: It amounts to a hole g-factor of less
than half the electron g-factor. We found such an exceptionally low
hole g-factor on all the QDMs where we measured it. This suggests
that, on this sample, the valence-band properties are unusual, very
likely leading to a stronger hh-lh mixing.
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Figure 4.5: RF spectrum obtained from QDM 2 of sample D160226A at the edge
of the (1,1) charge stability region. The magnetic field was set to 2 T. (a)/(b)
Wavelength range encompassing the transitions involving the triplets/singlets. The
diagonal transitions were identified by three-laser spectroscopy.
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Chapter 5

Entanglement between the QDM
spin and an emitted photon

Entanglement plays a central role in quantum mechanics. An photon that is entangled with it’s source can be used to teleport quantum information onto the source[106], or to mediate entanglement
to further systems[107], making it particularly interesting in the
context of quantum networks and communication. It thus exposes
a fundamental function of a spin–photon interface[108].
Demonstrations of spin–photon entanglement in other systems
have been previously reported in trapped ions[109], neutral
atoms[110, 108] and NV centres[111]. In single QDs, such a
demonstration has been enabled thanks to fast photon detectors[112], or using ultrafast optical down-conversion[113].
Due to the large J of our QDMs, even the fastest existing detectors
are not precise enough. We devise an electro-optic down-mixing
technique enabling our experiment. Entanglement is generated in
our system by spontaneous radiative recombination in a Λ-system,
starting from |R+ i, projecting the joint-system of the QDM and
the optical field into the state
1
|Ψi = √ (|Si|ωb i − |T0 i|ωr i) .
2

(5.1)

|ωb i and |ωr i denote single photon states with centre. Both are σ +
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Figure 5.1: (a) The transitions that are driven in this experiment are labelled with
the laser that drives it. init + is simultaneously resonant with |T0 i ↔ |R+ i and
|T+ i ↔ |R++ i, while init − is resonant with |T0 i ↔ |R− i and |T− i ↔ |R−− i.
They are used to pump the spin into |Si, as well as to measure population in |T0 i.
prepare excites |R+ i from |Si, as well as is used to measure population in |Si.
rot T and rot S perform coherent spin rotation, and are red detuned by ∆ from
|T0 i ↔ |R− i and |Si ↔ |R− i respectively. (b) The eﬀective spin qubit is made
up of the states |Si and |T0 i. Decay from the excited state |R+ i projects the spin
into an entangled state with the photonic color qubit in the space spanned by |ωr i
and |ωb i.

polarised. The relative phase of the state is fixed by the optical
selection rules.
The following measurements were carried out on QDM 2 from sample D160229A, in a magnetic field of 2 T.

5.1

Protocol for entanglement generation

The protocol starts by first initialising the QDM into a well-defined
spin state. This is most easily achieved by spin-pumping into |Si.
To this end, we combine the light of two lasers, one of which is resonant with |T0 i ↔ |R+ i and |T+ i ↔ |R++ i, the other is resonant
with |T0 i ↔ |R− i and |T− i ↔ |R−− i. The duration of the initialisation pulse is set to 50 ns, to ensure a good initialisation fidelity
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Figure 5.2: Schematic diagram of the experimental setup. Abbreviations used
are: PPG: Pulse pattern generator, TDC: time to digitial converter, iEOM: electrooptic intensity modulator, ΦEOM: electro-optic phase modulator, FP: Fabry-Pérot
etalon. Classical correlations and quantum correlations are measured sequentially,
only the fiber of the corresponding photon-detection setup is connected, the other
is disconnected.
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even in the presence of residual population in the spin-polarised
states.
From |Si, a 375 ps long resonant laser pulse prepares the QDM
in |R+ i. Spontaneous emission creates the entangled state between the propagating photon and the remaining spin-qubit in the
|Si–|T0 i subspace.
To verify the entangled state, we estimate the overlap of the postemission state described by the density matrix ρ with the entangled
state |Ψi as defined in equation (5.1), quantified by the state fidelity
F = Tr(ρ|ΨihΨ|) =

