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Preface

Single spins in optically active semiconductor host materials have emerged as lead-

ing candidates for quantum information processing (QIP). The quantum nature of

the spin degree of freedom allows for encoding of stationary, memory quantum bits

(qubits), and their relatively weak interaction with the host material preserves the

coherence between the spin states that is at the very heart of QIP. On the other hand,

the optically active host material permits direct interfacing with light, which can be

used both for all-optical manipulation of the quantum bits, and for efficiently map-

ping the matter qubits into flying, photonic qubits that are suited for long-distance

communication. In particular, and over the past 2 decades or so, advances in materi-

als science and processing technology have brought self-assembled, GaAs-embedded

InAs quantum dots to the forefront, in view of their strong light-matter interaction,

and good isolation from the environment. In addition, advanced and established mi-

crofabrication techniques allow for enhancing the light-matter interaction in photonic

microstructures, and for scaling up to large-size systems.

One of the (as of yet) most successful applications of QIP resides in the distribution

of cryptographic keys, for use in one-time-pad cryptographic systems. Here, the

bizarre laws of quantum mechanics allow for clever schemes, where it is in principle

impossible to copy or obtain the key (as opposed to practically, computationally

hard schemes used in current, ‘classical’ schemes). Proof-of-principle schemes were

demonstrated using transmission of single photons, though unavoidable photon losses

and limited efficiency of the detectors used limit their use to distances of several
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hundred kilometers at most. Longer-range systems will need to rely on massively

parallel, pre-established links consisting of quantum mechanically entangled memory

qubits, with the information transfer occurring through quantum teleportation: the

so-called quantum repeater. The establishment of such entangled qubit pairs relies on

the possibility to efficiently map quantum information from memory qubits to flying,

photonic qubits - the realm of charged, InAs quantum dots.

This work elaborates on previously established all-optical coherent control tech-

niques of individual InAs quantum dot electron spins, and demonstrates proof-of-

principle experiments that should allow the utilization of such quantum dots for

future, large-scale quantum repeaters. First, we show how more elaborate, multi-

pulse spin control sequences can markedly increase the fidelity of the individual spin

control operations, thereby allowing many more such operations to be concatenated

before decoherence destroys the quantum memory. Furthermore, we implemented

an ultrafast, gated version of a different type of control operation, the so-called geo-

metric phase gate, which is at the basis of many proposals for scalable, multi-qubit

gate operations. Next, we realized a new type of quantum memory, based on the

optical control of a single hole (pseudo-)spin, that was shown to overcome some of

the detrimental effects of nuclear spin hyperfine interactions, which are assumed to

be the predominant sources of decoherence in electron spin-based quantum memories

– at the expense, however, of a larger sensitivity to electric field-related noise sources.

Finally, we discuss a system-level experiment where the quantum dot electron

spin is shown to be entangled with the polarization of a spontaneously emitted photon

after ultrafast, time-resolved (few picoseconds) downconversion to a wavelength (1560

nm) that is compatible with low-loss optical fiber technology. The results of this

experiment are two-fold: on the one hand, the spin-photon entanglement provides the

necessary light-matter interface for entangling remote memory qubits; on the other

hand, the transfer to a low-fiber-loss wavelength enables a significant increase in the

potential distance range over which such remote entanglement could be established.

Together, these two aspects can be seen as a necessary preamble for a future quantum

repeater system.
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Sven Höfling and his colleagues in the Forchel group in Würzburg (Christian

Schneider, Dirk Bisping, Sebastian Maier and Martin Kamp to mention only a few of

them) provided the excellent quantum dot samples without which none of this research

would have been possible. I particularly appreciated the stimulating discussions with

Sven during his numerous visits to California, which went far beyond quantum dot

growth per se.

Takahiro Inagaki and Hideo Kosaka from Tohoku University visited our lab last

year, and contributed significantly to the geometric phase-gate experiments.

While not reported in this dissertation, several people contributed to the various

side-projects which I very much enjoyed tackling. For the ZnSe experiments at the

very beginning of my joining the Yamamoto group, Alex Pawlis from the university

of Paderborn was the driving force, while Ian Fisher and Jiun-Haw Chu offered me

the opportunity to learn a lot about (and contribute a very small amount to) the

study of a new class of high-TC superconductors.

Among the many excellent members of the technical and administrative staff

at Stanford, Yurika Peterman and Rieko Sasaki stand out in view of their tireless

dedication and kind attention to detail. I am also indebted to the Ginzton front

office staff and the EE department’s adminstrative staff.

In some sense, a PhD is the culmination of many years of study. I had the

privilege of learning from and being mentored by excellent people back home, at KU

Leuven. Some of the people I would like to especially acknowledge in this regard

are profs. Jo De Boeck, Robert Mertens, Karen Maex, Staf Borghs and Hugo De

Man, and Drs. Wim Van Roy, Liesbet Lagae and Pol Van Dorpe. The financial

viii



support of the Belgian American Educational Foundation, and from the Stanford

Graduate Fellowship program (Dr. Herb and Jane Dwight fellowship) offered me the

financial independence that, directly and indirectly, enabled much of the research in

this dissertation.

Throughout my time at Stanford, I enjoyed the company of good friends, and

listing all of them would be quite daunting. Nevertheless, I would like to especially

mention Thomas Tsai, Jim Loudin, Sabina Alistar, Jessica Faruque, Adrian Albert,

Gaurav Bahl, Daniel Barros, Rita Lopez, Dany-Sébastien Ly-Gagnon, Clara Kuo,
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Chapter 1

Introduction: solid-state quantum

repeaters

Quantum Information Processing [1] (QIP), roughly defined as that branch of physics,

engineering and computer science that attemtps to incorporate fundamental concepts

from quantum mechanics in order to augment and improve on existing information

processing capabilities1, was initially proposed as an answer to a fundamental question

in both theoretical physics and quantum chemistry: how to keep track of the gigantic

state space that is present in large-scale quantum mechanical systems [2]? Such

quantum simulation has since become the subject of an entire subfield of study [3],

building on the intrinsic state space provided by quantum systems to understand

fundamental properties of nature, especially in solid-state and many-body physics –

properties and studies that would be intractable using classical mathematical tools

based on digital computing power.

Similarly, and very much in concert with quantum simulation, another branch of

QIP known as quantum computation [4] emerged, based on ingenious proposals that

1To quote from [1]:“the study of the information processing tasks that can be accomplished using
quantum mechanical systems”

1
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build on the full power of the Hilbert space in large-scale quantum systems to dra-

matically speed up the solution and/or verification of particular, ‘hard’ mathematical

problems. The quantum enabled, exponential speedup in prime-factoring as demon-

strated by Peter Shor in 1994 [5] led to a true explosion of interest in this subfield,

as such prime factoring (more specifically: the assumed difficulty thereof) lies at the

heart of widely used public-key cryptography systems such as the well-known RSA

encryption2. Similarly, quadratic speedups in searches through unsorted databases

were demonstrated by Lov Grover in 1996 [6].

While fascinating and enormously rich in both physics and fundamental infor-

mation theory, this dissertation will for the most part steer far away from quantum

computation and simulation.

Rather, we will mainly describe the submitted work within the framework of yet

another branch of QIP, one that initially developed quite independently from the

aforementioned ones [7, 8]: quantum communication and quantum key distribution.

The canonical problem in quantum key distribution (QKD), and quantum com-

munication in general, is depicted in figure 1, and can be summarized as follows: how

can two parties, A (Alice) and B (Bob), share secrets that cannot be overheard by an

eavesdropping third party (Eve)? This problem is in some sense the opposite of the

one targeted by the quantum computers trying to implement Shor’s algorithm: there,

quantum mechanics is used to target and break classical encryption systems, while

quantum communication aims to use quantum mechanics to secure cryptographic

systems [9–11].

The fact that quantum mechanics could assist in securing shared secrets may

2An important caveat: not all cryptographic systems rely on the difficulty of prime number
factoring. Contrary to popular belief, quantum computing systems are not ‘quantum mechancical
equivalents of classical computers’, and in fact, their application scope is, at the time of writing
this dissertation, quite limited. It is quite possible, and even likely, that a quantum mechanics
based prime factoring machine would make itself instantly obsolete, when publicly announced: the
obvious countermeasure in such a cryptographic arms race would be the abandonment of public-key
cryptography. . .
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Alice Bob

Eve

Figure 1.1: The outline of the canonical cryptography problem: how can Alice and
Bob share a secret message (or a secret key to be used in a one-time pad) without
Eve being able to intercept this message?

seem strange to cryptography specialists. Shortly after the second world war, Claude

Shannon rigorously proved [12] the heuristics of over 50 years of cryptography and

(attempted) code-breaking, in showing that a properly used one-time pad encryption

system (where a truly random, truly secret cryptographic key, at least as long as the

message-to-be-sent, which is used only once, is added to the message through modular

addition) would be impossible to crack. Hence, when two counterparties, A(lice) and

B(ob) share a mutual, secret key that satisfies the one-time pad conditions of true

randomness, sufficient length and no repetition, they then can encrypt any sufficiently

short message in a way that, in theory, is absolutely secure.

This moves the task of secure communication to one of sharing the secret key

between the counterparties, which is where quantum mechanics can assist. It is of

course possible to have, say, two disk drives with secret keys shared between Alice

and Bob, from which they draw random keys as needed for communication. However,

distributing these disk drives then becomes either cumbersome (if Alice and Bob are
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far apart: physical contact between them would require personal travel) or unsafe, as

the keys would have to be sent over communication channels that are potentially un-

safe. In the remainder of this chapter, we will show how several intrinsically quantum

mechanical effects can assist in distributing secure, unbreakable and impossible-to-

copy cryptographic keys - the realm of quantum key distribution [7, 8]. In the final

part, we shall indicate how this thesiswork fits within the framework of a solid-state

quantum repeater [13, 14], and which particular hurdles on the way to such repeaters

have been overcome.

1.1 On quantum bits, their measurement, and the

inability to clone them

1.1.1 SU(2) and pseudo-spins

The basic unit of QIP is the quantum bit, which is a formal, mathematical object (a

state vector in a two-dimensional Hilbert space, obeying SU(2)-symmetry) that can be

physically represented by a two-level quantum system. Many such two-level quantum

systems exist and have been studied, ranging from photonic polarization states to the

quantum state of a superconducting circuit, but the (arguably) canonical example of

a two-level system is a single spin-1/2 - e.g., an electron spin3. In a representation

where our logical 0,1 become quantum states |0〉,|1〉 in bra-ket notation, we can map

these quantum states into the up-down states of a pseudospin [15], and write the

quantum state of a single qubit as follows:

|Ψ〉 = cos(θ/2) |↓〉 + eiφ sin(θ/2) |↑〉 (1.1)

3In general, it can be shown that any quantum two-level system can be mapped into a spin-1/2
representation, hence the often used pseudo-spin terminology [15, 16].
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↓

↑

Figure 1.2: The Bloch sphere representation of a 2-level quantum system, encoded as
a pseudo-spin qubit

Crucially, in eq. 1.1, one can notice the existence of superpositions between the

respective |↓〉 and |↑〉-states: the existence of coherence that uniquely characterizes

quantum mechanics. The (pseudo-)spin-1/2 representation also allows for an intuitive

representation of the quantum bit in the well-known Bloch-sphere (fig. 1.2), where

angles θ and φ, which define the coherence between the spin states, represent the

polar and azimuthal angle with regards to the axis connecting the North- and South

pole - the latter corresponding to the |↓〉 and |↑〉-states respectively.

In view of the SU(2) symmetry, any coherent manipulation of a qubit can be

described as a Hilbert-space operator in terms of the well-known Pauli spin matrices

σx,y,z:

R~n(θ) = e−iθ(~n.~σ)/2, σx =

(
0 1

1 0

)
, σy =

(
0 −i
i 0

)
, σz =

(
1 0

0 −1

)
(1.2)

As the notation in eq. 1.2 suggests, coherent qubit manipulation (modulo overall
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complex phase factors) can be described as rotations around a rotation axis ~n in the

Bloch-sphere (dashed line in fig. 1.2), with rotation angle θ. Hence, in the remainder

of this work, we shall adopt the terminology of coherent rotations.

While this semi-classical rotation picture is quite powerful and allows for an intu-

itive approach to qubit control, some differences do exist with classical rotations, and

a particular example manifests itself in the presence of global, geometric phases upon

coherent rotation. More specifically, for e.g. a 2π rotation around an arbitrary axis in

the Bloch sphere, straightforward application of the rotation operator in eq. 1.2 leads

to an over-all phase factor of -1. This is a general consequence of the SU(2) symme-

try and the spin-statistics theorem, and can be visualized in particular interference

experiments, such as those described in chapter 5.

Coherent manipulation and evolution is a powerful concept, at the very heart of

quantum mechanics and quantum information science, yet coherences are also fragile

due to the collapse of the wavefunction upon measurement [17, 18]. Measurement, in

contrast to coherent evolution, is a non-unitary, non-reversible and non-deterministic

process; at a simplistic level, it can be described in terms of projective, Hermitian

measurement operators, with only a discrete set of possible outcomes (corresponding

to the eigenvalues of the operator). In the context of a Bloch-sphere representation of

qubits, the measurement process can be visualized as a projection process, with the

measurement operator as a particular axis in the Bloch sphere (say, X, or Y axis),

and the result of the measurement being a new state vector either along +X (+Y),

or -X (-Y), with eigenvalues ±1. Crucially, this process is probabilistic rather than

deterministic, with the probability of obtaining a particular result proportional to the

angle between the qubit and the measurement axis.4

Quantum mechanical measurements correspond to physical observables that can,

4This description sidesteps the deep yet also deeply philosophical question about the reality
of the state vector/wavefunction. In the present work, we adhere to a heuristic, Copenhagen-like
interpretation of the wavefunction, generally summarized as “shut up and calculate”. Note also
that our definition of measurement is, strictly speaking, only valid for a so-called strong, projective
measurement, and not for weak, partial measurements.
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in principle, be measured experimentally; hence the requirement for Hermiticity of

the measurement operators, ensuring real eigenvalues (measurement results). For a

(pseudo-)spin, the most natural measurement is the one referring to the orientation

of the spin; the measurement operators are again the Pauli-spin matrices. Such a

measurement can be performed both directly (Stern-Gerlach-like experiment, with

the magnetic field oriented in any arbitrary direction to measure the spin along any

arbitrary axis), or indirectly - in the latter case, a fixed-axis spin measurement is

preceded by a coherent operation that rotates the spin around another axis. The

latter combination of incoherent measurement preceded by coherent rotation can be

seen as an effective change of measurement basis. A concrete example: for a spin

measurement in the Y-basis of the Bloch-sphere (|↓〉Y , |↑〉 Y ), a coherent rotation of

θ=π/2 around the X-axis realizes the effective measurement basis change, followed

by a Z-basis measurement.

It is important to note that, in general, measurements do not preserve coherent

superpositions. This can be easily seen through eq. 1.1 and fig. 1.2: for measurement

of our qubit |Ψ〉 along the Z-axis, with |↓〉 , |↑〉 as the eigenstates of the measurement

operator, the resulting state vector |Ψmeas〉 is either |↓〉 , with probability cos2(θ/2),

or |↑〉 , with probability sin2(θ/2); all coherence is lost upon measurement. The

same goes for measurements along e.g the Y-axis (|↓〉Y , |↑〉 Y as eigenstates), where

coherence between the |↓〉Y , |↑〉 Y -states would be lost. Interestingly, the resulting

state vector (say, |↑〉Y ), while an eigenvector of the spin-Y-measurement operator, is

now a superposition of Z-eigenstates: with eq. 1.1, |↑〉Y = 1√
2
(|↓〉Z + i |↑〉Z). In other

words: what is a coherence in one basis, becomes an eigenstate in another - again

illustrating the close relationship between coherent rotations and measurement basis

change.5

In view of the Heisenberg uncertainty principle [17], subsequent and/or simulta-

neous measurements of different quantum observables do not necessarily commute,

5Strictly speaking, this is only true for pure states, that can be represented as unit-length state
vectors within the Bloch sphere; for mixed states, no coherent rotation or basis change can result in
an eigenstate. In general, a density-matrix description [18] is required to properly deal with non-pure
states.
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making arbitrarily precise, joint measurements of those quantum variables impossible.

For spin measurements, the Pauli-spin matrices are non-commuting, making arbitrary

precise measurement of a spin/qubit impossible; instead, only one component of the

spin can be measured at the time, at the expense of loosing any information about the

other components. This concept will be shown to be at the very basis of several quan-

tum communication schemes (see 1.2), using non-orthogonal states (corresponding to

non-commuting measurement operators) to encode quantum information.

1.1.2 No-cloning theorem

Besides the combination of coherent evolution and incoherent measurement, another

crucial aspect of quantum bits can be derived from first quantum mechanical princi-

ples: the impossibility to copy an arbitrary quantum object. This is the basis of the

famous no-cloning theorem of quantum mechanics [19], and is based on the linear-

ity of quantum mechanics. The argument is as follows: suppose one has an arbitrary

qubit, |Ψ〉, and an ancilla-qubit, |χ〉 into which the state of |Ψ〉 needs to be copied (we

assume, without loss of generality, that the initial state of the ancilla is always |↓〉).
Then, denoting the cloning operation as C(|Ψ〉 ⊗ |χ〉), we should have the following

set of identities:

C(|↓〉 ⊗ |↓〉) = |↓〉 ⊗ |↓〉 (1.3)

C(|↑〉 ⊗ |↓〉) = |↑〉 ⊗ |↑〉 (1.4)

C([α |↓〉 + β |↑〉 ]⊗ |↓〉) = αC(|↓〉 ⊗ |↓〉) + βC(|↑〉 ⊗ |↓〉)

= α |↓〉 ⊗ |↓〉+ β |↑〉 ⊗ |↑〉 (1.5)

6= [α |↓〉 + β |↑〉 ]⊗ [α |↓〉 + β |↑〉 ] (1.6)
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The discrepancy between eq. 1.5, which is based on the linearity of quantum me-

chanical operations, and eq. 1.6, which represents the target state of a true quantum

mechanical copying device, is the proof by contradiction of the absence of such a

cloning possibility. Obviously, this argument is only valid for arbitrary, unknown

single quantum states: if the exact nature of the coherent superposition were known

beforehand, or could be obtained through repeated measurement (e.g, if many copies

of the unknown quantum state already exist), then operating the cloning device in an

eigenbasis through coherent measurement basis rotation would still allow for copying

of the quantum state.

1.1.3 Multiple qubits: non-classical correlations

For multiple qubits, the joint Hilbert space contains states that cannot be written as

the tensor-product of individual qubit states - in other words, where the state of one

qubit is not independent from that of another. The characteristic correlations of such

non-separable multi-qubit states are commonly referred to by the term entanglement,

the English translation of the German word Verschränkung that was used by Erwin

Schrödinger in the context on quantum mechanical correlations [20, 21].