 1

1
ρSb,Sb + ρT0 r,T0 r + ρSb,T0 r + ρT0 r,Sb .
2|
{z
} 2|
{z
}
Fk

F⊥

(5.2)
The fidelity can be decomposed into two parts: Fk quantifies the
amount of classical correlations between the probabilities of finding
each subsystem in a particular eigenstate. F⊥ on the other hand
is sensitive to the relative phase between the two parts of the state
|Ψi when written in the eigenbasis, thus we refer to that term as
the quantum correlations. The state described by ρ generally is a
mixture of pure states, such that F becomes a convex mixture of
the fidelity of each contained pure state. Since no separable state
has a higher fidelity than 1/2, observing a fidelity above that limit
proves inseparability of ρ [114].

5.2

Measurement of the classical correlations

To estimate Fk , we measure the correlations between the two subsystems in their eigenbasis. To that end, we disperse the photon
from the entanglement pulse using a transmission grating, split the
two colour components using a fibre-bundle with two cores separated by 125 µm, and detect it using a dedicated APD for each
colour component.
To measure the spin, we detect the scattered photons from spinselective RF[50], where either a laser pulse resonant with |Si ↔
|R+ i is used to detect the state |Si, or a combined two-laser pulse
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Figure 5.3: (a): Full lines: Histogram of coincidences between spin detection in
|Si state and photon color detected to be |ωr i (red line) and |ωb i (blue line). Dotted lines: Expected coincidence counts from individual detection rates, disregarding
correlations. The two photon colors have separate vertical scales to account for the
diﬀerent sensitivities of the two detection paths. (b): As (a), but spin detection
in |T0 i state. Both datasets were measured simultaneously, and are histogrammed
from 2.7 × 1010 repetitions each, acquired over a time period of about 12 h. (c)
and (d): Dots and bars: Total number of coincidence events between the beatphase sensitive photon detector and post-rotation measured spin in |Si and |T0 i
respectively, plotted against the relative phase between the photon detection and
the spin rotation pulse. Vertical lines denote 68 % confidence intervals derived from
Poissonian statistics. Shaded areas outside the interval [−π, π] contain replicas of
the same data inside the interval. Full lines: Maximum-likelihood fit of a sinusoid
to the data. Both datasets were simultaneously fitted with a fixed relative phase
shift of π, but individual mean and amplitude.

resonant with |T0 i ↔ |R+ i and |T0 i ↔ |R− i is used to detect the
state |T0 i.
Figure 5.3 a) and b) show the time resolved fluorescence detected
by the spectrally filtered detectors, conditioned on the detection
of a photon during the following spin measurement pulse. We
normalized the values using the relative overall sensitivity of the
two detection paths, which we determined separately.
There
is a strong correlation between the spin and the detected photon
color: P (b|S) : P (r|S) = (90.1 : 9.9)±1.0 % and P (b|T0 ) : P (r|T0 ) =
(10.2 : 89.8)±0.9 %. Errors are one standard deviation and are de75
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rived from counting statistics. From this, we can extract a lower
bound to the fidelity as Fk = [P (b|S)P (S) + P (r|T0 )P (T0 )] /2 ≥
min {P (b|S), P (r|T0 )} = (89.4 ± 0.8) % since Fk is a convex mixture of the two conditional probabilities.
We attribute the reduction from the ideal correlation mainly to
double excitation during the preparation pulse: The pulse duration
of 375 ps is comparable with the exciton lifetime of ∼450 ps (refer to
section 2.4.5). Scattering events late during the pulse destroy any
correlation of the spin with photons generated during any eventual
early scattering cycle.
The estimation of Fk above assumes P (S)+P (T0 ) = 1, conditioned
on the detection of a photon. This is not entirely true: There is a
small probability for leakage of population to decay into |T+ i and
|T− i, via forbidden optical transitions. In this particular sample,
we estimate the strength of these transitions to 5 % to 10 %, due
to an exceptionally strong hh–lh mixing. These events lead out
of the qubit space. Therefore, the do not contribute at all to the
join quantum state in the reduced system in the space spanned by
{|Si, |T0 i} ⊗ {|ωr i, |ωb i}, in exactly the same way as a lost photon from the entanglement pulse does not contribute. Thus, both
cases impact the fidelity of deterministic generation of entanglement, which is limited to a few percent already by the extraction
efficiency. However, they only impact the efficiency but not the
fidelity of probabilistic generation of entanglement conditioned on
successful generation of joint state in the reduced system.

5.3

Measurement of the quantum correlations

To determine F⊥ , we measure both the photon and the spin in a
superposition basis, where the basis states are lying on the equator
of Bloch spheres of the subsystems. Entanglement between the systems implies a sinusoidal dependency of coincidence probabilities
on the relative azimuthal angle between each system’s measurement basis[109].
To measure the photon in a superposition state of the two colors, we
need to detect the phase of the beat-note at ωJ = 2π ·97 GHz. This
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is faster than the timing resolution of existing photo-detectors. We
therefore employ a heterodyne detection scheme: Using an electrooptic phase modulator (phase-EOM) driven by a microwave (MW),
we generate sidebands to each spectral component of the incoming
photon. The MW frequency is close to ωJ divided by an integer
(due to limitations of our MW source, we chose ωJ /5), such that
pairs of sidebands beat at a much lower frequency. We then use
a Fabry-Pérot etalon to filter out a single pair. Detection of a
photon after the etalon then measures the quadrature of the beatnote set by the MW phase.
The frequency of this (essentially
down-mixed) beat-note can be chosen arbitrarily or even set to
zero, by choice of the MW frequency. In our experiment, we chose
131 MHz, such that the timing jitter of standard Si-APDs does not
affect the measured visibility.
To measure the spin in a superposition state, we rotate the spin by
π/2 around a vector in the equatorial plane of the Bloch sphere,
and then measure the population in the |Si or |T0 i states via RF
detection. To that end, we make use of quasi-resonant spin rotation, as described in section 3.4.3. In this case, the azimuthal angle
of the rotation vector is determined by the relative optical phase of
the two laser pulses, which stays constant during the pulse in the
rotating frame of the spin. To ensure a fixed phase relation over the
whole measurement time, we embed one of the two diode lasers in
a phase-locked loop (PLL), relying on the same heterodyne detection method employed for the photon measurement: The 97 GHz
beat-note of the two lasers is down-mixed via side-band generation
and spectral filtering, where the MW signal is derived from the
same source that drives the photon measurement. The resulting
beat-note of 131 MHz is then locked to a local oscillator (LO) that
is synchronized with the pulse sequence. While the phase of the
MW source ϕMW therefore determines the azimuthal angle of both
the photon measurement basis as well as the spin measurement
basis, the relative angle between the two is only determined by the
LO phase ϕLO .
With this detection scheme, given an arbitrary joint density matrix ρ, the probability to detect a coincidence between the photon
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measurement and the spin measurement is given by

Pcoinc ∝ 1 + R eiϕLO ρSb,T0 r + e2iϕMW ρSr,T0 b
iϕMW

+e



ρSb,Sr + ρT0 b,T0 r + e

i(ϕMW +ϕLO )