The simplest entangled states involve two qubits; famous examples include the

EPR-Bell states [22]. Let us consider one such state, the |Ψ−〉-state, also known

as the singlet state in quantum chemistry. With the axis conventions used in our

Bloch-sphere description (fig. 1.2), this state can be written as follows:

∣∣Ψ−〉 =
1√
2

[|↑〉1,z ⊗ |↓〉2,z − |↓〉1,z ⊗ |↑〉2,z] (1.7)

In eq. 1.7, the subscripts refer to both the qubit (1,2) and the basis (here, z) used in

the description. For a measurement in the z-basis, we immediately observe two things:

on the one hand, the superposition of states reduces to a single state upon single-qubit
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measurement (either |↑〉1,z ⊗ |↓〉2,z or |↓〉1,z ⊗ |↑〉2,z, each with 50 % probability); on

the other hand, the resulting measured states show distinct (anti)correlations between

the spins: regardless of whether the first spin is measured to be up or down, the other

spin is always measured to be in the opposite state.

While such an anticorrelation could be observed classically in a statistical mixture

of spins where only one of them can be in the up-(down-)state, the quantum mechan-

ical correlations are much stronger than that. This can be observed by measuring the

spins in another basis (we choose the x-basis, though the statement is valid for any

other basis):

|↑〉z =
1√
2

[|↑〉x − |↓〉x] =
1√
2

[|→〉x − |←〉x] (1.8)

|↓〉z =
1√
2

[|↑〉x + |↓〉x] =
1√
2

[|→〉x + |←〉x] (1.9)∣∣Ψ−〉 =
1√
8

[(|↑〉1,x − |↓〉1,x)⊗ (|↑〉2,x + |↓〉2,x)− (|↑〉1,x + |↓〉1,x)⊗ (|↑〉2,x − |↓〉2,x)]

=
1√
2

[|↑〉1,x ⊗ |↓〉2,x − |↓〉1,x ⊗ |↑〉2,x] (1.10)

From eq. 1.10, we immediately see that the spin-correlations exist in the x-basis

as well, which cannot be explained by a classical or statistical mixture description.

Besides the aforementioned |Ψ−〉-(singlet-)state, there are three other EPR-Bell

states, the triplet-states:
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∣∣Ψ+
〉

=
1√
2

[|↑〉1,z ⊗ |↓〉2,z + |↓〉1,z ⊗ |↑〉2,z] (1.11)∣∣Φ+
〉

=
1√
2

[|↑〉1,z ⊗ |↑〉2,z + |↓〉1,z ⊗ |↓〉2,z] (1.12)∣∣Φ−〉 =
1√
2

[|↑〉1,z ⊗ |↑〉2,z − |↓〉1,z ⊗ |↓〉2,z] (1.13)

These four EPR-Bell are maximally entangled 2-qubit states6. It can be shown [1,

22] that they form a complete and orthonormal basis for the Hilbert space of the 2-

qubit states, and that therefore, by definition, any 2-qubit state can be decomposed

into them. While a very powerful concept that shall be exploited further (see 1.1.3.1),

the fragility of the EPR-Bell states to single-qubit measurement (collapse into pure,

separable states) requires special care in dealing with them (see 1.1.3.2).

1.1.3.1 Entanglement as a resource

The above description of entanglement did not require the qubits to reside in the same

location - in fact, interesting applications arise for remotely entangled qubits, which

are, among others, the subject of the famous Einstein-Podolsky-Rosen Gedanken-

experiment [21] and many others that are at the very heart of the intersection of

quantum (meta)physics.

From a heuristic and application-driven perspective, two particular consequences

of remote entanglement shall turn out to be crucial for the realization of quantum

repeaters: entanglement swapping, and entanglement distribution.

6We shall refrain, for now, from formal definitions and metrics of entanglement, and refer to
chapter 7 for more details. For now, it suffices to contrast the maximally entangled 2-qubit states
with a state like, e.g. 0.1 |↑〉1,z ⊗ |↓〉2,z + 0.995 |↓〉1,z ⊗ |↑〉2,z - the latter, while entangled, is very
close to the separable state |↓〉1,z ⊗ |↑〉2,z. Handwaivingly, for now, we shall refer to the maximally
entangled states as those 2-qubit states that are the furthest removed from any separable 2-qubit
state.



CHAPTER 1. INTRODUCTION 12

1 2 3 41 4

Bell

Figure 1.3: The canonical example of an entanglement-swapping scheme, starting
from 2 initially unrelated singlet states. Bell refers to a full, joint Bell state measure-
ment on the qubits 2 and 3.

Entanglement swapping relies on the presence of several entangled pairs, and the

possibility of realizing a full, joint Bell-state measurement on one of the qubits of each

pair. Figure 1.3 illustrates the basic procedure. Suppose we start from two, initially

fully independent entangled pairs:
∣∣Ψ−1,2〉 and

∣∣Ψ−4,3〉. The singlet states are chosen

for convenience, though similar results can be derived starting from any of the triplet

states.

Insertion of the Bell-states of qubits 2 and 3 (which, as we recall, form a complete

basis for the Hilbert-subspace of those 2 qubits), leads formally to the following result:

|Ψ〉 =
∣∣Ψ−1,2〉⊗ ∣∣Ψ−4,3〉 (1.14)

=
1

2
[|↑〉1,z ⊗ |↓〉2,z − |↓〉1,z ⊗ |↑〉2,z]⊗ [|↑〉4,z ⊗ |↓〉3,z − |↓〉4,z ⊗ |↑〉3,z] (1.15)

=
1

2
[
∣∣Φ+

1,4

〉
⊗
∣∣Φ+

2,3

〉
+
∣∣Ψ−1,4〉⊗ ∣∣Ψ−2,3〉− ∣∣Φ−1,4〉⊗ ∣∣Φ−2,3〉− ∣∣Ψ+

1,4

〉
⊗
∣∣Ψ+

2,3

〉
] (1.16)
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Eq. 1.16, while formally a simple mathematical re-ordering and manipulation of

eq. 1.14, is very powerful: it clearly illustrates that, if a joint Bell state measurement

can be performed on qubits 2 and 3, then the result of such a measurement is a new

entangled state, now between qubits 1 and 4. Note that, again, we are not requiring

qubits 1 and 4 to be in each other’s vicinity, or even to directly interact with each

other - rather, we require them both to be entangled to auxiliary qubits, 2 and 3, for

which a joint Bell-state measurement should be feasible. Historically, such a scheme

is referred to as entanglement swapping7 [25].

A straightforward implementation, also suggested in fig. 1.3, consists of two non-

locally entangled pairs, with the spatial range of their entanglement respectively X

and Y; entanglement swapping can then extend the range of the resulting entangled

pair to the joint distance of X+Y – and so on, if multiple swapping schemes are

nested together. This forms a basic ingredient of a quantum repeater [13, 14, 26]:

a series of auxiliary entangled pairs, each stretching out over, say, 50 km, which

are successively swapped in order to obtain truly long-range, possibly even inter-

continental [27] entanglement.

Quantum teleportation is based on a very much similar approach. Here, as illus-

trated in fig. 1.4, a single, unknown qubit |φ〉 and an entangled pair
∣∣Ψ−2,3〉 are the

basic ingredients. While the no-cloning theorem [19] prevents copying of the arbitrary

qubit state, it does not disallow a procedure where the qubit state is somehow ab-

sorbed, and re-created. Note that any such scheme where the state of the qubit were

to be measured during the course of it, would automatically fail due to the collapse

of the wavefunction upon measurement.

Again, insertion of the complete basis set of Bell states of qubits 2 and 3 leads,

formally, to the following result:

7In all of the present discussion, we assume to be working on pure entangled states, and to be able
to perform perfect Bell measurements. In practice, imperfectly entangled states and/or statistical
mixtures can be used in a distillation procedure known as entanglement purification: an initial set
of partially entangled states can, under certain conditions, be transformed to a new, reduced set
with improved entanglement properties. We refer to refs. [23] and [24] for more details.
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2 31

Bell

Figure 1.4: The canonical example of an entanglement-based quantum-teleportation
scheme, starting from an arbitrary, unknown qubit and an initially unrelated entan-
gled pair. Bell refers to a full, joint Bell state measurement on the qubits 2 and
3.
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|χ〉1 = α |↑〉1 + β |↓〉1 (1.17)

|Ψ〉 = |χ〉1 ⊗
∣∣Ψ−〉

2,3

=
1

2
[α |↑〉1 + β |↓〉1]⊗ [|↑〉2,z ⊗ |↓〉3,z − |↓〉2,z ⊗ |↑〉3,z] (1.18)

=
∣∣Φ+

〉
1,2
⊗ [α |↓〉3 − β |↑〉3] +

∣∣Φ−〉
1,2
⊗ [α |↓〉3 + β |↑〉3]

−
∣∣Ψ+

〉
1,2
⊗ [α |↑〉3 − β |↓〉3]−

∣∣Ψ−〉
1,2
⊗ [α |↑〉3 + β |↓〉3] (1.19)

=
∣∣Φ+

〉
1,2
⊗RΦ+(|χ〉3) +

∣∣Φ−〉
1,2
⊗RΦ−(|χ〉3)

−
∣∣Ψ+

〉
1,2
⊗RΨ+(|χ〉3)−

∣∣Ψ−〉
1,2
⊗RΨ−(|χ〉3) (1.20)

In eq. 1.20, R|Ψ−〉 etc. refer to single qubit rotations on qubit 3, conditional on the

joint Bell state measurement between qubits 1 and 2. In this form, the teleportation is

obvious: depending on the Bell state measurement, a particular single-qubit operation

needs to be applied to the third qubit, after which the third qubit becomes a perfect

copy of the first one, without ever being measured. As one bit of classical information

needs to be transferred from the location of qubits 1,2 to qubit 3, no super-luminal

communication is possible, and therefore no violation of special relativity occurs.

1.1.3.2 Bell state measurements

As discussed above, both entanglement swapping and quantum teleportation depend

critically on the presence of a joint Bell-state measurement between initially indepen-

dent qubits. As the Bell states are explicitly superpositions of pairs of single-qubit

states, any measurement scheme that would measure an individual qubit would there-

fore be incompatible with such a Bell state measurement.

A first, deterministic type of Bell-measurement involves the conditional interaction
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between 2 qubits in an entangling, 2-qubit gate. The canonical example is the CNOT-

gate, where the spin of a target qubit is flipped, depending on the state of an ancilla-

qubit [1]. Denoting the gate as CN , and using qubit 1 as the ancilla, 2 as the target,

we obtain the following results:

CN(|↑〉1 ⊗ |↑〉2) = |↑〉1 ⊗ |↑〉2
CN(|↑〉1 ⊗ |↓〉2) = |↑〉1 ⊗ |↓〉2
CN(|↓〉1 ⊗ |↑〉2) = |↓〉1 ⊗ |↓〉2
CN(|↓〉1 ⊗ |↓〉2) = |↓〉1 ⊗ |↑〉2 (1.21)

When combined with a single-qubit rotation on the ancilla qubit (e.g. a Hadamard

gate H [1]), such a CNOT gate transforms an entangled, 2-qubit Bell-state into a

separable 2-qubit state, after which measurements on the individual qubits can be

performed:

CN(
∣∣Ψ−〉) = CN(

1√
2

[|↑〉1 ⊗ |↓〉2 − |↓〉1 ⊗ |↑〉2])

=
1√
2

(|↑〉1 − |↓〉1)⊗ |↓〉2 (1.22)

H1(CN(
∣∣Ψ−〉)) = |↓〉1 ⊗ |↓〉2 (1.23)

Similar results are valid for the other EPR-Bell states, each of which is mapped

into a different, separable 2-qubit state after sequential application of the CNOT-gate

and a one-qubit Hadamard gate.

Physical implementations of CNOT gates have been realized in many systems, in-

cluding but not limited to trapped ions, electron spin qubits, superconducting qubits,

etc. [4]. For photons, however, the very weak mutual interaction limits the realization
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a b

c d

Figure 1.5: Schematic outline of a photon beamsplitter; a and b are the input ports,
and c and d the outputs.

of such a scheme to materials with large Kerr non-linearities [28], and even there, the

interaction strength is typically insufficient.

Another, probabilistic scheme exists however for Bell-state measurements, one

that is based on beamsplitter-interference and therefore lends itself well for photonic

implementations [29, 30]. Fig. 1.5 illustrates the convention used in the description of

the beamsplitter: ports a and b as inputs, and c and d as outputs. For single photon

input states, say |Φ〉 or |Ψ〉 at inputs a or b, the beamsplitter coherently mixes the

inputs to yield the following results:
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|Φ〉a →
1√
2

[|Φ〉c + |Φ〉d] (1.24)

|Ψ〉b →
1√
2

[|Ψ〉c − |Ψ〉d] (1.25)

|Φ〉a ⊗ |Ψ〉b →
1

2
[|Φ〉c + |Φ〉d]⊗ [|Ψ〉c − |Ψ〉d] (1.26)

|Φ〉a ⊗ |Φ〉b →
1√
2

[|Φ〉c ⊗ |Φ〉c − |Φ〉d |Φ〉d] (1.27)

In equation 1.27, valid for indistinguishable single photons only, the destructive

interference between the respective pathways from input a and b to the outputs results

in bunching behavior for the photons at the output: both photons will emerge at the

same output - the Hong-Ou-Mandel effect [31].

For two of the four EPR-Bell states (|Ψ+,−〉), the HOM-effect for indistinguishable

single photons gives rise to a unique output signature, that can be analyzed by means

of single-photon detectors and other analyzers:

∣∣Ψ−〉
a,b
→ 1√

2
[|↓〉c ⊗ |↑〉d − |↑〉c ⊗ |↓〉d] (1.28)∣∣Ψ+

〉
a,b
→ 1√

2
[|↑〉c ⊗ |↓〉c − |↑〉d ⊗ |↓〉d] (1.29)

For single photons, the pseudo-spin can be encoded as a polarization state (H,V),

the color of the photon, etc. For a |Ψ−〉a,b-state, both photons will emerge at different

ports (see eq. 1.28 - it can be shown that this is the only EPR-state for which this

is the case), such that the detection of two photons at different outputs provides a

unique signature for the presence of such a state. The |Ψ+〉a,b-state (eq. 1.29) has both

photons emerge at the same output, yet with opposite pseudospin, while the |Φ+,−〉a,b-
states can be shown to have the same pseudospin. Hence, a detection scheme based
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on polarizing beamsplitters (for polarization encoding) or dichroic mirrors (color en-

coding) and two detectors per output port will enable unambiguous detection of the

|Ψ+〉a,b-state.

Given that this beamsplitter-based scheme is capable of detecting only half of the

EPR-Bell states, it is in se probabilistic, with a 50% probability of success, modulo

photonic detection efficiencies. The scheme is particularly suited for the realization

of the medium-range entanglement that is at the basis of entanglement swapping and

quantum teleportation. Starting from two entangled pairs, e.g. entangled photon

pairs from a parametric downconversion source [29] or two spin-photon entangled

pairs (see chapter 7), one can interfere one photon of each pair with one from the other

pair, after first having it traverse a long distance in either free-space or low-loss optical

fiber. Given the very weak intrinsic interaction strength of single photons, several

tens to even hundreds of kilometers can be traversed this way, before probabilisitc

Bell-measurements project the other half of each pair into a joint, entangled state.

Moreover, this projection is heralded: the observation of two ‘clicks’ of two particular

beamsplitters reveals the realization of the projected entanglement, in principle with

perfect accuracy8.

1.2 A simple quantum communication protocol

The (arguably) first practical application of QIP was in secure communication –

quantum key distribution (QKD) for one-time-pad ciphers [12], as discussed before.

The simplest possible QKD scheme was developed by Charles Bennett and Gilles

Brassard in 1984 (BB84 [9]), and will be described at an elementary level below. It

is essentially based on a combination of the no-cloning theorem for single qubits [19],

8The situation is slightly more complex when practical detectors are considered, which can have
fake detection events known as dark counts. As long as the real detection events outnumber the dark
counts significantly, reasonably high fidelity entanglement can be realized, and potentially further
purified [24]. However, once the dark counts start swamping the real detection events, this scheme
fails completely. We will discuss this in more detail in the next section.
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BB84 

Alice Bob

Eve

No 
cloning! measure 

resend

Figure 1.6: Schematic of the BB84 QKD protocol. Alice and Bob attempt to share
a secret key, which Eve tries to intercept. As she cannot clone the qubits used,
she attempts to measure and resend them, which leads to detectable errors upon
comparing Alice and Bob’s code tables.

as well as the Heisenberg uncertainty principle manifesting itself in collapse of the

wavefunction along different, incompatible bases when using non-orthogonal states to

encode information.

The essence of the scheme is indicated in figure 1.6. The counterparties, Alice

and Bob, who want to share a secret key, each have access to a qubit measurement

apparatus that they can use in different bases, corresponding to non-orthogonal eigen-

states (say, |↑〉z, |↓〉z or |↑〉x, |↓〉x). Alice now has a set of single qubits available, that

she can measure randomly in either of these bases, and subsequently send to Bob -

in practice, photons are used, and the original proposal mapped the qubit into pho-

tonic polarization states. Bob, in turn, measures the received qubits, again randomly

choosing between bases. Up until this point, no information or key has been shared,

and each party just has a table with measurement bases and results. Bob now an-

nounces his choice of bases to Alice, and vice versa: around 50% of the cases should

result in a correspondence between the chosen measurement bases, and can now be
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used: a sifted key has been established. Only Alice and Bob know which of the 2

possible measurement results appeared for the events with corresponding bases, and

have thus established a secret key.

In the presence of an eavesdropper, the no-cloning theorem precludes simple copy-

ing of the qubits and then overhearing which qubits to look at. Instead, Eve has to

resort to measuring the qubits, and then resending them. However, as she had no

a priori information about which basis Alice or Bob are using (the assumption of

perfectly random choices is critical here), she can only guess the measurement basis

correctly with 50% probability. In the other 50%, she chooses the wrong basis, and

collapses the qubit into a non-orthogonal eigentate compared to the originally trans-

mitted one. For the pseudo-spin case we described above (or a polarization mapping

thereof), this now resent qubit is measured by Bob. In the comparison stage of the

algorithm, when Alice and Bob establish corresponding measurement bases, he has

again a 50% probability of obtaining the same result as Alice: a qubit in, say, the

x-basis, |↑〉x, when measured in the z-basis, has 50% probability of ending up in either

the |↑〉z- or |↓〉z-state. By comparing their results for a random subset of the corre-

sponding measurements, Alice and Bob can establish an error rate. If Eve overhears

every single qubit and resends it, she should project a 25% error rate onto the key

which Alice and Bob intend to share, the signature of which will instruct them to

abandon their mission. For lower-rate, randomly chosen intercepts, the amount of

information Eve can obtain about the key decreases, and Alice and Bob will notice a

lower error rate - after which they can resort to classical cryptographic tricks such as

privacy amplification to increase the security of their shared key [7, 8].

1.2.1 Practical issues: losses, detectors and such

It would go beyond the scope of this work to describe all the possible weaknesses

in practical BB84 implementations; we shall instead focus on a few major ones, that

both limit its possible use and have led to different, more elaborate schemes to become
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more prevalent for QKD.

As the BB84 scheme relies on the no-cloning theorem, its security depends on the

quality of the single-photon sources used. While highly attenuated lasers can mimic

some aspects of true single-photon sources, the small yet finite probability of having

more than one photon per experimental event (intended bit sent) might allow Eve

to circumvent the no-cloning theorem and obtain some information about the keys

that remains undetected. In particular, if she were able to perform a non-destructive

measurement of the number of photons per pulse, she could decide to only focus on

those events with multiple photons, measure one of these, and Bob would be unable to

detect any errors due to this attack strategy. There has been considerable success in

realizing true, pulsed, single-photon sources [32, 33], though even those have non-zero

probabilities of emitting more than one photon per pulse. In practice, more elaborate

schemes can be used to deal with the multiple-photon emission, e.g. by relying on

photon-number resolving detectors - at the expense of over-all performance [34].

A more serious issue is caused by the combination of qubit-loss and imperfect

detectors. While, in the above scheme, Alice and Bob effectively post-select for cases

where both of them observe a detector click, the rate of such coincidences obviously

decreases with increased system losses. For photons, the losses are either due to

absorption in optical fibers (some 0.2 dB/km for state-of-the-art telecom fiber), or

by diffraction and simple lateral spreading out of the single photons when used,

unguided, in free space. On top of that, the detectors used will sporadically detect

spurious events (dark counts), unrelated to any real detected photon. Such dark

counts will therefore result in fake signals and errors in the sifted key. Once the

real count rate, reduced due to absorption/losses, falls below a certain threshold, the

dark count signal will become large enough that no privacy amplification can be of

any help: the scheme fails. For practical detectors, with Hz-level dark count rates,

and fiber-optic communication, this will practically limit the BB84-scheme and its

derivatives to distances of several 100 km [7, 8, 35].

Finally, a polarization-encoding of the qubits is undesirable due to inherent and
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constantly fluctuating birefringence in optical fibers due to small amounts of strain

or differential thermal expansion. It is in principle possible to compensate these by

applying test signals, though those would compete with real signals for bandwidth and

therefore reduce the possible key generation rate. The use of polarization-maintaining

fiber on the other hand is incompatible with the use of non-orthogonal basis-states.

The polarization-encoded BB84 scheme is therefore limited to free-space applications,

while fiber-based systems rely on BB84 variants such as differential-phase-shift (DPS)

QKD [36, 37].

1.3 An entanglement-based quantum communica-

tion protocol

A different QKD scheme, based on remote entanglement, was proposed by Arthur

Ekert in 1991 [10] and slightly modified by Bennett, Brassard and Mermin the fol-

lowing year [11]. The latter authors also pointed to the obvious similarities with the

existing BB84 protocol. In their approach, Alice and Bob each share one qubit of

an entangled (singlet) EPR-Bell pair. They then, as in BB84, each randomly choose

their measurement basis (x,z as in our convention before), and compare post-factum

the choice of basis states. For the same choice of measurement basis, the perfect

anticorrelation present in the singlet states guarantees that they both have exactly

opposite results, which with a trivial inversion leads to an identical key. In contrast to

the BB84 scheme, Alice does now not anymore ‘choose’ her qubits: both she and Bob

accept the random measurement results that follow from collapse of the entangled

EPR-Bell state, and obtain a sifted key from this process.

Similar to the case of BB84, Eve cannot perform copies on the individual qubits,

nor can she perform a single-qubit intercept-and-resend attack, as that will again

result in errors upon comparison of parts of the sifted key by Alice and Bob. Moreover,

Bennett and co-workers also demonstrated that Eve would not be able to fool Alice
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Figure 1.7: Schematic of the BBM92 QKD protocol. Alice and Bob each receive
one qubit of an entangled EPR-Bell pair, and perform random measurements in non-
orthogonal bases. After basis-comparison, the sifted key is checked for errors, which
would indicated the presence of an eavesdropper. The circles refer to the equator
of the Poincaré-sphere that can be used for a polarization-implementation. Figure
adopted from ref. [8].

and Bob either by actively providing them with an entangled pair over which she

would have any sort of control - where she would somehow be able to infer information

about the key without being noticed. The argument goes as follows: for Eve to obtain

information over the joint spin-state that Alice and Bob receive, she would need to

create an (at least) 3-particle entangled state:

|Φ〉 = |↑↑〉A,B ⊗ |A〉E + |↓↓〉A,B ⊗ |B〉E + |↑↓〉A,B ⊗ |C〉E + |↓↑〉A,B ⊗ |D〉E (1.30)

However, as Alice and Bob must not notice her tampering with the singlet EPR-

Bell pair, this can only be achieved in the following way, where indeed perfect an-

ticorrelations are obtained whenever Alice and Bob perform and compare their spin

measurements in the same basis:

|Φ〉 = (|↑↓〉A,B − |↓↑〉A,B)⊗ |C〉E (1.31)
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Yet, in eq. 1.31, Eve’s quantum state is totally unentangled with the EPR-Bell

pair that she provides to Alice and Bob, and will therefore not help her obtain any

information about the whereabouts of Alice and Bob’s qubits.

Provided that entangled EPR-Bell pairs can be obtained and used as a resource,

the BBM92 scheme does not suffer from the same loss- and dark count limitations

as the BB84 scheme; in some sense, it post-selects for those events where success-

ful entanglement generation can be used for BB84-like information and key-sharing.

Obviously, the establishment of such entangled pairs is the key assumption here: for

long-distance entanglement, this will most likely rely on a photonic scheme, where

qubit-light entanglement is used in a probabilistic, HOM-like interference scheme in

order to swap the entanglement to the target qubits (see sections 1.1.3.1 and 1.1.3.2

for more details). Crucially, this procedure is heralded: a double-click event on the

detectors indicates the successful realization of remote entanglement; its probability

of success, however, scales badly with distance due to the combined effects of linear

loss and dark counts. While photonic losses and detector dark counts do therefore

limit the range of any single link that can be established this way, neighboring links

can be used in further entanglement-swapping schemes to extend this range. If com-

bined with long-lived qubits as quantum memories [26], successfully realized entangled

pairs can be stored until all the other links have been obtained. Using this effective

parallellism, the photonic loss and dark count restrictions on the length of single link

can be circumvented: this is the very essence of a quantum repeater [13, 14, 26, 38].

1.3.1 Entanglement: quantum one-time pad?

The potential use of entangled singlet EPR-Bell pairs in a BBM92 scheme suggests

another, potentially more straightforward approach to quantum communication: in-

stead of sacrificing the entangled pairs for the generation of quantum mechanically

secure keys, it might be possible to use quantum mechanics to transport the message

as a whole, in a quantum version of the one-time pad [8]. Provided that faithful singlet
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pairs are available (which could be tested through the same comparison scheme as

used in BBM92 and described above, revealing the presence of eavesdroppers through

excessive error rates), the message could be quantum teleported [39] as a whole. As

the eavesdropper does not have access to the other half of the entangled pair, he or she

cannot reproduce the original message after overhearing the classical bits indicating

the quantum operations to be performed by the receiver. Only the faithful recipient

of the original singlet EPR-Bell pairs, who does have access to the ‘other half’ will

have be able to use this information.

In general, whether a quantum teleportation or a BBM92 scheme is used is a

matter of taste and application dependent. Regardless, the presence of entangled

EPR-Bell states allows for long-distance quantum communication, and its range is,

unlike in the single-photon BB84-related schemes, extendable through repeated en-

tanglement swapping.

1.3.2 Practical implementation: ion traps

While the first entanglement swapping and quantum teleportation experiments in-

volved photonic qubits and parametrically downconverted photonic EPR-Bell pairs [29,

40], the combination with long-lived, memory qubits requires different technologies.

Trapped ions, arguably the most advanced of the matter qubits [4], and certainly

among the longest-living ones, were used to demonstrate, successively, spin-photon en-

tanglement [41], remote qubit entanglement through effective entanglement swapping

after probabilistic, HOM-interference-based photonic Bell-state measurements [42]

and quantum teleportation between remote ionic (Yb+) qubits [43].

The latter scheme is illustrated in fig. 1.8, and is a slight simplification of the

canonical schemes described before (establishing remote qubit entanglement; Bell

state measurement between the unknown qubit and one half of the EPR-Bell state),

as it involves only two Yb+-qubits, not three. After appropriate initialization of those

qubits into respectively the arbitrary, to-be-teleported qubit state A (α |↓〉A +β |↑〉A)
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Figure 1.8: Schematic of the first ion quantum teleportation experiment. The quan-
tum state of one Yb+ ion is mapped into a remote one, by means of ion-photon en-
tanglement and a probabilistic Bell state measurement on the ion-entangled photon.
(P)BS: (polarizing) beamsplitter; PMT: photo-multiplying tube (a type of single-
photon detector). Figure adopted from ref. [43].
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and a coherent superposition for qubit B, ion-photon entanglement is created (see

chapter 7). With the particular initializations used, the effective, probabilistic 2-

photon Bell state measurement projects the 2 ionic qubits into a particular entangled

state: α(|↓〉A + |↑〉A)⊗ |↑〉B − β(− |↓〉A + |↑〉A)⊗ |↓〉B. Measurement of qubit A then

projects qubit B into a measurement-outcome dependent superposition, that can be

coherently rotated into the desired state.

1.4 Solid-state based quantum repeaters

The realization that truly long-distance entanglement could be used for quantum

communication in either BBM92-based schemes or through quantum teleportation,

led to various proposals for generating such long-distance entanglement [13, 14, 26,

27]. Invariably, they are based on a form of nested entanglement purification and

swapping, in the presence of long-lived quantum memories: the quantum repeater.

A basic outline of a quantum repeater is shown in fig. 1.9. In a first step (a)), a

massively parallel series of entangled qubit pairs is realized. Probabilistic, heralded

schemes based on HOM-like interference of qubit-entangled photons could be used

for this. However, their probability of success is limited and critically dependent

on the distance between the pairs due to exponential increase in the linear losses

with growing distance. An optimal strategy therefore seems to consist of spacing

the nodes several 10 km apart, and to apply a repeat-until-success strategy: once

a pair is established, its state is kept, the qubits are untouched, and the EPR-Bell

state is assumed to be maintained by virtue of the quantum memory inherent in the

qubits9. This way, all links can be entangled in parallel, with the total required time

approximately equal to the average time needed for a single link to be established.

9In practice, single-qubit memory times or coherences may be limited, requiring repeated ’re-
freshing’ or correction of the memory: this can be realized by quantum error correction, which is
an entire subject in itself, and one that has been extensively studied in the context of quantum
computing – we refer to refs. [1] and [4] for more details.
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In a second step (b)), the entangled pairs obtained in a) are combined into a

new, reduced set of entangled pairs in a process known as entanglement purification

or distillation [23, 24]. As all quantum operations are imperfect, none of the pre-

established entangled pairs would have perfect fidelity. Entanglement distillation

starts from these imperfectly entangled pairs, and combines 2-qubit, entangling gates

with single-qubit operations to obtain higher-fidelity pairs. This process can, again,

be performed in parallel, on entire series of entangled pairs at once. The number of

pairs required depends critically on the initial degree of entanglement, which in itself

depends on the distance between the pairs, the fidelity of the quantum operations,

the losses in the channels, the detector dark counts, etc.

When sufficiently entangled, distilled pairs are obtained, entanglement swapping

can be used in a nested procedure (steps c) and e)), possibly combined with other,

intermediate purification steps (d)) that compensate for errors in previous swapping

steps. The result is a longer-distance, high-fidelity entangled EPR-Bell pair, that

could be used for secure quantum communication.

It is the potential for massive parallellism and high operation speed (see chapters 2

and 3 for more details) that make solid-state quantum repeaters an important yet

challenging goal within the QIP-community at large. The work presented in this

thesis falls within this framework.

1.4.1 Solid-state quantum repeaters: a checklist

Fig. 1.10 illustrates the basic quantum repeater ingredients as outlined before. They

can be summarized as follows:

1. high-fidelity, coherent single qubit control: progress towards this goal will be

presented in chapters 2, 3, 4, 5 and 6;



CHAPTER 1. INTRODUCTION 30

Purify

Purify

Swap

Swap

a)

b)

c)

d)

e)

Entangle

f)

Figure 1.9: Basic operation principle of a quantum repeater. Memory qubits at
limited-range intervals are entangled, after which a series of nested entanglement-
purification [23, 24] and entanglement-swapping [25] procedures are used to implement
higher fidelity, longer-distance entanglement.

2. long-lived quantum bits (coherences), to be used as quantum memories: exper-

imental studies and improvements are reported in chapters 3 and 6;

3. spin-photon entanglement/interface: a coherent mapping of spin coherence to

photonic coherence, in order to entangle stationary qubits with flying qubits.

An experimental realization hereof is reported in chapter 7;

4. low-loss propagation of the photonic qubit, in order to transfer the quantum

information over long distances. For fiber-based schemes, this requires photonic

qubits at low-loss wavelengths (1550 nm). An experimental implementation is

reported in chapter 7;

5. high-visibility photonic quantum interference at low-loss wavelengths: an HOM-

based, effective Bell state measurement (probabilistic) to transfer spin-photon
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Figure 1.10: Basic ingredients for a quantum repeater, as discussed in this work.
Green circles: memory (spin) qubits; orange circles: single photonic qubits; black-and-
white rectangles: beamsplitters for HOM-measurement; green boxes: single-photon
detectors; black-and-white circles: entanglement operations.

entanglement into spin-spin entanglement; ongoing work;

6. high-fidelity, fast, entangling 2-qubit gate for the stationary qubits: necessary

for quantum teleportation and entanglement swapping; ongoing work;

7. high-fidelity, efficient quantum memory readout: ideally single-shot, and non-

demolition; ongoing work;



Chapter 2

Quantum memories: quantum dot

spin qubits

The quantum bits used in the remainder of this work, are individual electron (chap-

ters 3, 4, 5 and 7) or hole spins (chapter 6) in self-assembled quantum dots [44, 45].

Spins, either as direct spin-1/2 particles or as pseudospin-submanifolds of larger sys-

tems, are generally considered as good candidate-qubits due to their relatively limited

interaction with the environment [1]. In addition, and as we shall show below, the

confinement of the spin to quantum dots provides an additional protection of the spin

degree of freedom.

‘Quantum dot’ is a generic name for a plethora of different, effectively 0-dimensial

structures, where quantum effects such as quantum confinement actively affect the

behavior of said structures. Over the last decade, so-called electrically defined quan-

tum dots [45, 46] have gained a lot of attention: these are structures, consisting of

a 2-dimensional electron gas (2-DEG), where electrical contacts define small islands

withing the 2-DEG, to the extent that quantum confinement and mutual interac-

tions significantly restrict the number of allowed states within the quantum (few- to

single-electron regime).

32
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Figure 2.1: Self-assembeld quantum dots: SEM-micrograph of uncapped dots (a))
and schematic outline of the band- and level structure (b)). CB: conduction band;
VB: valence band; es,p: s- and p-shell electron states; hs,p: s- and p-shell hole states.

The quantum dots in the present work are of a different nature: these are self-

assembled semiconductor quantum dots, MBE-grown through the Stranski-Krastanov

method [44, 47]. A schematic outline is shown in fig. 2.1. Due to the build-up of ex-

cessive strain during the MBE layer growth, small, nm-scale three-dimensional islands

of semiconductor material coalesce, with a different composition and (often) lattice

constant than the host matrix, thereby relieving part of the strain. The difference in

composition, and the respective band-line-up in the conduction and valence band, can

create a structure where electrons and/or holes are effectively bound to the quantum

dot due to the band-discontinuity with the host material.

Due to the nm-size scale of the quantum dots (see fig. 2.1 a) for an SEM mi-

crograph of uncapped quantum dots), quantization and inter-particle interactions

reduce the number of available states inside the quantum dots, which are typically

in the few-electron (hole) regime, similar to the gate-defined quantum dots. How-

ever, unlike the gate-defined quantum dots, the three-dimensional, band-discontinuity

induced confinement can give rise to true 3D confinement for both electrons and

holes [44, 47]. When composed of optically active, direct bandgap semiconductors,

such self-assembled quantum dots can therefore bind complexes of electrons and holes:
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excitons, which can have large optical dipole moments and result in fast optical re-

combination. For the remainder of this work, we shall focus on one particular material

system: the InAs-GaAs system, where the optically active quantum dots consist of

In(Ga)As islands within a GaAs host matrix. As we can see in fig. 2.1 a), where the

top GaAs layer was removed, such quantum dots have a pancake-like shape, with

some 2-4 nm height and between 20 and 50 nm in diameter.

The large confinement energy and reduced density of states provides an excellent

protection for the spin states of individual charge carriers inside the quantum dot [47].

While the dipole moment of a single electron spin is very small [47], relativistic effects

give rise to spin-orbit interactions that couple the spin to the particle momentum. In

bulk, such coupling can easily give rise to spin flips due to different types of scattering

events. The reduced density of states in quantum dots makes such spin flip processes

much less effective, thereby providing additional protection for the spin qubits [48–50].

2.1 Quantum dot level structure

Using effective-mass theory [47], the effect of the lattice on a single confined quantum

dot charged can be decoupled from the effects of the confinement due to band-edge

discontinuities. For a single quantum dot electron or hole, this allows for a separation

of variables approach to the solution of the Schrödinger equation:

Htotal |Ψ〉total = Etotal |Ψ〉total (2.1)

|Ψ〉total = |Φ〉QD |χ〉band (2.2)

HQD |Φ〉QD = EQD |Φ〉QD

HQD =
−h̄252

2meff

+ UQD (2.3)
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Eq. 2.3 for the envelope wavefunction |Φ〉QD that stretches out over the entire

quantum dot is formally equivalent to that of a particle in a three-dimensional box.

It describes the effects of the quantum confinement within a band inside the quantum

dot, characterized by its effective mass meff
1. In view of the different size scales

of the self-assembled dots (vertical confinement: 2-4 nm, horizontal: 20-50 nm), the

dominant quantization axis is along the growth direction. In analogy with the simple,

one-dimensional particle-in-a-box model, an energy level structure develops, with s-

and p-type envelope functions alternating. Fig. 2.1 indicates the s- and p-shell energy

levels for the electron and lowest-lying hole band respectively.