ρSr,T0 r + ρSb,T0 b





By letting the MW source run freely, we average over ϕMW , such
that the modulation depth of the coincidence rate with respect to
ϕLO is a direct measure of F⊥ .
Figure 5.3 c) and d) shows the detected photon counts conditioned
on detection of a scattered photon during the spin measurement,
depending on the phase ϕLO . Fitting the data by a sinusoidal
function, we extract a visibility of (45.0 ± 3.3) % when the spin
is measured in the |Si state, and (49.0 ± 3.3) % when the spin is
measured in the |T0 i state. Errors are one standard deviation
and are derived from counting statistics. Since the measurement
process can only make the visibility worse, the higher value of the
two puts a lower bound F⊥ ≥ max {vS , vT0 } = (49.5 ± 2.9) %.
Double excitation events as described in the previous section will
of also impact the quantum correlations in the same way as they
impact the classical correlations. However, the measured visibility
is considerably lower than what the upper limit set by the classical
correlations. A significant amount of visibility is lost due to the
spectral filtering properties of the Fabry-Pérot (FP) etalon used in
the phase-sensitive photon detection setup, limiting the visibility
of the F⊥ measurement to about 80 %: The beating of neighbouring pairs of side bands are out of phase by π. Our FP etalon only
suppresses the neighbouring pairs by a factor of 10. The limitation can be overcome by using higher finesse FPs or higher MW
frequencies. A Further reduction of the visibility is likely to be due
to imperfections of the spin-rotation pulse, and loss of coherence
during the time between the entanglement and the rotation pulse
due the limited T2∗ in the sample (see section 3.5.2).
Combining the measurements of the classical and the quantum correlations, we obtain F = (69.5 ± 2.7) %, where the error indicates
one standard deviation of uncertainty due to counting statistics.
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Considering the limitations of our detection scheme, we expect the
true fidelity to be at least around 80 %.
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Chapter 6

Conclusion and Outlook

In this work, we have contributed significantly towards establishing
QDMs as a spin-photon interface for solid-state systems. We have
found methods to coherently control S–T0 qubits despite complications imposed by the large exchange splitting. We have devised a
protocol for efficient spin measurement. We developed a technique
to measure photonic colour qubits split by a large energy separation along an arbitrary direction of the Bloch sphere. Finally, we
have made use of that technique to prove entanglement between a
single photon emitted by the QDM and the state of the resident
pseudo-spin, demonstrating a basic capability of a spin–photon interface.
A major remaining issue is the reliability of the sample production, compared to single QDs. Our sample D160229A, designed
for enhanced photon-extraction efficiency in order to allow singleshot spin readout, showed very unusual hole g-factors. This prevented single-shot readout by impacting the optical selection rules:
The sample featured diagonal transitions, which should be dipoleforbidden, with an oscillator strength of the order of 10 %, one
order of magnitude stronger than typical for our previous sample
or single-QD samples.
Our coherence measurements on three different samples have shown
three different T2∗ coherence times, varying by as much as one order
of magnitude. In general, the electric field noise magnitudes in our
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QDM samples seem to be higher compared to single QD samples.
While the large J value is beneficial by protecting from the fluctuating nuclear bath, it could be the origin of an enhanced sensitivity
to phonon-induced dephasing, acting on top of the charge noise.
Further time-domain measurements could shed more light on the
sources of dephasing. Our quasi-resonant spin manipulation technique promises to enable direct noise spectroscopy. In conjunction
with the unique possibility of the QDM system in the (1,1) regime
to tune the interaction strength to electric fields, more information
about the noise sources could be gained.
Nevertheless, the coherence times we observed in our samples are
good enough for many experiments. It would thus be very interesting to proceed towards developing hybrid systems including a
QDM spin–photon converter. Particularly useful appears in that
context again the tunable dipole of the S–T0 system in QDMs.
One prospect involves dipole–dipole coupling to a Bose gas of exciton dipolaritons[115], placed in an asymmetric double quantum
well next to the QD layers. The photonic component of the polaritons, in turn, could mediate long-range interactions between
multiple QDMs in a sample. An promising feature of this scheme
lies in the fact that the density of polaritons, being bosonic quasiparticles, can be made almost arbitrarily high by resonant laser
pumping. This could allow to mediate interactions over distances
of several microns, while being externally controllable on ps scales.
Another possibility makes use of the piezo-electricity of GaAs, allowing to couple the QDM dipole to mechanical deformation. Using engineered phononic structures, interactions could be mediated
between multiple QDMs.
Perhaps the most exciting perspective lies in the possibility to couple to the field of a superconducting planar strip-line microwave
resonator. To that end, the strip-line geometry would have to be
modified to include a small defect out of the resonator, similar to
a design used previously to couple it to a gate-defined quantum
dot[116]. The defect would need to be engineered to concentrate a
strong vertical field component at the position of the QDM. This
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way, the QDM could act to transform microwave photons to optical photons and vice-versa, eventually offering a window out of the
dilution fridge for superconducting qubits.
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Appendix A