In eq. 2.2, |χ〉band reflects the symmetry of the underlying lattice. Using ~k·~p pertur-

bation theory for the zinc-blende semiconductors [51] (such as GaAs and InAs), this

band-related wavefunction can be shown to have s-like symmetry for electrons, and

p-like symmetry for holes [47]. Moreover, and again due to the symmetry of the under-

lying lattice, the electron wavefunction is singly degenerate (doubly when accounting

for spin), and the hole wavefunction triply degenerate (six-fold when accounting for

spin). Due to the coupling of the spin and the orbital angular momentum, the spin

and orbit-part of the wavefunction hybridize. In combination with the confinement-

induced splitting (the effective mass of each of the three bands is different, leading

to different quantization energies along the growth direction), we obtain three spin-

degenerate subbands: he heavy hole (HH), light hole (LH) and split-off (SO) bands.

Using the convention used in fig. 2.4 b), with the growth and dominant confinement

axis along the z-direction, and a potential magnetic field along x, we can describe the

resulting wavefunctions in a hydrogen-atom-like fashion [47]:

1Strictly speaking, this is not exactly correct: in view of the band discontinuity, this Hamiltonian
is not Hermitian. Several approaches have been developed to cope with this problem, among them
the BenDaniel-Duke solution for one-dimensional discontinuities: HBDD = −h̄2

2
∂
∂z ( 1

meff (z)
∂
∂z ) +

U(z) [47].



CHAPTER 2. QUANTUM DOT SPIN QUBITS 36

|χ〉e,↑ = i |S〉 ⊗ |↑〉z (2.4)

|χ〉e,↓ = i |S〉 ⊗ |↓〉z (2.5)

|χ〉HH,↑ = |⇑〉z = −i 1√
2

(|X〉+ i |Y 〉)⊗ |↑〉z (2.6)

|χ〉HH,↓ = |⇓〉z = i
1√
2

(|X〉 − i |Y 〉)⊗ |↓〉z (2.7)

|χ〉LH,↑ = −i 1√
6

(|X〉+ i |Y 〉)⊗ |↓〉z + i

√
2

3
|Z〉 ⊗ |↑〉z (2.8)

|χ〉LH,↓ = +i
1√
6

(|X〉 − i |Y 〉)⊗ |↑〉z − i
√

2

3
|Z〉 ⊗ |↓〉z (2.9)

|χ〉SO,↑ = −i
√

1

3
(|X〉+ i |Y 〉)⊗ |↓〉z − i

√
1

3
|Z〉 ⊗ |↑〉z (2.10)

|χ〉SO,↓ = i

√
1

3
(|X〉 − i |Y 〉)⊗ |↑〉z − i

√
1

3
|Z〉 ⊗ |↓〉z (2.11)

As the effective mass of the different hole sub-bands is indeed different, the strong

z-confinement will split the heavy holes from the light holes and split-off band by

several 10 meV for typical InGaAs quantum dots. For most low-temperature experi-

ments (few K to mK, He4 or He3-He4 (dilution) refrigeration), this allows us to ignore

any but the heavy holes. Hence, in the remainder of this work, we shall focus on

four particular states: the s-shell electron states (with spin-up or spin-down), and the

s-shell heavy holes. The latter are technically a submanifold of the J = 3/2 manifold,

but the splitting off of the light holes allows a description is terms of an effective

two-level system and therefore pseudo-spin-1/2 – we refer to chapter 6 for an explicit

demonstration hereof.

While we will focus on the lowest-lying electron and hole spin states for use as

qubits, the excited states can be used for optically addressing the quantum dots. A

simple schematic is indicated in fig. 2.2: while the lowest-lying electron and hole states

in the quantum dot can only relax radiatively at low temperatures, with some 1 ns
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a) b) c)

Figure 2.2: Schematic overview of different excitation and recombination processes
in self-assembled quantum dots. Solid arrows: optical processes; dashed arrows:
non-radiative processes. a) above-band excitation; b) quasi-resonant excitation; c)
resonant excitation.

interband radiative recombination times [32, 33, 52–54], the excited states can decay

within their respective bands non-radiatively due to e.g. phonon-emission, on much

faster timescales. Besides the resonant excitation of electron-hole pairs (excitons,

process c) in fig. 2.2), these excited states mediate both above-band excitation (pro-

cess a)) with subsequent non-radiative decay into the lowest-lying excitonic states,

and quasi-resonant (p-shell, etc.: process b)) excitation, again accompanied by fast,

non-radiative decay into the lowest-lying states.

2.2 Quantum dot electron spin qubits: direct ma-

nipulation

A single electron spin in a InAs quantum dot can act as a spin-qubit [55–57]. The

introduction of a magnetic field ~B creates a natural quantization axis, independent
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of the growth axis, and will split the electron spin states due to the Zeeman energy:

Hspin =
g

2
µB ~B · ~σ (2.12)

where µB is the Bohr magneton, and g the Landé g-factor2. The total magnetic

field experienced by the single quantum dot spin, can consist both of an externally

applied field, and a net resulting field from the hyperfine interaction with the nuclear

spins inside the quantum dot [45, 59–61] – the latter will be discussed in more detail

in chapters 3 and 6.

An external, static magnetic field, strong enough to lift the degeneracy of the

electron spin states and to overcome the randomly oriented hyperfine field, provides

one axis of control for the qubit. The free evolution under the spin Hamiltonian, U

can be written as a time-dependent rotation around an axis, ~n ~B that is aligned with

the external magnetic field:

U = e−
iHspint

h̄ = e−
igµBBt

h̄
(
~n~B
·~σ

2
) (2.13)

In comparing eq. 2.13 with eq. 1.2, we see that the magnetic field does indeed

give rise to a coherent rotation, with an angle that evolves linearly in time, and is

proportional to the magnetic field strength: the well-known Larmor precession.

The static magnetic field can act as quantization axis, also providing one axis of

coherent rotation control, yet another axis is necessary in order to have full SU(2)-

control [1]. Eq. 2.13 suggests that additional, differently oriented magnetic fields

could do this. In fact, except for the magnetic field itself, no other symmetry-breaking

elements are present in the spin-Hamiltonian: therefore, a fully vectorial, arbitrarily

orientable magnetic field would provide full spin control. Unfortunately, switching

2Technically, this is a tensorial quantity. For electrons, with their s-type symmetry, this tensor
reduces to a constant times the unit tensor; for holes, however, the tensor is very much anisotropic
– see e.g [58]
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Figure 2.3: RF-spin control, and the rotating wave equation: in a), a pulsed magnetic
field is added to the DC field; due to the large DC field, only a small-angle precession
is possible for initial spin-alignment along the DC field. In b), the pulsed field is
synchronized to (almost) coincide with the static Larmor precession. The net effect
is a much larger angle precession.

on and off large magnetic fields is a slow and tedious process. Instead, small RF

magnetic fields are typically added to the static field to realize full spin-control [1].

The advantage of RF-fields over simple pulsed ones is indicated in fig. 2.3. For a

small, off-axis, pulsed field, the effect of the large, static field limits any precession to

a net axis, quasi-aligned with the DC field. However, by repeating the pulsation, and

synchronizing it to the Larmor precession, a much larger net effect can be obtained.

Denoting the magnetic field axis by x, combining gµBB as h̄ωL, and with ~BRF =

BRF [cos(ωRF t + φ)~y + sin(ωRF t + φ)~z]3, we can re-write the spin Hamiltonian as

follows:

Hspin =
h̄ΩL

2
σx +

h̄ΩRabi

2
[cos(ωRF t+ φ)σy + sin(ωRF t+ φ)σz] (2.14)

where we combined gµBBRF as h̄ΩRabi. Transforming to a rotating frame, with

the rotation axis along x and rotating at ωRF yields:

3While we choose a rotating magnetic field for convenience, any uniaxial field could be decom-
posed into two counter-rotating ones, after which a rotating wave approximation can be invoked to
neglect one of them.



CHAPTER 2. QUANTUM DOT SPIN QUBITS 40

Hspin,rot =
h̄(ΩL − ωRF )

2
σx +

h̄ΩRabi

2
[cos(φ)σy + sin(φ)σz] (2.15)

From eq. 2.15, we see that for resonant RF pulsation (ωRF = ΩL) the net effect

(in the rotating frame) consists of a rotation around an axis perpendicular to the

static magnetic field, where the exact rotation axis can be chosen by adjusting the

phase φ of the RF-field. Such direct, RF-magnetic field manipulation was realized in

gate-defined quantum dots [62]. It is, however, slow: for RF-frequencies of several

GHz, at least several cycles are needed in order to flip the spin, leading to (far) sub-

GHz spin manipulation speeds, in practice limited by the strength of the RF field.

Higher speeds were obtained using clever combinations of hyperfine interactions and

spin-orbit coupling, allowing direct electrical control [63]. However, there as well,

several RF-cycles are needed to perform a spin-flip operation.

2.3 Quantum dot electron spins: from optical dipole

interactions to spin control

One way to circumvent the Larmor-precession limitation to coherent control speed,

is to use auxiliary states in the optical domain. Optical frequencies are in the 100s

of THz range, and allow modulation on picosecond to femtosecond timescales. Self-

assembled InAs quantum dots lend themselves particularly to this task, due to the

presence of excited, optically active states. The level structure of a singly charged

InAs quantum dot is indicated in fig. 2.4, for the case of a single electron and a

magnetic field perpendicular to the growth axis (Voigt geometry, oriented along x,

fig. 2.4 b)).

The relevant optical transition is indicated in fig. 2.4 a). The ground state consists

of a single electron, spin-split by the magnetic field. After (virtual) absorption of a

single photon, an excited state is created consisting of an electron and an exciton
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Figure 2.4: Schematic overview of the level structure of a single-electron-charged
quantum dot. a) a single electron is resonantly excited into a trion state: one electron
singlet (blue arrows) and one unpaired hole (orange). b) outline of the Voigt geometry
used in this work: the magnetic field is aligned along the x-direction, perpendicular
to the growth axis (z); H and V are in the growth plane, respectively parallel and
perpendicular to the magnetic field orientation. c) level structure upon application
of a Voigt geometry magnetic field; two Λ-systems emerge, which can be used to
manipulate the spin state.



CHAPTER 2. QUANTUM DOT SPIN QUBITS 42

– a three-particle system (trion) consisting of two electrons and one hole [58]. Due

to the strong confinement in the quantum dot, the electrons from a spin singlet,

with the triplet states split by 10s of meV. As a singlet is magnetically inert, the

magnetic properties of the trion are determined by those of the unpaired hole. This

hole has heavy hole character, in view of the splitting off of the light holes because of

confinement effects.

In the Voigt geometry, the Luttinger-Kohn Hamiltonian [47] mixes the heavy hole

states, resulting in a small splitting characterized by an in-plane g-factor [58]. This

is unlike the Faraday geometry, where field and quantization axis are aligned, leading

to simple energy-renormalization and degeneracy lifting upon application of a strong

magnetic field. The new eigenstates (spin part) can now be described as follows:

electrons :
1√
2

(|↑〉z ± |↓〉z) = |↑〉x (|↓〉x) (2.16)

trions :
1√
2

(|↑↓⇑〉z ± |↑↓⇓〉z) = |↑↓⇑〉x (|↑↓⇓〉x) (2.17)

Note that, in eq. 2.17 and in the remainder of this work, |↑↓⇑〉x (|↑↓⇓〉x) refer

explicitly to trions consisting of a superposition of growth axis-aligned heavy holes:

this superposition is not equivalent to a heavy hole oriented along the magnetic field.

This difference is crucial with regards to the optical selection rules4.

The selection rules for optical dipole transitions can be intuitively and semi-

classically derived as follows in terms of allowed photonic emission processes: in view

of the conservation of angular momentum along the growth direction, a trion state

4The description in terms of superpositions of pure heavy-hole eigenstates assumes that the
angular momentum along the growth direction, Jz, is a good quantum number. In other words,
cylindrical symmetry is assumed to be preserved. In view of the differences in confinement distances,
this assumption if often but not always justified: strain and large asymmetries in particular quantum
dots can lead to inmixing of light holes, which in turn affects the optical selection rules. We refer
to ref. [58] and references therein for more details. For the quantum dots used in the remainder of
this work, pre-screening and selection of dots with ‘clean’ selection rules was applied.
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with the heavy hole spin pointed upward (|↑↓⇑〉z will decay to an electron state with

spin-up (|↑〉z), with the difference in angular momentum taken up by a circularly po-

larized ( ~σ+) photon. Likewise, a trion with heavy hole pointed downward can couple

to a spin-down electron state, emitting a left-hand circularly polarized photon. The

other combinations would require a net change of two in angular momentum, and are

forbidden - as long as higher-order effects such as heavy-light hole mixing can be ig-

nored [58]. While a magnetic field in Voigt geometry breaks the cylindrical symmetry,

its effect is typically much smaller than that of the large confinement/quantization,

and can therefore be treated perturbatively - this is the approach described above, re-

sulting in eigenstates that are coherent superpositions of the growth-direction defined

states. We therefore have:

|↑↓⇑〉z → |↑〉z ⊗ ~σ+ (2.18)

|↑↓⇓〉z → |↓〉z ⊗ ~σ− (2.19)

|↑↓⇑〉x =
1√
2

(|↑↓⇑〉z + |↑↓⇓〉z)→
1√
2

(|↑〉z ⊗ ~σ+ + |↓〉z ⊗ ~σ−) (2.20)

|↑↓⇓〉x =
1√
2

(|↑↓⇑〉z − |↑↓⇓〉z)→
1√
2

(|↑〉z ⊗ ~σ+ − |↓〉z ⊗ ~σ−) (2.21)

While the first two equations describe the possible optical channels in Faraday

geometry (eq. 2.18, 2.19), the latter two (Voigt geometry) are technically entangled

states between the spin and the photon, indicating that, upon spontaneous decay from

the excited state, the interference between different pathways gives rise to spin-photon

entanglement. We shall discuss this in more detail in chapter 7. For now, it suffices

to project the entangled state onto the Voigt-geometry, electron spin eigenstates:
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|↑↓⇑〉x →
1√
8

( ~σ+ + σ−)⊗ (|↑〉z + |↓〉z)

→ 1

2
[

1√
2

(~Y − i ~X) +
1√
2

(~Y + i ~X)]⊗ |↑〉x

→ 1√
2
~Y ⊗ |↑〉x (2.22)

|↑↓⇑〉x →
1√
2
i ~X ⊗ |↓〉x (2.23)

|↑↓⇓〉x →
1√
2
~Y ⊗ |↓〉x (2.24)

|↑↓⇓〉x →
1√
2
i ~X ⊗ |↓〉x (2.25)

As we can see, each of the two trion states is connected to both of the electron

spin ground states - this is the well-known Λ-configuration [64]. Also, the scaling

factor of 1√
2

indicates that the individual matrix elements in the Voigt geometry are

reduced over those in Faraday geometry5. The selection rules in Voigt geometry are

schematically illustrated in fig. 2.4 c). It is the Λ-configuration in Voigt geometry

that allows for optical control of the spin state.

2.3.1 Coherent spin control: CPT and STIRAP

Fig. 2.5 indicates a simplified, 3-level Λ-system that can be coherently manipulates

using optical dipole transitions. The ground states, |b〉 and |b〉 are connected to a

single excited state, |a〉 through optical dipole elements with Rabi-frequencies Ω1,2

(the Rabi frequency is related to the dipole element µ: h̄Ω = µ× E). Following the

analysis in [64], we can write the Hamiltonian as follows:

5given that the decay probabilities are proportional to the matrix elements squared (one can e.g.
invoke a Fermi’s golden rule argument [64]), this is actually a statement about the conservation of
decay probability: for each excited state, in Voigt, there are two pathways for decay, each with half
the probability of the single decay pathway in Faraday.
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ω1 ΩR,1
ω2 ΩR,2

a

b
c

Figure 2.5: Level structure used for coherent state manipulation through a Λ-system.
|c〉 is the auxiliary, optically active state used for coherent control of the ground states
|a〉 and |b〉. Ω1,2 indicate the Rabi frequency of the respective transition, proportional
to the optical dipole elements (Ω = µ× E/h̄).

H = H0 +H1 (2.26)

H0 =


h̄ωa 0 0

0 h̄ωb 0

0 0 h̄ωb

 (2.27)

H1 =


0 − h̄

2
Ω1e

−iω1t − h̄
2
Ω2e

−iω2t

− h̄
2
Ω∗1e

iω1t 0 0

− h̄
2
Ω∗2e

iω2t 0 0

 (2.28)

Working in the interaction picture, and with ω1 = ωa−ωb, ω2 = ωa−ωc, we obtain

the following set of equations:
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|Ψ〉 = ca(t)e
−iωat |a〉+ cb(t)e

−iωbt |b〉+ cc(t)e
−iωct |c〉 (2.29)

ih̄ċ = Hintc

c =


ca(t)

cb(t)

cc(t)

 (2.30)

Hint =


0 − h̄

2
Ω1 − h̄

2
Ω2

− h̄
2
Ω∗1 0 0

− h̄
2
Ω∗1 0 0

 (2.31)

One stationary solution of eq. 2.30 has the following form:

cdark =


0

Ω2(t)√
|Ω1(t)|2+|Ω2(t)|2
−Ω1(t)√

|Ω1(t)|2+|Ω2(t)|2

 (2.32)

where we explicitly take any time-dependence of Ω1,2 into account6. We imme-

diately notice that this state does not have any component of the excited, optically

active state - hence its being referred to as a ‘dark’ state. In other words: if the

system ends up in this dark superposition of the ground states |b〉 and |c〉, then it

will always remain there, barring any incoherent effects involving the ground states.

This effect is known as coherent population trapping (CPT), and has been observed

in several systems, including electron-charged InAs quantum dots [66–68].

In addition, and for sufficiently slow (adiabatic) evolution of the optical control

fields Ω1,2, the system will remain in its eigenstates by virtue of the adiabatic theorem

of quantum mechanics [65]. As the dark state solution encompasses both states |b〉
6This is, strictly speaking, only valid for slow, adiabatic evolution of the Rabi frequencies Ω1,2 -

we refer to [64, 65] for the necessary caveats.
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Figure 2.6: From stimulated Raman transitions to ultrafast pulses: the two-laser
scheme used for stimulated Raman control of the ground states can be replaced by
a single, ultrafast and broadband laser-pulse scheme, where the polarization and
bandwidth of the pulse are chosen so as to overalp with both dipole transitions.

(Ω1 = 0) and |c〉 (Ω2 = 0), adiabatically switching on and off of the control laser fields

will coherently transfer the population from |b〉 to |c〉 or vice versa. This coherent

transfer technique is extensively used in the atomic physics community, where it is

known as Stimulated Raman Adiabatic Passage (STIRAP) [68].