Active feedback stabilisation of
gate voltage

As described in section 3.3, the field fluctuations happen on a timescale slow compared to the optical emission rate, such that active
stabilisation is feasible. The spectral wandering induced by the
field fluctuations has detrimental effects in applications of QDs as
source of indistinguishable single photons[117]. In that context several approaches to active stabilisation have been attempted: Stabilisation of PL emission onto the D2 line of 87Rb by magnetic
field tuning has been reported[118]. As such, only fluctuations on
the time-scale of seconds were be addressed. Gate-tuning combined
with resonant spectroscopy allows for feedback on much faster time
scales[119, 120]. The florescence intensity is taken as a measure of
the laser-to-QD detuning. An error signal is derived by modulation of the QD via the DC Stark shift. Prechtel et al. [119] used
the differential transmission as the source for the error signal, leaving the reflection free to use as photon source. Hansom, Schulte,
Matthiesen, Stanley, and Atatüre [120] used the phonon side-band
of the QD emission in reflection, separated by a grating and a razor
edge mirro, such that the zero-phonon line was still available as a
photon source.
When active feedback is performed with the goal of stabilising an
emission wavelength, driving of the optical transition in order to
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system
disturbance
d
−

x

measurement
noise
n
system
+
F

e
G
controller error signal
Figure A.1: Flow diagram of a general feedback-loop, aiming to control the system input x(t), which is subject to some unknown disturbance d(t). The controller
has access to the error signal e(t), which is the system output subject to some
unknown measurement noise n(t).

get an error signal does not infer with single photon generation.
On the other hand, our goal is to reduce field fluctuations in order
to increase the coherence of the S–T0 qubit. Therefore, driving
an optical transition, while the most promising approach at measuring the instantaneous field, interferes with the operation as a
qubit. We solve that problem using time-division multiplexing:
We interleave resonant driving of the X0 resonance used as probe
of the fluctuations with “payload” operation for example in the
(1,1) regime.

A.1

Estimation of the limits of active feedback

In order to estimate what performance could be expected from active feedback, we analyse our system in the framework of linear
control theory. In this framework, all components of the feedback
loop, including the system to control as well as the feedback controller, are linear time-invariant (LTI) systems. These systems are
fully characterised by their transfer function, which in frequency
domain acts as a simple multiplication with the input signal.
Figure A.1 displays a flow diagram of a feedback loop, whose goal
is to stabilise the input x(t) to the target system F to zero. F is
furthermore subject to an additive disturbance d(t). The controller
G’s only accessible information, the error signal e(t), contains ad86

A.1. Estimation of the limits of active feedback
ditional noise n(t). In our case, d is the fluctuating field noise, x
the total field including any applied signal to the gate, F is the
response of the neutral exciton in the QD, e is derived from the
RF intensity, while n is due to shot-noise. In Fourier space, a
LTI system corresponding to the depicted scheme translates into
an equation
x(ω) = d(ω) − g(ω) · [f (ω) · x(ω) + n(ω)] .
We note that our error signal is not linear in the detuning, unless
the deviation from the stabilised position stays small. The equation
is easily solved to
x(ω) =

d(ω) − g(ω) · n(ω)
.
1 + g(ω) · f (ω)

(A.1)