2.3.2 Ultrafast optical control of Λ-systems

While adiabatic passage in Λ-systems is a commonly established technique these days

among the quantum optics community at large, it was recently realized that a variant

hereof can be implemented using ultrafast, broadband pulses [55–57, 69–72]. We shall

extensively elaborate on such ultrafast control in chapter 3, where we shall show that

full SU(2) control can be obtained using these techniques.

The basic idea is indicated in fig. 2.6. CPT and STIRAP require two coherent

light sources, carefully matched in frequency so as to account for the energy difference

between the ground states, and often detuned from the excited states in order to

ensure adiabaticity. Using one ultrafast pulse with a bandwidth exceeding the energy

separation of the gorund states, and with polarization chosen such that it encompasses
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both branches of the Λ-system, one can realize the stimulated Raman transitions as

well. One semi-intuitive way to understand this, is to view the broadband pulse as a

superposition of different single-frequency pairs, each separated by the ground-state

energy difference. Each of these pairs then realizes a stimulated Raman transition

with a certain amplitude and phase (the latter dependent on the arrival time of the

pulse [69]), with the net effect of the pulse determined by the coherent superposition

of the partial waves. Using such ultrafast pulses has resulted in all-optical spin control

on picoseconds timescales [55, 56, 71, 72].



Chapter 3

Ultrafast coherent control of

individual electron spin qubits

In this chapter, we shall derive how ultrafast optical control can be used in combina-

tion with Larmor precession for full SU(2) control of a single quantum dot electron

spin. Such ultrafast electron spin control was first reported in refs. [55–57]. In combi-

nation with accurate timing control over the optical fields used to realize this SU(2)

control, arbitrary pulse (control) patterns can be applied to the spin [57]. As we will

show in section 3.3.2, such pulse sequences can be used to overcome the effects of

slowly varying Larmor precession due to variations in the spin’s solid state environ-

ment. As a particular example, we will study the effects of the hyperfine interaction

between an electron spin and the nuclear spins inside the quantum dot [61, 67, 73, 74]

– the latter will be discussed in detail in section 3.3.1.

49
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a

b
c

Ω1, ω1 Ω2, ω1

Δ

δe

Figure 3.1: Generalized level structure for the simplest possible stimulated Raman
transition using one, broadband pulse. |a〉, |b〉 and |c〉 indicate the levels used, in
Λ-configuration. h̄δe is the energy splitting of the ground states, while h̄∆ stands
for the detuning of the optical field used. The field frequency is ω1, and its matrix
elements are Ω1 and Ω2

3.1 Ultrafast control: operation principle

3.1.1 Stimulated-Raman picture

While CPT and STIRAP require two different laser sources in order to manipulate

a Λ-system, ultrafast control is based on the notion that one single optical pulse,

with bandwidth larger than the separation of the two ground states δe, contains a

semi-continuum of single-frequency pairs that each fulfill the resonance condition ω1-

ω2=δe (ω refers here to the frequency of the respective single-frequency pairs). Under

appropriate conditions, all these pairs can be shown to constructively interfere [69].

The level structure and optical Rabi frequencies for a generalized ultrafast control

scheme of an optical Λ-system are indicated in Fig. 3.1. δe refers to the energy

separation of the ground state, ∆ to the detuning of the laser frequency, and Ω1,2 are

the optical Rabi frequencies associated with the optical dipole elements, derived from

the interaction of a laser source at frequency ω1 with the Λ-system .
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The system is described by the following Hamiltonian:

ih̄
d

dt
|Ψ(t)〉 = H |Ψ(t)〉

H =


h̄ωa − h̄

2
Ω1e

−iω1t − h̄
2
Ω2e

−iω2t

− h̄
2
Ω∗1e

iω1t h̄ωb 0

− h̄
2
Ω∗2e

iω2t 0 h̄ωc

 (3.1)

Moving to the interaction picture, and invoking a rotating wave approximation,

the equation of motion takes the following form:

|Ψ(t)〉 = a(t) |ã〉+ b(t)
∣∣∣b̃〉+ c(t) |c̃〉

ih̄


˙a(t)

˙b(t)

˙c(t)

 =


h̄∆ − h̄

2
Ω1(t) − h̄

2
Ω2(t)

− h̄
2
Ω∗1(t) h̄δe 0

− h̄
2
Ω∗2(t) 0 0



a(t)

b(t)

c(t)

 (3.2)

In eq. 3.2, we can adiabatically eliminate the excited state ( ˙a(t)=0), provided that

the detuning is much larger than the Rabi-frequencies Ω1,2:

ih̄ȧ(t) = h̄∆a(t)− h̄

2
Ω1(t)b(t)− h̄

2
Ω2c(t) = 0

→ a(t) =
Ω1(t)

2∆
b(t) +

Ω2(t)

2∆
c(t). (3.3)

Incorporating this back into eq. 3.2, we obtain the following equation of motion

for the ground states:
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i

(
˙b(t)

˙c(t)

)
=

(
δe − |Ω1|2

4∆
−Ω∗1Ω2

4∆

−Ω∗2Ω1

4∆
− |Ω2|2

4∆

)(
b(t)

c(t)

)
. (3.4)

The effect of the optical interaction is two-fold: there is an energy-renormalization

of the ground states due to the AC-Stark shift, as well as an effective coupling of the

two ground states due to the detuned interaction with the excited state.

For Ω1(t)=Ω2(t), the effect of the AC-Stark shift is an over-all shift of the energy

reference (global phase factor developing), which we can normalize out1. Defining

Ωeff =
Ω∗1(t)Ω2(t)

2∆
, we therefore obtain:

i

(
˙b(t)

˙c(t)

)
=

(
δe −Ωeff

2

−Ω∗eff

2
0

)(
b(t)

c(t)

)
. (3.5)

Moving to a frame rotating at the difference frequency between the ground states,

δe, the following equation of motion can be found:

|Ψspin(t)〉 = brot(t)e
−iδet

∣∣∣b̃〉+ crot |c̃〉

i

(
˙brot

˙crot

)
=

(
0 −Ωeffe

iδet

2

−Ω∗effe
−iδet

2
0

)(
brot

crot

)
(3.6)

Moving to a (pseudo-)spin picture, with the (pseudo-)magnetic field along the

z-direction, we can derive the following effective Hamiltonian in our rotating frame

(rotating at the Larmor-precession frequency):

1For Ω1(t) 6= Ω2(t), there is a net difference in the energy of both ground states, which adds to
the energy splitting δe. In the case of a spin qubit, as we shall derive later, this corresponds to a
net magnetic field being applied, parallel to the field causing the Zeeman splitting in the first place.
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Heff = h̄

(
0 −Ωeffe

iδet

2

−Ω∗effe
−iδet

2
0

)

= h̄

(
0 − |Ωeff |

2
ei(φ+δet)

− |Ωeff |
2
e−i(δet+φ) 0

)
(3.7)

=
−h̄|Ωeff |

2

[
cos(φ+ δet)σx − sin(φ+ δet)σy

]
. (3.8)

The evolution operator in the rotation frame, Ueff = e−iHeff t/h̄, now has the follow-

ing form, for a pulse of duration τ that is short:

Ueff = e−i|Ωeff |τ(
cos(φ+δet)σx−sin(φ+δet)σy

2
) (3.9)

Ueff = e−iθ(
~n(t)~σ

2
) = R~n(t)(θ) (3.10)

~n(t) = (cos(φ+ δet),− sin(θ + δet), 0) (3.11)

θ = |Ωeff |τ (3.12)

Here, we used the definition of a coherent spin rotation, eq. 1.2. For a pulse that

is sufficiently short compared to the Larmor precession frequency, the net effect, in

the rotating frame, is a rotation over an angle |Ωeff |τ , around an axis which depends

on the arrival time of the pulse. Moving back to the lab frame, the pulse defines a

rotation axis that is fixed in space, but the spin precesses at the Larmor precession

frequency – the effect of the pulse therefore also depends on the arrival time.

3.1.1.1 From 3- to 4-level structure

In reality, the level-structure of an electron charged quantum dot in Voigt geometry

has, to lowest order, 4 levels rather than 3. There are two Λ-systems, one for each

trion state, as indicated in Fig. 3.2. Moving to a frame where the magnetic field

is along the x-direction (in plane), and the growth direction is defined as z (see also
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~ |ΩH ΩV|/Δ

Figure 3.2: Full 4-level structure of an electron-charged quantum dot in Voigt geom-
etry. Constructive interference of both Λ-systems results in a net coherent rotation
of the electron spin, characterized by Ωeff . Adopted from [56]

Fig. 2.4 b), we can describe the electric field (polarization) as EH ~X+EV ~Y , where EH

and EV are unit-length complex quantities, accounting for particular phase differences

that reflect a generalized, elliptical polarization.

Denoting the respective trion states as |↑↓⇑〉x and |↑↓⇓〉x, and with ΩH,V =
|Ω|EH,V√

2

(reflecting the strength of the optical dipole elements in Voigt geometry), we can use

eq. 2.22-2.25 to obtain the following result:
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Ω↑↓⇑ =
−iΩ∗HΩV

4∆ + δh
∼=
−i|Ω|2E∗HEV

4∆
(3.13)

Ω↑↓⇓ =
iΩHΩ∗V

4∆
∼=
i|Ω|2EHE∗V

4∆
(3.14)

Ωeff = Ω↑↓⇑ + Ω↑↓⇓ =
i||Ω|2

4∆
(E∗VEH − E∗HEV ) (3.15)

From eq. 3.15, we see that linearly polarized light cannot perform coherent rota-

tions, and that circularly polarized light (EH = ±iEV ) maximizes the effective Rabi

frequency:

Ωeff,σ± = ∓|Ω|
2

4∆
(3.16)

The rotation angle θ, in turn, is approximately given by

θ =

∫
pulse

Ωeffdt (3.17)

∼
∫
pulse

P (t)

∆

∼ εpulse
∆

(3.18)

where εpulse stands for the energy of a single pulse (this equation is valid so long

as the pulse duration is short compared to the Larmor precession frequency, and

in the limit where the conditions for adiabatic elimination are fullfilled: ∆ � Ω).

When changing the pulse energy, and working in our reference frame rotating at the

Larmor precession frequency, one would therefore expect the spin to precess around a

rotation axis determined by the arrival time of the pulse – Rabi-flopping, which shall

be discussed in section 3.2
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3.1.2 AC-Stark shift picture

A different, yet equivalent interpretation of the effect of an ultrafast pulse is based

on the AC-Stark effect and the presence of a dark state when applying a strong,

instantaneous light pulse with circular polarization. Working in the z-basis, along the

growth direction, the level structure is indicated in Fig. 3.3. This is not an eigenbasis

in the presence of the magnetic; the magnetic field along x will therefore create

coherences between the z-basis states. Solving the Hamiltonian in the presence of the

magnetic field, but in the absence of any pulse, would result in the Voigt-geometry

eigenstates which we obtained before.

However, for an instantaneous, strong light pulse, applied much faster than the

Larmor-period, we can ignore the dynamics due to the magnetic field. As one of

the two z-basis spin states is dark for a circularly polarized light pulse, due to the

optical selection rules, only the bright state is affected by the pulse. As the circularly

polarized pulse couples only to a single trion state, the effect of the pulse on the

2-level subsystem formed by |↑〉z-|↑↓⇑〉z is the following (we assume again a detuning

∆):

|Ψ2−level〉 = a(t)
∣∣∣ ˜↑↓⇑

〉
+ b(t)

∣∣∣↑̃〉
i

(
ȧ(t)

ḃ(t)

)
=

(
∆ −Ω+

2

−Ω∗+
2

0

)(
a(t)

b(t)

)
(3.19)

where we invoked the rotating wave approximation, and work in the interaction

picture (reflected by the transformation |⇑〉 →
∣∣∣ ˜↑↓⇑

〉
). In view of the optical se-

lection rules derived above, |Ω+| = |Ω|. If the detuning, ∆, is much larger than

the Rabi frequency, Ω+, then the dominant effect of the pulse consists of an energy-

renormalization of the spin and trion states known as the AC-Stark effect (to first

order, no real excitation of the excited state). The AC-Stark shift of the electron spin
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Figure 3.3: AC-Stark shift interpretation of coherent pulse control. For circularly
polarized light, there exists a dark state for the spin ground states of the quantum
dot system. While the dark state remains unaffected, the orthogonal, bright state
is AC-Stark shifted. Starting from an initial state which is a superposition of the
dark state and the bright state, the resulting phase factor give rise to coherent spin
oscillations. Inset: orientation of the magnetic field.
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state (downwards), δ↑ is given by

δ↑ =
∆

2
(

√
1 +
|Ω|2
∆2
− 1)

' |Ω|
2

4∆

' Ωeff,σ+ . (3.20)

On the |↑〉z , |↓〉z-subsystem, this results in the following net interaction Hamilto-

nian:

Heff =

(
−Ωeff 0

0 0

)
(3.21)

which we can renormalize by shifting the energy reference:

H̃eff

h̄
=

(
−Ωeff

2
0

0 Ωeff

2

)
(3.22)

= −Ωeff

2
σz (3.23)

where z indicated the growth direction.

With the evolution operator, Ueff in our fixed labframe, we see that this again
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corresponds to an effective rotation:

Ueff = e−i
∫
pulseHeffdt/h̄ (3.24)

= e−iθ(
σz
2

)

= Rz(θ)

θ =

∫
pulse

−Ωeffdt '
εpulse

∆
(3.25)

This is exactly the same result as was obtained using the Stimulated-Raman for-

malism. The AC-Stark interpretation clarifies the fact that, in the fixed, laboratory

frame, the circularly polarized pulse realizes a coherent rotation around a fixed axis,

corresponding to the growth and light propagation direction.

The effect of the strong light pulse can therefore be interpreted as the application

of an instantaneous magnetic field in the z-direction, much large than the applied

field in the x-direction that gives rise to the Zeeman splitting and Larmor precession.

3.2 All-optical SU(2) control

While the fast, broadband pulses can be used for generating coherent rotations around

an axis along the z-direction, with a rotation angle determined by the pulse en-

ergy used, the magnetic field induces Larmor precession around the x-axis, with

the rotation angle proportional to the duration of the Larmor precession. As these

two operations involve two orthogonal axes, with arbitrary angle control around

both, any coherent spin control operation can be decomposed into a combination

of them [1, 56, 69].
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Figure 3.4: Schematic illustration of the optical pumping scheme used for initialization
and readout. A narrowband CW laser optically pumps the system into the |↑〉-state,
with a characteristic lifetime of about 2.7 ns. A single, linearly polarized photon along
the |↑↓⇓〉− |↑〉-transition heralds the presence of population in the |↓〉-state, and can
be measured with about 0.1% overall efficiency.

3.2.1 Initialization and readout

Besides coherently controlling the qubit, one must also be able to initialize or reset

the qubit efficiently, and read it out. Several possible readout schemes have been

proposed and implemented, ranging from dispersive, non-demolition redout based on

optical Kerr- or Faraday-rotation [75, 76] to resonance-fluorescence based read-out

schemes [77]. While such techniques each have their merits, the Kerr- or Faraday-

rotation suffers from low signal-to-noise ratios, and requires averaging over many ex-

periments in order to obtain information over the spin state. Resonance-fluorescence

on the other hand, only occurs efficiently in Faraday-geometry: in Voigt-geometry,

the Λ-configuration will lead to optical pumping [78].

We use optical pumping for initializing the spin state [56, 72, 78]. The level

structure and optical transitions used are indicated in Fig. 3.4. A narrowband, CW
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laser, resonant with the |↑↓⇓〉 − |↓〉-transition, is used. Upon excitation of the |↑↓⇓〉-
state, spontaneous emission from the Λ-system allows for the photon to decay along

two different branches (or superpositions hereof: see chapter 7). When the decay

occurs along the |↑↓⇓〉-|↓〉-branch, then the laser will re-excite the system into the

|↑↓⇓〉-state, until eventually a single linearly polarized photon is scattered off the

|↑↓⇓〉-|↑〉-branch: after this, the system is stuck in the |↑〉-state, which is a dark state

for the pumping process.

The time-constant for this optical pumping process reflects the fact that several

cycles of emission into the ‘wrong’ branch are possible before the actual pumping into

the dark state happens: for the experimental data in Fig. 3.4 (same quantum dot as

was used for the experiments described in chapter 7), the decay is exponential, with

a decay time of 2.7 ns, compared to about 600 ps of spontaneous emission lifetime for

the quantum dot used in that experiment. Regardless, optical pumping can initialize

the spin with high fidelity, within a few nanoseconds, which is orders of magnitude

faster than through spontaneous spin flips (T1-process [48]), and much better (higher

fidelity) than the spontaneous spin polarization that would be expected by virtue

of the low temperature (1.6 K) and energetic splitting (∼0.08 meV). We refer to

appendix A.1.1 for a detailed analysis of the fidelity of optical pumping.

Crucially, during the optical pumping process, a single photon is scattered with

different frequency and opposite polarization compared to the |↑↓⇓〉-|↓〉-branch. By

polarization and frequency filtering, this single photon can be distinguished from laser

scatter, and can be used to herald the presence of a spin-down electron spin (system

in the |↓〉-state). However, due to detector inefficiencies, total internal reflection

inside the sample, and imperfect transmission through the optical collection path,

there is only a 0.1% chance for the single photon to be detected by a single photon

detector. Hence, while a detector click faithfully heralds the presence of a spin-down

spin (modulo detector dark counts, which are generally negligible compared to the real

count rates in our system), the probability of success is very low, and requires many

cycles of the same experiment to be implemented before accurate state information

can be obtained.
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Figure 3.5: All-optical control of an electron spin qubit. a Optical pumping real-
izes initialization and spin readout, while a broadband, ultrafast laserpulse induces
an effective rotation around the z-axis (lab frame). In addition, an x-axis oriented
magnetic field causes Larmor precession. b Schematic viewgraph of the orientational
conventions used. c While the magnetic field realizes a coherent rotation around
the x-axis (green), the optical pulse realizes coherent control around the z-axis (red).
With arbitrary angle control, this corresponds to full SU(2) control.
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GaAs Substrate

GaAs

High NA objective

10nm
In(Ga)As QDs, 
~2x109 cm‐2

DBR cavity 
(one‐sided, Q~200)

Si δ‐Doping 
~7x109 cm‐2

100nm Al mask
10‐16 μm windows

Figure 3.6: Device design used for all-optical control of a single electron spin qubit.
InAs quantum dots are embedded within an optical microcavity that preferentially
redirects the spontaneously emitted light towards the collection optics. Silicon δ-
doping stochastically dopes a single quantum dot, which is coherently controlled.

The combination of optical pumping for readout and initialization, and Larmor

precession and ultrafast optical control for coherent spin manipulation, allows for all-

optical manipulation of an electron-spin qubit [55–57] – we refer to Fig. 3.5 for an

overview of all processes involved.