Control design now involves choosing a feedback response g(ω) that
minimises the RMS deviation of x from zero given by hx(t)2 i. At
the heart of this optimisation problem is the compromise between
increasing the feedback gain to make the magnitude of the denominator large, while keeping it small enough to prevent feeding
measurement noise into the system.
A naive minimisation of hx(t)2 i via Parseval’s identity implies minimising h|x(ω)|2 i for each ω leads to
g(ω) = f ∗ (ω)

Sd (ω)
,
Sn (ω)

(A.2)

where Sn (ω) = h|n(ω)|2 i and Sd (ω) = h|d(ω)|2 i are the noise and
disturbance power spectral densities respectively. This choice of
g(ω) (up to a pre-factor) is a matched filter, which is known to
maximise the signal-to-noise ratio[121], effectively damping the
feedback in spectral regions where the noise prohibits any measurement of the disturbance. However, unfortunately, the feedback
response function g(t) described by (A.2) is generally not causal.
For example Sd /Sn = 1 implies that g(ω) = f ∗ (ω) or equivalently
g(−τ ) = f (τ ): At time t − τ , the controller will have to act by
responding to the system output at time t + τ , which of course is
not available at that time. As long as the system response is local
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on the time scale determined by the disturbance bandwidth, the
matched filter can be approximated by a causal feedback element
well enough.
Inserting (A.2) into (A.1) and integrating over the whole spectrum,
we arrive at a lower bound given by
h|x(ω)|2 i ≥

Sn (ω)Sd (ω)
.
Sn (ω) + |f (ω)|2 Sd (ω)

(A.3)

From the noise spectrum shown in figure 3.4, we know that the field
noise has a bandwidth of the order of 10 kHz and a rms amplitude
comparable with the line width. For a rough estimation it is enough
to approximate Sd as constant distribution sharply cut of at ωmax .
Assuming further a slope of the RF response of one per line width,
we have |f (ω)|2 Sd (ω) = 1/ωmax . The shot-noise on the other hand
is white and has a power spectral density given by 1/(2πr), with
r the average count rate. Under these approximations we finally
arrive at
Z ωmax
|f |−2
1
hx(t)2 i ≥
dω
= |f |−2
. (A.4)
2πr
+
ω
1
+
2πr/ω
max
max
0
For 100 kHz RF count rate, we would thus expect the remaining
noise under active feedback to be reduced down to a contribution
of less than a third of the line width. Similarly, for 1 MHz RF
count rate, a reduction of the residual contribution of noise to line
broadening down to one tenth of the line width is feasible.
We note that, when active feedback is applied intermittent, the
same estimations remain valid using the count rate reduced by the
duty-cycle factor, as long as the switching happens faster than the
noise-correlation times.

A.2

Implementation of the feedback loop

A main long-term goal of active feedback was to be able to increase the coherence of the S–|Ti qubit. In order not to disturb
the qubit by the measurement of the instantaneous field, we were
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A.2. Implementation of the feedback loop
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Figure A.2: Illustration of the protocol implemented in the feedback controller,
displaying simulated data that is based on a Gaussian process fitted to the measured noise spectrum. The controller alternates between “payload” phases and
disturbance-measurement phases, correcting the gate voltage after each measurement. The “payload” phases are shaded in green. Red/blue shaded regions indicate
disturbance-measurement periods on the red/blue side of the X0 resonance. Gray
shading indicates periods that have to be discarded to allow the applied gate to
reach steady-state, limited by the finite bandwidth of the gate. (a) The simulated
instantaneous count-rate during the disturbance-measurement phases, relative to
on-resonance with the X0 transition. (b) Black curve: Applied gate voltage during
the measurement phases. Blue curve: Simulated true instantaneous disturbance
value. Red curve: The controller’s assumption about the instantaneous disturbance value. (c) Blue curve: Disturbance without any active feedback. Black
curve: Residual disturbance, despite active feedback.