3.2.2 Device design and experimental setup

The sample design used is indicated in Fig. 3.6, and was extensively described previ-

ously [57]. The samples are MBE grown, and contain on average about 2×109cm−2

or fewer self-assembled quantum dots, about 30 nm in diameter, that are formed

using the Straski-Krastanov method. The quantum dots are located at the center

(antinode) of a planar GaAs microcavity. A δ-doping layer of about 1 × 1010 cm−2

silicon donors was grown 10 nm below the quantum dot layer: some of those donors

are close enough to a quantum dot for the charge to get trapped inside a quantum

dot. This probabilistic charging scheme can be verified by magnetophotoluminescence
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studies [56, 57], which can be used to prescreen for charged quantum dots. In prac-

tice, approximately one-third of the quantum dots of an average wafer are charged.

The lower and upper cavity mirrors contain 24 and 5 pairs of Al0.9Ga0.1As/GaAs λ/4

layers, respectively, acting as dielectric mirrors, and giving the cavity a quality factor

of about 200. The cavity increases the signal-to-noise ratio of the measurement in two

ways. First, it increases the collection efficiency by directing most of the quantum

dot emission towards the objective lens (highly reflective back-mirror) and, second,

it reduces the laser power required to achieve optical pumping, thereby reducing the

reflected pump-laser noise. This planar microcavity is capped with a 100-nm-thick

aluminium mask with 10 µm windows for optical access. These mask holes are signifi-

cantly larger than the diffraction-limited spot size of the lasers used, and serve mainly

as alignment markers on the sample. The selection of a single quantum dot occurs

by virtue of the low quantum dot density within the diffraction-limit excitation and

collection spot (some 10 quantum dots in the 1 µm spot size), in combination with

their spectral inhomogeneity. As the cavity selects out a spectral region of some 5-10

nm only, there is typically only one quantum dot resonant with the cavity2.

The optical setup used for coherent and all-optical spin manipulation is indicated

in Fig. 3.7, and was also described previously [57]. The sample is mounted in a super-

conducting magnetic cryostat (Oxford Spectromag, base temperature: 1.5 K) with a

variable magnetic field up to 10 T. An aspheric objective lens with numerical aper-

ture (NA) of 0.68 is mounted inside the cryostat to focus both pump and rotation

lasers onto the sample, and collects the photoluminescence. Control over the sample

position inside the cryostat (selection of a particular quantum dot) requires the use

2The distribution of quantum dot emission wavelengths reflects their size- and strain distribution
due to the self-assembled growth process. In practice, this distribution peaks around 880 nm, and
tails off very slowly towards 950-1000 nm. For quantum dots in the 940 nm range, as were used for the
spin echo experiments described in section 3.3.2, there is often less than one quantum dot resonant
with the cavity. For the more blue-shifted dots used for spin-photon entanglement verification in
section 7, the overall dot density was reduced, yet the cavity is closer to the peak of the distribution.
Therefore, typically, more than one quantum dot could be found resonant with the cavity. However,
their spectral inhomogeneity still allows for selective excitation and collection of/from one particular
dot.
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Figure 3.7: The optical setup used for all-optical electron spin control. See text
for details. Acronyms used: QWP: quarter-waveplate; PBS: polarizing beamsplitter;
CCD: charge-coupled device; SPCM: single photon counting module. Figure adopted
from [57]. Inset: control sequence performed using the setup.



CHAPTER 3. ULTRAFAST CONTROL OF ELECTRON SPINS 66

of piezo-electric slip-stick positioners (Attocube systems). Single-photon photolumi-

nescence is collected through the objective lens and directed onto a single-photon

counter by means of a confocal microscopy setup (pinhole size: 50 µm) that re-

jects scattered light originating outside the diffraction-limited spot. The quantum

dot photoluminescence emission is subsequently spectrally filtered using a home-built

double-monochromator with a resolution of 0.02 nm, and detected on a commercial

single-photon counter (SPCM, Perkin-Elmer/Excelitas). Scattered laser light is fur-

ther rejected by means of cross-polarization. For the ultrafast coherent control, a

modelocked laser (Spectra-Physics Tsunami) is used, which outputs 3-ps pulses ever

13.2 ns (75.76 MHz repetition rate). The wavelength can be set arbitrarily, and is

typically red-detuned by about 1 nm from the trion-transitions. The rotation laser

path is divided into two arms, each of which can be arbitrarily controlled in inten-

sity (pulse rotation angle) and delay (effective rotation axis in the rotating basis of

the spin: see section 3.1.1. A pair of free-space electro-optic modulators (EOMs,

Conoptics) are used as in order to pulse-pick from the 75.76 MHz pulse train in each

branch. Each EOM is double-passed to achieve extinction ratios of 104 or higher,

while computer-controlled stages allow fine control over the arrival time of each pulse

(the rotation laser acts as the master oscillator). The optical pumping laser is gated

by a fiber-based EOM (EOSpace) with an extinction ratio of some 104; the optical

pumping time used varies between 13 ns (single cycle of the master-oscillator laser) or

26 ns (two cycles). All EOMs are controlled by a data pattern generator (Tektronix)

synchronized to the modelocked rotation laser. The rotation laser can be chopped at

1 kHz by electronically gating the EOMs, and this modulation can then be used for

for a digital lock-in procedure, by checking for for a detector count-signal synchro-

nized to this frequency. To reject detector dark counts, the photon counter is gated

on only during the optical pumping (readout) pulse.
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Figure 3.8: Rabi-oscillations of a single electron spin qubit, indicating arbitrary-angle
control of a rotation around the z-axis (lab frame). Inset: pulse sequence used.

3.2.3 Experimental results

3.2.3.1 Rabi-oscillations

As we discussed before, a single optical pulse generated a coherent spin rotation

around a fixed axis in the lab frame (which, in the frame rotating with the spin at the

Larmor precession, comes down to an axis which varies depending on the arrival time

of the pulse – see section 3.1.1). The rotation pulse angle, θ, in the limit of short pulse

durations compared to the Larmor-precession frequency, is proportional to εpulse/∆,

where εpulse stands for the pulse energy used. Hence, as a function of varying rotation

pulse power, one would expect to see coherent oscillations in the spin state, reflecting

the continuously increasing rotation angle: the famous Rabi-oscillations of a single

spin [55–57, 71, 72].

Fig. 3.8 illustrates such Rabi-oscillations. The rotation laser used has a pulse

duration of about 3 ps, detuned by about 1 nm from the trion-transitions, and its

power (energy) is continuously increased. After initialization into the |↑〉-state by
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optical pumping, the population in the |↓〉 is measured, as a function of the rotation

pulse power used. The signal is indeed oscillatory, and the slight deviation from

perfect sinusoidal behavior can be explained in terms of the non-linearity of the

AC-Stark shift (Ωeff is a slightly non-linear function of rotation pulse energy, see

eq. 3.20) and deviations from the ‘ultrafast’ approximation (competition between the

concurrent Larmor precession frequency and the effect of the pulse-induced rotation

for non-instantaneous pulses). We refer to refs. [56] and [71] for a more detailed

analysis.

3.2.3.2 Ramsey-fringes

While the optical control pulses generate an arbitrary-angle, coherent rotation around

a fixed rotation axis within the pulse duration (3 ps), the magnetic field causes Larmor

precession (characterized by a frequency ωL) which forms another, orthogonal, control

axis. For any arbitrary superposition between the |↑〉- and |↓〉-states, their difference

in energy due to the Zeeman energy gives rise to a coherent phase evolution of one

spin state compared to the other:

|Ψ〉 = c↑ |↑〉+ c↓ |↓〉(
c↓(t+ ∆t)

c↑(t+ ∆t)

)
=

(
e−iωL∆t 0

0 0

)(
c↓(t)

c↑(t)

)
(3.26)

Subtracting a common energy scaling factor, we obtain the following evolution

operator, which can be written in terms of Pauli spin operators (we change to a

reference frame where the magnetic field is supposed to be oriented along z - the

extension to our normal frame with the field along x is straightforward):
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Ueff =

(
e−iωL∆t/2 0

0 e+iωL∆t/2

)
Ueff = e−iωL∆t(σz

2
) = R ~B(ωL∆t). (3.27)

Hence, the magnetic field determines a second rotation axis, orthogonal to the

pulse-induced rotation axis, with the rotation angle determined by the duration of

the Larmor precession. The combination of these two coherent control operations

can therefore be used to generate any effective rotation by decomposing it into a

combination of Larmor precession and pulse-induced rotation [1, 56].

Figure 3.9 illustrates this through so-called Ramsey-interferometry: while a fist

pulse creates a particular superposition of the |↑〉- and |↓〉-states, the coherent phase

evolution due to Larmor-precession will change the phase of the coherent superpostion

continuously. Depending on the arrival time of another rotation pulse, the net popula-

tion in the |↓〉-state (which can be measured with our optical pumping/single photon

measurement technique) will oscillate at a rate determined by the Larmor-precession

frequency.

For the data in Fig. 3.9 a, rotation pulses of π/2 and π are used. For a π/2-

pulse, the effect of the rotation pulse is so as to rotate the spin into the equator of the

Bloch sphere (equal superposition of spin up and spin down). The subsequent Larmor

precession then changes the phase of the superpostion, after which the final π/2-pulse

brings the spin back into the measurement basis. For a correctly timed second pulse,

in phase with the Larmor precession, the spin is rotated into the |↓〉-state (bright),

while for a measurement pulse in antiphase, the spin is rotated to the |↓〉-state (dark).

Hence, in theory, the resulting Ramsey fringes have full visibility.

For Ramsey interference with two π-pulses, the first pulse brings the spin into

the |↓〉-state. Now, Larmor precession only adds a global phase, but does not change

the phase of the superposition. The next π-pulse then transforms the spin again into
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Figure 3.9: Ramsey fringes for a single electron spin qubit. a: interference of two
π/2-pulses; b: same, for two π-pulses. Inset: pulse sequence used.
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Figure 3.10: Full control over the surface of the Bloch sphere of a single electron
spin qubit, by adjusting the power and the timing of two pulses used in a Ramsey
interferometer. Inset: pulse sequence used.

the |↑〉-state, which is dark. Therefore, π-pulse interference is expected to not yield

any visibility of the Ramsey fringes, which is approximately reflected in Fig. 3.9 b

(small deviations are due to the off-axisness of the pulses: we refer to ref. [56] and

appendix A.1.2 for further details).

Ramsey-interference can be used to quantify the fidelity of a single coherent rota-

tion pulse: we refer again to appendix A.1.2 for a detailed analysis.

By combining arbitrary pulse energies (arbitrary rotation angle of the pulse-

induced rotation) and arbitrary delays between two pulses (arbitrary rotation angle of

the Larmor precession), we can realize any coherent spin superposition and therefore

any coherent spin rotation: Fig. 3.10 illustrates how both can be combined to cover

the entire surface of the Bloch sphere, thereby demonstrating full SU(2)-control.
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Figure 3.11: Schematic illustration of the contact hyperfine interaction for electron
spins. Due to the s-type symmetry of the underlying wavefunction (black lines),
the electron spin wavefunction (blue line: envelope wavefunction in effective mass
approximation – see 2.1) has a non-vanishing probability amplitude at the location
of the nuclear spins (black arrows), giving rise to a contact hyperfine interaction
characterized by Acontact.

3.3 Optically controlled, quantum dot spin qubits:

coherence

The above description of all-optical, coherent SU(2) control needs to be complemented

by the spurious, incoherent interactions of the spin (quantum bit) with the environ-

ment. If the spin were a fully isolated object, then all dynamics would be governed

by the coherent interaction with the external magnetic field, and the control laser

fields. This is, of course, a very crude approximation: the spin is embedded inside a

self-assembled quantum dot, a solid-state system that permits interactions with the

solid-state environment.

At sufficiently low temperatures, the dominant interaction mechanism involves

coupling of the spin qubit to the nuclear spins inside the quantum dot [59, 60, 67,

73, 74, 79–81]. Fig. 3.11 schematically illustrates this interaction. As we derived in

section 2.1, the electron wavefunction under the effective-mass approximation consists
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of the product of an envelope wavefunction (blue line) and an underlying, band-

wavefunction that reflects the symmetry of the lattice (black lines). For an electron

wavefunction, the band-wavefunction has s-type symmetry, which implies that there

exists a non-vanishing probability for the electron spin to exist at the core of the

constituent lattice sites – exactly the location where the nuclei exist. This is in

contrast to the hole-band-wavefunction, which has p-type symmetry, and therefore

has a vanishing probability of the hole state to exist at the nuclear core; we refer to

chapter 6 for further details on hole spins.

While other, dipolar interactions also play a (minor) role, the possibility of the

electron to exist at the core of the nuclear spins gives rise to a strong contact hyper-

fine interaction, that adds to the effective Hamiltonian governing the electron spin’s

dynamics (we use ~S = ~σ/2):

Heff = H0 +Hcontact (3.28)

H0 = gµB ~B~S (3.29)

Hcontact =
∑

i=nuclei

Acontact,i
~S · ~Ii. (3.30)

Here, Acontact,i refers to the contact hyperfine interaction between the electron and

the nuclear spin at lattice site i. ~Ii is the nuclear spin at location i: for Ga and As,

the nuclear spin is a spin-3/2 particle, while for In, all isotopes are spin-9/2 [80].

By combining terms, we can write the contact hyperfine interaction in terms of the

coupling between the electron spin and an effective magnetic field, ~Bn:
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Hcontact =
∑

i=nuclei

Acontact,i
~S · ~Ii (3.31)

= gµB(

∑
i=nucleiAcontact,i

~Ii
gµB

) · ~S = gµB ~Bn · ~S (3.32)

~Bn =

∑
i=nucleiAcontact,i

~Ii
gµB

(3.33)

This effective magnetic field adds to the external magnetic field, to yield a net

effective magnetic field ~Bnet = ~B + ~Bn. Its effect is two-fold. First, as the nuclear

spin’s magnetic moment is some 3 orders of magnitude smaller than the electron’s,

it’s energetic splitting under the application of an external field is also about 3 orders

of magnitude smaller. Therefore, at few-K temperatures, one would expect each

nuclear spin to be approximately unpolarized (random spin polarization per site). As

a consequence, the distribution of the ensemble of nuclear spins inside the quantum

dot (Nnuclei ∼ 104 − 105 for the self-assembled quantum dots in this work [57]) can

be modeled as binomial, without any expected total spin polarization, but with a

standard deviation on the order of
√
Nnuclei. This gives rise to a statistical fluctuation

of the net effective magnetic field along the direction of the applied field, and therefore

also a statistical fluctuation of the Larmor-precession frequency, ωL + δωL.

While the nuclear spin fluctuations are slow (typically on ms-timescales [80]),

our time-ensemble-based spin-measurement technique is even slower (timescales of

seconds to minutes). Therefore, the Larmor-precession frequency can vary from one

shot to the other, giving rise to time-ensemble averaging of the Larmor-precession

frequency. This effect is schematically illustrated in Fig. 3.12, using the well-known

runners analogy [16]. When comparing a single instance of, say, a Ramsey interference

experiment to a runner at a particular day of the week, free evolution over a time τ

will let her/him advance over a particular distance, determined by his/her particular

shape that day. This can be compared with free phase-evolution due to Larmor

precession by an amount φi = ωL,i× τ . Just as the runner can run different distances
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Figure 3.12: Ensemble dephasing and T ∗2 -effects: runners analogy [16]. See text for
details.

on different days for the same amount of time, the phase evolution can differ from

shot to shot, depending on the particular Larmor precession frequency, leading to

an averaging out of the Ramsey-fringes on a timescale 1/∆ω. As we shall argue in

section 3.3.2, spin-echoes can be used to overcome these ensemble-dephasing effects.

In addition to thermal fluctuation of the nuclear spin ensemble, however, the

contact hyperfine interaction can also give rise to induced, electron-spin dependent

dynamics of the nuclear spins: this effect is know as dynamic nuclear polarization [67,

73, 74, 80, 81].

3.3.1 Nuclear spin interactions

Dynamic nuclear polarization (DNP) effects in self-assembled quantum dots under

optical control were observed using spin-locking [59, 82], coherent population trap-

ping [67], resonant absorption in Faraday [74] and Voigt [80] geometry, and in Ramsey

interferometry [73]. Fig. 3.13, based on data presented in ref. [73] illustrates the effect

of dynamic nuclear spin polarization on Ramsey interferometry using all-optical spin

control.
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Figure 3.13: Ramsey-interference fringes for electron spins, showing the effect of dy-
namic nuclear polarization. When increasing or decreasing the delay between subse-
quent π/2-pulses in a Ramsey-interferometry experiment, a non-linear feedback loop
with the nuclear spin bath results in asymmetric, hysteretic Ramsey fringes. Inset:
scan direction (longer, resp. shorter delays) for the different experiments. Experi-
mental data taken from [73].
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Upon increasing (decreasing) the delay between the π/2-pulses in a time-averaged

Ramsey interferometry experiment, the resulting interference fringes become both

asymmetric and hysteretic. As was shown in ref. [73], this effect can be interpreted

as a consequence of the existence of stable manifolds for the nuclear spins, depend-

ing on the particular Ramsey-experiment (delay) chosen, and due to the coupled

electron/nuclear non-linear dynamics (the non-linearity explains the hysteresis).

Let us consider the interaction between a single electron spin and a single nuclear

spin. By rewriting the contact hyperfine coupling in terms of raising and lowering

operators [65] (our magnetic field is oriented along the x-direction, which implies

raising and lowering operators of the following type: S± = Sy ± iSz, I± = Iy ± iIz),
we obtain the following:

Acontact,i
~S · ~Ii = Acontact,iSxIx +

Acontact,i

2
(S+I− + S−I+). (3.34)

In the absence of any higher order terms, this contact hyperfine interaction there-

fore governs the evolution of an individual nucleus3. The second term in eq. 3.34 is

the so-called flip-flop term, and indicates that for a nuclear spin to flip, there must

be a concurrent and opposite flip of the electron spin – a manifestation of angular

momentum conservation.

Fig. 3.14 indicates the level structure of an electron-charged, self-assembled quan-

tum dot under full optical control. As the magnetic field splits the electron spin

ground states by several 10s of GHz, and the nuclear spins by several 10s of MHz

only, this flip-flop mechanism for nuclear spin changes is energetically forbidden to

first order: the hyperfine interaction acts as a lock for the nuclear spins. However,

3Higher order terms, due to e.g. dipolar coupling to both electron spin and other nuclear spins do
exist, and give rise to some slow dynamics on milliseconds- to seconds timescales, as will be shown
in section 3.3.2, but for the current analysis, those can be temporarily ignored.
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Figure 3.14: Feedback mechanism giving rise to dynamic nuclear polarization under
all-optical electron spin control – see text for details.
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whenever the optical pumping cycle excites the system into the |↑↓⇓〉-state, the nu-

clear spin dynamics is governed by the interaction with this excited trion state, not the

contact hyperfine interaction with a single electron spin. This excited state consists

of a magnetically inert electron singlet, and an unpaired hole state.