required to interleave “payload” periods between the feedback measurements. Therefore, we implemented the feedback logic in a fieldprogrammable gate array (FPGA), leaving us much flexibility in
the details of the logic.
Figure A.2 highlights the core architecture of our algorithm. Dur89
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ing each feedback period, the FPGA alternates the gate voltage
between the lower and upper side of the X0 resonance, while the
drive laser is kept at a constant wavelength. If detrimental to
the interleaved “payload” operation, the drive laser could be synchronously gated. The difference in RF counts between two successive feedback periods comprises the error signal that is fed into the
feedback controller. Switching between periods was done at rates
of the order of 100 kHz, limited by the bandwidth of the gate. To
reduce the time lost waiting for the gate to reach steady state, each
state-change was “over-driven”, by applying a voltage spike of just
the right amplitude for 1 µs to accelerate the charging of the gate
capacitance.
The feedback controller response function g(ω) was implemented
as a digital linear infinite impulse response filter. The filter parameters, the detuning from the X0 resonance during the disturbancemeasurement periods, as well as the drive laser power1 were numerically optimised, based on a model of the field fluctuations as
homogeneous Gaussian process[122], whose parameters had been
fitted to the noise spectra described in section 3.3.

A.3

Results

To evaluate the noise reduction performance of the feedback loop,
we compare the line-width and the RF noise from the X0 transition
with and without active feedback enabled. To that end, during the
“payload” phases, the gate voltage was stepped over a number of
detuning values from the X0 transition, either taking into account
the controllers knowledge of the immediate disturbance, or ignoring
it.
The resulting RF spectra obtained from QDM 1 (sample
D130523A) are presented in figure A.3, along with fits of a Voigt
profile, comparing stabilised and un-stabilised RF line-shapes.
Two different laser-drive powers are shown. Particularly, under
1

A compromise has to be found on the drive laser power to maximising the
signal without inducing too much power-broadening, which reduces the gain of
the error signal.
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Figure A.3: (a) and (c): X0 line-shape of QDM 1 from sample D130229A, with
(green) and without (brown) active feedback. The curves are horizontally shifted
for clarity. (b) and (d): RF intensity noise amplitude, after subtraction of shotnoise. Solid lines are a simultaneous fit to both the RF intensity and the noise,
using a model of a Lorentzian profile of width Γ, that undergoes Gaussian spectral
wandering with rms amplitude σ. The grey line shows the underlying Lorentzian
profile. In (a) and (b), the drive laser power level just below saturation, in (c) and
(d), it is above saturation.

the lower power, shown in (a) and (b), the active feedback leads
to a reduction of line broadening, combined with a slight increase
in on-resonance brightness. The fit parameters indicate a reduction of the fluctuation amplitude from 1.9 mVrms to 1.2 mVrms .
Nonetheless, the fluctuation amplitude remains comparable to
the line-width, resulting in only a slight reduction of the RF
noise. At the higher power, shown in (c) and (d), the noise
reduction is less efficient, despite the higher signal. The reason
is the power-broadening of the X0 transition, effectively lowering
the slope of the error signal with respect to spectral wandering,
thereby reducing feedback gain.
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The reasons for the discrepancy between the achieved improvement
and the estimation presented in section A.1 are the following: The
available RF count rate for feedback of ∼100 kHz, reduced by interleaved operation and the requirement to detune significantly from
resonance, lead to limited signal that can be made use of. Furthermore, the best-case estimation presented in section A.1 assumes
a linear dependence of the error signal on the disturbance value.
This is justified when the feedback-loop manages to keep the noise
values low. Once it “looses lock”, the gain of the error signal is
reduced, further limiting the performance. What remains is the
very low-frequency 1/f contribution that is successfully cancelled.
This has been confirmed in numerical simulations of the system.
We note that with X0 count-rates of several MHz observed on sample, D160229A thanks to micro-cavity enhancement of the extraction efficiency, it might be possible to stay locked to the resonance
in the linear regime, and consequently getting much closer to the
previously estimated noise reductions.
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Appendix B

Structure of the samples
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500 µm
GaAs
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B. Structure of the samples

B.2
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B.3. D160229A

B.3
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