Previously, we described, in sections 2.1 and 2.3, the Voigt-geometry trion state

|↑↓⇓〉x as superpositions of growth direction trions (|↑↓⇓〉z ± |↑↓⇑〉z where the hole

states correspond to heavy holes along the growth direction (this was a consequence

of a separation of energy scales, where we invoked a large HH-LH splitting to justify

working with the HH-mainfold only). While such a description suffices for most

of the optical control work described in this dissertation, the hyperfine interaction

between the trion state and the nuclear spins requires a slightly refined model. Due

to the combined effect of strain and confinement, the hole states along the growth

direction are now heavy holes, with a (small) light hole component mixed in (we refer

to refs. [67, 71, 80, 83]):

|⇑〉z ≡ |Jz = 3/2〉+ η |Jz = −1/2〉 (3.35)

|⇓〉z ≡ |Jz = −3/2〉+ η |Jz = 1/2〉 . (3.36)

These HH-LH mixtures (typical values of η for our experiments is around 0.2)

now hybridize under the influence of the magnetic field and form the hole-part of the

trion states used for optical pumping. As the hole has p-type symmetry, it does not

have a contact hyperfine interaction with the nuclear spins; instead, the highest-order

hyperfine interaction is dipolar in nature [67, 73]. When written in a basis where the

external magnetic field is oriented along the x-direction, and mapping the hole states

into a pseudo-spin-1/2 formalism4 where |⇑〉z = |Sz = 1/2〉 , |⇓〉z = |Sz = −1/2〉 such

a dipolar interaction takes the following form, characterized by a dipolar-hyperfine

4As the (mixed-in) heavy-holes form an effective 2-level system, such re-mapping is valid for
the low temperatures in typical experiments: the energy separation from the next higher states is
typically several meV.
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constant Adipole,i [67]:

Hdipole,i = Adipole,i

[
Iz,iSz +O(η)(Ix,iSx + Iy,iSy) +O(η2)(Iz,iSx + Iz,iSy)

]
(3.37)

The third term in eq. 3.37 can be written in terms of the raising and lowering

operators I± = Iy ± iIz:

(Iz,iSx + Iz,iSy) =
1

2i
(I+
i Sx − I−i Sx + I+

i Sy − I−i Sy). (3.38)

These terms allow for flips of the nuclear spin to happen, without any accompany-

ing flip of the hole spin. In other words, when the charged quantum dot is excited into

the trion state, the strong lock on the electron spin due to the electron-nuclear contact

hyperfine interaction is released – we refer to Fig. 3.14 for a graphical illustration of

this effect.

In a Ramsey interferometry or resonant absorption experiment, the probability, C,

of creating a trion depends on the state of the electron spin (when the electron spin is

in the |↑〉-state, no trion excitation can occur as the optical pumping laser is resonant

with the |↓↑⇓〉-|↓〉-transition). Conversely, the state of the electron spin in a Ramsey-

interferometry experiment depends on the Larmor precession frequency and therefore

on the net nuclear spin polarization. The latter can be characterized in terms of an

Overhauser shift y to the Zeeman energy or Larmor precession frequency. The trion

creation probability is therefore a function of the delay, τ used in a particular Ramsey

interferometry experiment, and the net Overhauser shift, y: C = C(y, τ).

In addition, for a large net nuclear spin polarization, the energy of the |↓〉-state

will shift to the extent that a fixed-frequency laser will not be able to excite the trion
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state anymore, adding another Overhauser-dependence to the trion creation rate.

As now the nuclear spin-flip rate depends on the creation of trions, and the cre-

ation of trions depends on the nuclear spin polarization, this gives rise to a non-linear

feedback loop. In ref. [73] and [80], we argued that the trion-induced nuclear flip

process is the dominant one, followed by a weaker background of nuclear spin diffu-

sion that acts so as to slowly re-equilibrate any net nuclear spin polarization. This

feedback process can be modeled in terms of a non-linear drift-diffusion equation for

the Overhauser field y [73]:

dy

dt
= −κy + α

∂C(y, τ)

∂y
(3.39)

Here, α and κ are (time-)constants that reflect the effectiveness of the trion-

induced nuclear flip process and background nuclear spin diffusion respectively.

Fig. 3.15 displays the steady-state solutions of this drift-diffusion equation for

the case of Ramsey-interferometry between two π/2-pulses, with delay τ between

them. Due to the non-linearity, the solutions are very much dependent on the initial

conditions, which explains the hysteresis that is also observed in Fig. 3.13. For suitable

parameters α and κ, the numerical solutions reproduce the experimental results very

well – we refer to appendix B for explicit solutions for both Ramsey-interferometry

induced DNP, as well as DNP-effects in resonant absorption experiments (Fig. B.2).

3.3.2 All-optical spin-echo

Even in the absence of DNP-effects, slow changes in the nuclear spin bath affect the

results of time-averaged experiments of the electron spin dynamics. As our spin-

measurement technique requires many experimental ‘shots’ in view of the small cap-

ture/escape probability of a single photon, each experimental datapoint in e.g. a
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π/2 τ π/2

Figure 3.15: Numerical modelling of the non-linear feedback effects between a single
electron spin and nuclear spins, under optical control. Yellow: steady-state solutions
upon continuously increasing the delay, τ . White: solutions for decreasing τ (scanning
backwards). See text for details. Figure taken from [73].



CHAPTER 3. ULTRAFAST CONTROL OF ELECTRON SPINS 83

Experim
ental runs

Experim
ental runs

Free evolution for τ

Experim
ental runs

π‐pulse

Experim
ental runs

Free evolution for τ

a b

cd

Figure 3.16: Ensemble dephasing, and spin-echo as a way of overcoming it and mea-
suring T2: runners analogy [16]. See text for details.
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Ramsey-interferometry experiment requires several seconds of integration – slower

than even the higher-order nuclear spin processes which we temporarily ignored be-

fore. If the time constant for full thermalization of the nuclear spins is shorter than

the integration time of the experiment, then the experiment ‘sees’ the full width of

the nuclear spin distribution. For the self-assembled quantum dots used, the variance

in the Larmor-precession frequency can be estimated at about 2π×100 MHz [57, 80],

resulting in a dephasing, ∆φ = ∆ω × τ on a timescale of a few nanoseconds. This

ensemble-averaging time is commonly referred to as T ∗2 .

This ensemble-averaging, however, is simply due to our measurement technique,

and is not inherent to the spin qubit as such. In order to estimate the usefulness of

our spin qubit, the relevant question would be how long a coherent superposition of a

single spin would persist, without ensemble averaging. Instead of ensemble averaging

over many shots, the phase-evolution of a single instance (in time) of the qubit is now

considered. Due to small variations in the environment, fast compared to the duration

of a single shot of the experiment, the coherent phase evolution due to e.g. Larmor

precession will be affected. Denoting this net, fast variation of the Larmor-precession

as δω, we see that the phase now undergoes a random kick, δφ = δω×T , characterized

by a time-constant known as T2 [57, 82]. It is this single-shot decoherence time that

needs to be compared to the duration of a single qubit operation in order to obtain

a figure of merit for the qubit.

In order to observe the single-shot decoherence in a multi-shot experiment5, one

can use the well-known spin-echo technique that was developed by Erwin Hahn for

use in NMR-experiments (see ref. [85]; ref. [86] describes an early variant that is more

robust against pulse errors). The basic idea is illustrated in Fig. 3.16, again in terms

of the runners analogy [16].

When applying an optical π pulse along the z-direction, perpendicular to the

5Rather: approximately observe the single-shot dynamics in a multishot experiment. The spin-
echo results in slightly different dynamics for the nuclear spin bath than true, single-shot free induc-
tion decay, and therefore, slightly different decoherence effects. We refer to refs. [61], [60] and [84]
for further details.
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orientation of the magnetic field, the effect on the spin states (modulo overall phase

factors) is the following:

Rz(π) |↑〉x = |↓〉x (3.40)

Rz(π) |↓〉x = |↑〉x . (3.41)

In other words, a π pulses reverses the role of the up- and down spin states. If now,

due to ensemble dephasing, the |↓〉x-state develops a phase ∆ω × τ compared to the

|↑〉x-state, the reversal of up- and down after a π-pulse will cause the other state to

develop an equal and opposite phase factor after another time τ . This is equivalent,

in the runners analogy, to each day having the runner reverse course, exactly halfway

(τ), and return home. Of course, after running full-time (2τ), the runner will always

arrive in the ‘home’ position (Fig. 3.16 d), regardless of which day of the week. This

effect is known as refocusing due to spin-echo, and the single π-pulse is therefore often

referred to as a refocusing pulse [16].

As a spin echo refocuses the ensemble dephasing, it is now only sensitive to

small fluctuations within a single shot (duration: 2T) of the experiment: δφ =

δω×2T . Such single-shot decoherence can be studied by a modified form of Ramsey-

interferometry, in which a refocusing π-pulse is inserted halfway in between the two

π/2-pulses. Fig. 3.17 illustrates the resulting Ramsey-fringes, for slight imbalances,

2τ , between the time before and after the refocusing pulse. By measuring the visi-

bility of the echo-fringes as a function of the total time, 2T of the experimental run,

the characteristic decay of the coherence can be measured. For all-optical control of

a single spin qubit, this was first reported in ref. [57], where we obtained a T2-time

of 2-3 µs (Fig. 3.17, right panel), characterizing an exponential decay process.

Such a T2-time needs to be compared to the duration of a single quantum bit

operation. The ultrafast pulses used require about 3 ps, and the Larmor-precession

time varies between 20 and 60 picoseconds. As any state on the Bloch sphere can be
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Figure 3.17: All-optical spin echo for a single electron spin: a single π-pulse refocuses
the shot-to-shot variances in the Larmor precession frequency. By measuring the
visibility of the resulting Ramsey fringes for slightly imbalanced (net difference: 2τ)
spin precessions before resp. after application of the refocusing pulse (top, bottom
left), the true, spin-echo decoherence can be extracted (right). For a single electron
spin, this decoherence occurs on timescales around 2-3 µs. Figure taken from [57].
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reached within at most half a Larmor precession period after applying an ultrafast

pulse, the maximum gate operation time is on the order of 30 picoseconds. Compared

to a T2-time of 2-3 µs, a figure of merit of about 105 would be obtained, suggesting

that 105 gate operations could be applied before decoherence due to variations in the

Larmor-precession frequency. Obviously, this is not the whole story: the coherent

rotation pulses are imperfect, and have finite fidelities (on the order of 95-99%, see

appendix A.1.2). Therefore, the application of 105 ultrafast coherent control pulses

would result in a complete loss of all coherence. However, if the fidelity of a single

ultrafast pulse operation could be improved further, then 105 operations could be

applied before decoherence occurs.

The spin-echo technique can also be used to directly visualize T ∗2 : as was shown

in refs. [80] and [57], dynamic nuclear polarization effects are much less pronounced

when applying spin-echoes (without spin-echo, the DNP effects completely dominate

the spin dynamics: we refer to Fig. 3.13). In Fig. 3.18 a, spin-echo Ramsey fringes

are shown for relatively large differences, δτ between the two halves of the spin-echo

experiment.

The data in Fig. 3.18 a were obtained using a few seconds of integration per

datapoint, after which an electronically controllable stage was slowly moved to the

next position. This integration time turned out to be slightly shorter than the thermal

equilibration time of the nuclei (some 10 s), such that for each experimental point, only

a subset of the full nuclear spin distribution was sampled. This effect is schematically

illustrated in Fig. 3.18 b. As we sample a narrower subdistribution per datapoint,

the decay of the envelope function of the Ramsey-fringes seemingly occurs on a slower

timescale:

∫
subset,j

e−i(ω+∆ω)tFsubset,j(∆ω)d∆ω

∼ e−i(ω+∆ωj,0)te−(∆ωsubset,jt)
2

(3.42)
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Figure 3.18: T ∗2 -decay, visualized by means of a spin echo. See text for details. Figure
taken from [57].
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(we assume a Gaussian distribution for each subset, characterized by ∆ωsubset).

However, the phase of each datapoint, (ω+ ∆ωj,0)t is now taken from the full nuclear

spin distribution (the nuclear spin equilibration time is faster than the duration of

the entire experiment, involving stage movements and integration for several data-

points). We can therefore notice a phase-randomization in the data in Fig. 3.18 before

any amplitude-effects. Quantifying that phase-randomization by a running Fourier-

transformation, we see that the decay due to the full nuclear spin distribution is

now characterized by another Gaussian, with a time constant on the order to 1.5 ns

(Fig. 3.18 c).



Chapter 4

All-optical Hadamard gate: direct

implementation of a quantum

information primitive

The ultrafast optical spin control techniques described in chapter 3 were derived

under the assumption of the pulses being short compared to the Larmor precession

frequency. In practice, however, picosecond-timescale pulses are used, combined with

Larmor precession periods of several 10s of picoseconds [56, 57]. While lowering

the magnetic field and increasing the Larmor precession period would render the

picosecond pulses (relatively) ‘shorter’, this would come at the expense of the speed

of elementary quantum gates (the Larmor precession acts as one of the fundamental

one-qubit gates). In addition, decreasing the magnetic field lowers the spin readout

fidelity, as the filtering of the optical pumping laser becomes more troublesome – we

refer to section 3.2.1 and appendix A.1.1.

In principle, reducing the pulse duration by moving to the femtosecond regime

could be an option, provided that the detuning is adjusted accordingly to compensate

for the much broader bandwidth of the femtosecond pulses. However, in the studies

90
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reported in refs. [56, 57], it was found that shorter pulse durations, in view of the larger

peak powers, result in reduced pulse fidelities. The exact origin of this phenomenon

is currently unknown, but is likely due to spurious interactions with the solid-state

environment (the description of the charged, self-assembled quantum dot as a simple

4-level structure is a crude one, after all).

Hence, the timescales of the coherent optical control pulses and the magnetic field-

induced Larmor precession are within the same order of magnitude, which requires a

more advanced description. In particular, the competition between the finite-duration

pulse-induced coherent rotation and the Larmor precession will be shown to result in

effectively off-axis pulses [56], which particularly affects the optical π-pulses used in

refocusing schemes such as the optical spin-echo (see section 3.3.2).

4.1 Finite pulse duration: off-axis spin rotations

Fig. 4.1 revisits the Rabi-oscillations which we previously discussed in Fig. 3.8. The

count rate, and therefore the probability of finding the system in the |↓〉-state, is

markedly different for a π-pulse than for a 3π-pulse. As first reported in ref. [56],

the origin thereof is in a competition between the magnetic-field induced Larmor

precession (effective rotation around an axis parallel to the magnetic-field-direction

in the lab-frame) and the optically-induced spin rotation (around an axis parallel to

the Poynting vector of the incoming light field).

In the following, we will use the axis convention previously discussed in Fig 3.5 b:

the magnetic field is oriented along the x-axis, and the optical control occurs along

the z-axis (in the Voigt-geometry, this is the growth axis). By transforming eq. 3.5

accordingly, we obtain:
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Figure 4.1: Off-axis rotation pulses resulting in imperfect Rabi-oscillations; see text
for details.

Heff

h̄
=

(
Ωeff(t)

2
δe
2

δe
2

−Ωeff(t)
2

)
(4.1)

Ωeff(t) ∼ |Ω(t)|2

4∆
(4.2)

In eq. 4.2, ∆ refers to the detuning from the excited trion states, while Ω(t) refers

to the spin-trion coupling due to the fast, time-dependent optical pulse. Assuming,

temporarily, an optical coupling field that is constant in time1, we can rewrite this in

terms of Pauli spin-operators:

1This would correspond to a coupling field that can be switched on and off infinitely fast, which
is of course non-physical . . .
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a b

Figure 4.2: Finite-duration, off-axis rotation pulses. a Combined effect of the Lar-
mor precession and the optical spin manipulation, resulting in an effective, off-axis
rotation. b Effect of an off-axis π pulse on a spin-eigenstate. The off-axis pulse does
not reverse the role of |↑〉 and |↓〉, resulting in imperfect refocusing in e.g. spin-echo
sequences. See text for details.

Heff

h̄
= Ωeff

σz
2

+ δe
σx
2

(4.3)

From eq. 4.3, we see that for a pulse duration teff we would obtain the following

evolution operator, Ueff :

Ueff = e
−iteff

√
Ω2

eff+δ2
e(σz×

Ωeff

2
√

Ω2
eff

+δ2e

+σx× δe

2
√

Ω2
eff

+δ2e

)

(4.4)

Ueff = e−iθnet(
~σ·~nnet

2
) = R~nnet(θnet)

θnet =
√

Ω2
eff + δ2

e × teff = Ωnet × teff

~nnet = (
δe

Ωnet

, 0,
Ωeff

Ωnet

) (4.5)

This situation is schematically illustrated in Fig. 4.2 a: the combination of the
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rotation pulse and the Larmor precession results in a rotation around an effective axis,

~nnet, that is the weighted vector-sum of the Larmor- and optical rotation axis. For

the more realistic case of a time-varying laser field with e.g. a Gaussian or hyperbolic-

secant envelope, the analysis is slightly more complex: as σx and σz do not commute,

evaluation of the evolution operator requires some care – we refer to ref. [56] for a full,

numerical simulation. The net effect, however, is the same for either constant or time-

varying laser fields: an off-axis rotation, along an axis that is a weighted vector sum

of the Larmor- and optical rotation axis. For an optical π-pulse around this effective

axis, as indicated in Fig. 4.2 b, the net effect is that, for initialization at the bottom of

the Bloch sphere, a π-pulse does not transfer the state to the top of the Bloch sphere,

and vice versa. Our naive analysis also explains the difference in height between a π-

and a 3π-pulse in Fig. 4.1: as we obtain the Rabi-oscillations by changing the power

of the rotation pulse, the effective rotation axis changes, approaching more and more

the optical rotation axis for large optical powers. Unfortunately, large powers also

result in large incoherent effects, as was shown in ref. [56].

As we shall demonstrate in section 4.3, the effect of the off-axis rotation is par-

ticularly detrimental for optical π-pulses, which are used for refocusing in spin-echo

sequences. As the net, off-axis π pulses now do not anymore switch the role of the |↓〉-
and |↓〉-states, this refocusing is now imperfect, which results in a loss of coherence

(visibility) in spin-echo experiments.

4.2 Composite pulses: Hadamard gates

π-rotation pulses around the optical rotation axis (Rz(π)) cannot be realized by an

optical rotation pulse alone; however, it is possible to compose an effective π-pulse by

compounding several pulses. One such composition is the well-known σz = HσxH-

decomposition: here, σx = iRx(π) refers to a π-rotation around the magnetic field

axis, which can be realized by Larmor precession, while H stands for the Hadamard

gate [1], and σz = iRz(π). Therefore, Rz(π) = HRx(π)H, as indicated in Fig. 4.3 b.



CHAPTER 4. HADAMARD GATE 95

H
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a b

Figure 4.3: a Hadamard gate, a fundamental primitive of quantum information. b A
composite π-pulse, based on two Hadamard gates and a Larmor-precession (Z-gate).

The Hadamard gate is perhaps the most important of the single-qubit gates, and was

already briefly discussed in section 1.1.3.2. Its effect is to map the spin eigenstates

(we work in the basis of the magnetic field), |↓〉 and |↑〉, into two orthogonal, equal-

weight superpositions of the spin states – in other words, into two orthogonal states

on the equator of the Bloch-sphere:

H(|↓〉) =
1√
2

(|↑〉 − |↓〉) (4.6)

H(|↑〉) =
1√
2

(|↑〉+ |↓〉) (4.7)

The Hadamard gate can be written in terms of Pauli-spin operators as follows:
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H =
σx + σz√

2
(4.8)

We can now invoke the following identity (see ref. [1]),

R~n(θ) = cos(
θ

2
)I − i sin(

θ

2
)(nxσx + nyσy + nzσz) (4.9)

from which we find the following realization of a Hadamard gate:

H = ie
−iπ(σx+σz

2
√

2
)

(4.10)

Eq. 4.10 is, to within a global phase factor, a rotation by an angle π around an

effective axis that is an equal-weight combination of Larmor-precession and pulse-

induced rotation – similar to the case described in eq. 4.5. In other words: for

the simplistic case of constant pulse amplitude, matching the effective pulse-Rabi-

frequency Ωeff to the Larmor-precession δe and adjusting the pulse duration such that

teff ×
√

2|Ωeff | = π will result in an effective rotation that is just enough off-axis

to generate a Hadamard gate. For truly time-varying pulses, the analysis is more

complex, but the final conclusion is the same: by adjusting the pulse amplitude and

duration in a two-dimensional (numerical, or heuristic) search, an effective Hadamard

gate can be created.

While modulating the amplitude of the rotation pulse is straightforward, adjusting

its duration is less trivial. Our picosecond rotation pulses are generated by an actively

modelocked laser (Spectra-Physics Tsunami), with limited tunability of the pulse du-

ration. Instead, we use a double-grating based pulseshaper [87–89] as displayed in
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grating

grating

slit

Figure 4.4: A grating-based pulse stretcher. See text for details.

Fig. 4.4. Such a grating shaper is classic example of Fourier-optics: for a Fourier-

transform-limited pulse, the first grating disperses the pulse based on its wavevector

(~k) composition. The first lens, one focal length removed from both the grating and

the image plane, acts as a Fourier transformation from ~k-space to real space: different

wavevectors are imaged in different locations. Therefore, spatial modulation within

the image-plane corresponds to wavevector-modulation (and, for transform-limited,

unchirped pulses also frequency-modulation). A second lens and grating respectively

transform back to ~k-space and recombine the respective wavevectors into an unchirped

pulse which is now temporally modulated by virtue of the spatial (frequency) modu-

lation.

The simplest possible modulation consists of cutting the pulse: such a restriction

in frequency will result in an effective stretching in time, as both are related by a

Fourier-transformation. While more sophisticated modulation schemes exist, based

e.g. on spatial light modulators, we find that a simple slit provides enough modulation

to realize reasonable pulse stretching.
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Figure 4.5: Ramsey interferometry, using two Hadamard gates and a variable delay,
τ (Larmor-precession). See text for details. Inset: pulse sequence used.

4.3 Composite Π-pulses: spin-echo and refocusing

Using a slit and a grating shaper, we perform a heuristic, 2-dimensional search in

order to obtain the best Hadamard gate. We use the visibility of the spin-echo-

Ramsey-fringes as metric. The results are summarized in Figs. 4.5 and 4.6. We use

a magnetic field of 9 T, corresponding to a Larmor-precession frequency of 20 ps.

For a pulse duration of 3-4 ps, the off-axis π-pulses affect the visibility of the spin-

echo fringes significantly: in Fig. 4.6 a, the visibility is around 60%. By cutting the

pulse to a duration of some 5-6 ps, verified with an autorcorrelation setup (FROG,

SwampOptics) and optimizing the pulse power accordingly, we obtain a Hadamard

pulse that significantly improves the echo visibility and fidelity.

Fig. 4.5 shows Ramsey-fringes using such Hadamard pulses. We realize our ef-

fective π-pulse by adjusting the delay between the Hadamard pulses: we look for

a maximum in the Ramsey-interferometer. We then fix the delay between these

Hadamard pulses, and use this composite pulse as an effective π-pulse in a spin-echo
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Figure 4.6: Hadamard gates as primitives for spin echo. a Regular spin echo(inset:
pusle sequence used), with limited visibility due to an off-axis π-pulse. b Spin-echo,
using composite, Hadamard-gate based spin echo (inset: pulse sequence used). The
visibility is significantly increased.
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experiment (in comparison with the setup outlined in Fig. 3.7, this requires splitting

off a third path from the modelocked laser, with variable delay and individual pulse

control by a free-space electro-optic modulator).

In Fig. 4.6 b, we see that the resulting echo-fringes now have significantly improved

visibility: upwards of 90%, confirming the effectiveness of our Hadamard gates.



Chapter 5

Fast, pulsed, all-optical geometric

phases gates

In the previous chapters, detuned optical pulses were used to generate qubit rota-

tions. While deriving the effect of the laser pulses on the spin, we generally ignored

overall, global phases. However, in this chapter, we shall report on experiments were

the global (geometric) phases of a (detuned) 2-level interaction can be visualized in

Ramsey interferometry, by beating the phase against the Larmor precession. In the

context of 2-qubit interactions, geometric phases play a crucial role for the realization

of entangling gates [90, 91]; the realization of a fast, pulsed global phase for single

quantum dot electron spins is essential for this task.

5.1 Global phase of a 2-level system upon a cyclic

transition

Let us consider a generic two-level system, coupled by a detuned (detuning: ∆)

optical interaction characterized by a Rabi-frequency ΩP , as in Fig. 5.1. Denoting

101
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Ωp

Δ

Figure 5.1: Schematic diagram of the detuned interaction with a 2-level system, used
for derivation of the global phase upon cycling through the transition. ∆=detuning,
Ωp=Rabi frequency of the excitation.

the excited state by |↑↓⇓〉 (with energy Eexc) and the ground state by |↓〉, we obtain

the following set of equations after application of a rotating-wave approximation:

|Ψ2−level〉 = a(t)e−iEexct/h̄ |↑↓⇓〉+ b(t) |↓〉

i

(
ȧ(t)

ḃ(t)

)
=

(
∆ −ΩP

2

−Ω∗P
2

0

)(
a(t)

b(t)

)
. (5.1)

This interaction Hamiltonian can be written as follows, in terms of Pauli-spin

operators, σi and the unit-tensor I (we assume ΩP to be real; the case for a complex

ΩP simply changes the orientation of the effective rotation axis in the following, but

does not fundamentally change the solutions):

Hint/h̄ =
∆

2
I +

∆

2
σz −

ΩP

2
σx (5.2)
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Using eq. 5.2, the evolution operator, U = e−iHintt/h̄, can now be written as:

U = e−i
∆
2
t × e+iΩnett(

~σ·~nnet
2

) (5.3)

= e−i
∆
2
t ×R~nnet(Ωnett) (5.4)

Ωnet =
√

∆2 + |ΩP |2 (5.5)

~nnet = (
ΩP

Ωnet

, 0,− ∆

Ωnet

) (5.6)

Eq. 5.4 has the form of an overall phase factor, compounded with a rotation

around an axis, ~nnet. When applying a 2π rotation, the net effect of this rotation is

to add a π phase factor. We therefore have that, for a 2π cycling transition:

tcycle =
2π

Ωnet

(5.7)

φnet = π − ∆

2
× tcycle

= π × (1− ∆√
∆2 + |ΩP |2

) (5.8)

The expression for the net, global phase in eq. 5.8 is valid for any detuning and

Rabi-frequency, provided that a full cycling transition is realized (i.e., Ωnet×tnet = 2π):

this condition is only fullfilled for particular durations tnet of the coupling field.

For a far-detuned transition, however, and for sufficiently slowly evolving and

weak Rabi-frequencies, the adiabatic theorem [65] can be invoked, where for any

pulse duration the system will remain in the ground state, and the net phase can be

described in terms of the AC-Stark effect as derived in section 3.1.2:
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φnet,adiabatic =
∆

2
(

√
1 +
|ΩP |2
∆2

− 1)× tnet,adiabatic

' |ΩP |2

4∆
× tnet,adiabatic (5.9)

Eq. 5.9 assumes a coupling field that is constantly on – for the more general

case of a laser field with a particular temporal shape ΩP (t), we refer to ref. [92, 93].

In particular, an analytic solution for a 2π hyperbolic-secant pulse shape (sech(σt))

results in [93]:

φnet,hyp−sec = 2 arctan(
σ

∆
) (5.10)

Note that this expression is an implicit function of the pulse strength (ΩP ), en-

forced through the condition for a 2π-pulse.

For an on-resonance laser field, going through a cyclic transition will therefore

change the global phase by a phase-factor of π.

5.2 Visualizing the global phase: Ramsey interfer-

ometry

In itself, this global phase is generally irrelevant, as it can be taken up by a change

of the time-origin in the free-evolution. It is only when compared to another state

which is not subject to the same global phase that things become interesting. One

such example occurs in the case of Ramsey-interferometry [57, 94], as indicated in

Fig. 5.2. As we reported in section 3, the first π/2 pulse in a Ramsey interferometer
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δh

Γ/2Γ/2
Filter

Figure 5.2: Schematic of the 4-level structure used for Ramsey interferometry, in
which the global phase of one spin state due to a cyclic optical transition can be
visualized with regard to the other spin state. See text for details.
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will realize a superposition of spin eigenstates that is located in the equator of the

Bloch sphere, which will evolve due to Larmor-precession.

If, however, one of the states in the superpositions undergoes a cyclic transition

(the |↓〉-state in Fig. 5.2 is coupled to the |↑↓⇓〉-trion state in Fig. 5.2), then after

one such cycle that state will undergo a phase shift of π, on top of the phase factor

developing due to Larmor precession. In the Ramsey-interferometer, therefore, one

would expect to see a π phase shift after such a cyclic transition. This effect was

observed, for CW coupling to a trion state, in ref. [94].

A CW field, however, is in practice not very useful: only for particular times

tcycle = 2π/ΩP will the |↓〉-|↑↓⇓〉 2-level-system return to the ground state. For any

other time, it will end up in some superposition of the spin- and the trion-state, which

is outside the Hilbert space of the qubit. Moreover, as the trionstate can decay by

spontaneous emission, the sheer possibility of this decay would provide which-path

information that would reduce the visibility of the interference fringes.

5.3 Pulsed, fast geometric phase of a single elec-

tron spin qubit

We therefore implement a fast, pulsed version of the geometric/global phase, in order

to realize an actual gate. The laser field coupling the |↓〉- and |↑↓⇓〉-states is derived

by modulating a narrowband, CW- diodelaser. The modulation is provided by a fiber-

based electro-optic modulator (EOSpace), which is in principle capable of operating

up to 20 GHz or higher. The modulation is driven by a 10 GB/s pulse-pattern gen-

erator (PPG, Anritsu), which is synchronized to the ultrafast rotation laser used for

creating the coherent spin superpositions by means of a high-frequency phase-locked

loop (PLL, 32nd harmonic of the 75.76 MHz repetition rate, Valon Technologies) and

an electronic quadrupler (Marki Microwave). The Ramsey-interference experiment

itself was extensively described in chapter 3 – other than the fast modulation of the
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τπ/2 π/2 ~120 ps

Δ ~ 4/5 x π

Figure 5.3: Experimental Ramsey interferometry data, upon a cyclic |↓〉 − |↑↓⇓〉-
transition of ∼120 ps, due to modulation of a resonant CW laser by an electro-optic
modulator. The net phase shift is around 4/5π. Inset: optical pulse scheme used.
See text for details.

CW-laser, the techniques and setups used are the same as those reported there [57].

In the experiment, an approximately 100 ps pulse, on resonance with the |↓〉-|↑↓⇓〉-
transition and with appropriate power is applied in between two π/2-pulses; this case

is then compared to the Ramsey interference without such geometric-phase generating

pulse.

The data are shown in Fig. 5.3. The blue trace shows the Ramsey interference

fringes without the intermediate excitation of the |↓〉-|↑↓⇓〉-transition, while the green

curve indicates the Ramsey fringes with the intermediate pulse. From the data, we

see a phase offset of about 4π/5 after application of the geometric phase gate, instead

of the expected π.

The origin of this discrepancy can partially be found in the presence of another,

detuned, 2-level system: |↑〉-|↑↓⇑〉 (the other branches of the Λ-system are suppressed

in view of the polarization selection rules: the laser field, which is aligned with the
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Ωeff

δe
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Δ

Figure 5.4: In an electron-charged quantum dot in the Voigt geometry, the on-
resonant phase of one spin branch is partially compensated by the detuned phase
of the other spin branch, explaining the data in Fig. 5.3

|↓〉-|↑↓⇓〉- (|↑〉-|↑↓⇑〉-) transition, is therefore anti-aligned with the other transitions of

the Λ-system – we refer to Fig. 3.2 for the selection rules in the Voigt geometry). This

other 2-level system undergoes a phase shift which is determined by the AC-Stark

shift. For the parameters used in the experiment (∆/ΩP ∼5), the counter-rotation

can be found as follows (tcycle = 2π/|ΩP |):

φnet =
|ΩP |2

4∆
× tcycle

= π × |ΩP |
2∆
∼ π

10
(5.11)

In addition, the nuclear spin effects described in section 3.3.1 can give rise to

additional, Ramsey-delay-dependent Overhauser shifts. From a numerical evaluation

of eq. 5.4, a detuning of only ΩP/10 ∼ 1 GHz would be sufficient to generate the

necessary additional phase shift. Such a detuning is very much within the reach of
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the Overhauser shift, and can therefore likely contribute to the offset.

5.4 Geometric phases for 2-qubit entangling gates

Pulsed, cyclic transitions resulting in geometric phases can be used to tweak the

Larmor precession frequency: by adjusting the detuning and power or duration, a

particular phase can be added to the Larmor precession, which could e.g. be used to

synchronize different spin qubits with different Larmor precession frequencies.

Besides acting as a tuning knob for the effective Larmor frequency, geometric

phases can be used to realize entangling, 2-qubit gates [90, 91]. Suppose we have a

physical system where only one of four possible 2-qubit states is coupled to an excited

state. This could e.g. occur due to different selection rules for electron singlets and

trions, due to different detunings [90], etc. In such a system, a cyclic transition will

add a π phase to only one of the states, say, |↓〉 ⊗ |↓〉. The effect of such a gate on

all states is then as follows:

|↓〉 ⊗ |↓〉 → − |↓〉 ⊗ |↓〉

|↓〉 ⊗ |↑〉 → |↓〉 ⊗ |↑〉

|↑〉 ⊗ |↓〉 → |↑〉 ⊗ |↓〉

|↑〉 ⊗ |↑〉 → |↑〉 ⊗ |↑〉 (5.12)

Such a gate is known as a controlled-Z-gate (CZ). By combining it with a Hadamard

transformation of the target-qubit before and after the CZ-gate , we have that:
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|↑〉 ⊗ |↑〉 → |↑〉 ⊗ 1√
2

(|↑〉+ |↓〉)→ |↑〉 ⊗ 1√
2

(|↑〉+ |↓〉)→ |↑〉 ⊗ |↑〉

|↑〉 ⊗ |↓〉 → |↑〉 ⊗ 1√
2

(|↑〉 − |↓〉)→ |↑〉 ⊗ 1√
2

(|↑〉 − |↓〉)→ |↑〉 ⊗ |↓〉

|↓〉 ⊗ |↑〉 → |↓〉 ⊗ 1√
2

(|↑〉+ |↓〉)→ |↓〉 ⊗ 1√
2

(|↑〉 − |↓〉)→ |↓〉 ⊗ |↓〉

|↓〉 ⊗ |↓〉 → |↓〉 ⊗ 1√
2

(|↑〉 − |↓〉)→ |↓〉 ⊗ 1√
2

(|↑〉+ |↓〉)→ |↓〉 ⊗ |↑〉 (5.13)

When we compare eq. 5.13 with eq. 1.21, we see that the CZ-gate and the CNOT

gate are equivalent to within a basis transformation, and that the CZ-gate is therefore

an entangling gate1. Physical implementations of such geometric phases for use in

2-qubit gates were proposed and demonstrated for charged, self-assembled quantum

dots in refs. [91] and [90].

1The same argument is valid for any conditional phase gate, where only one 2-qubit combination
undergoes a geometric phase shift of π – we refer to ref. [1] for more details.



Chapter 6

Ultrafast optical control of hole

spin qubits: suppressed nuclear

feedback effects

The strong contact hyperfine interaction between a single electron and the nuclear

spins in a quantum dot [57, 60, 61, 95, 96] represents a severe limitation on its use

as a qubit, as we discussed in section 3.3.1. In particular, it results in non-linear,

non-Markovian dynamics of the electron-nuclear system [67, 73, 74, 81], making the

use of the Larmor-precession as a single qubit gate cumbersome. While dynamical

decoupling, in essence an extension of the simple spin echo presented in section 3.3.2

to multiple refocusing pulses, could be used to decouple the effects of the nuclear

spin bath [97–101], avoiding the contact hyperfine interaction alltogether would be a

much simpler solution. For some materials, this could be achieved by careful isotopic

engineering: examples for group-IV and II-VI materials can be found in refs. [4,

102–105]. However, In, Ga and As do not possess any spin-0 isotopes, making this

approach impossible for the self-assembled quantum dots used in this work.

The different wavefunctions of electrons and holes provide an alternative way

111
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nucleus

holeelectron

Figure 6.1: Schematic overview of the difference of electrons and holes in terms of over-
lap with the nuclear spins. The yellow shaded area represents the band-wavefunction
for electrons (left, s-type) and holes (right, p-type symmetry), while the red circles
indicate the location of the nuclei. Note the absence of any overlap between the band-
wavefunction and the nucleus for holes, which explains the lack of contact hyperfine
interaction.

of overcoming interactions with the nuclear spins. Fig. 6.1 provides a schematic

overview: as we derived in section 2.1, the underlying band-wavefunction of electrons

has s-type symmetry, while that of holes has p-type symmetry. It is this p-type

symmetry that causes the hole to not have any probability amplitude at the core of the

nuclear spins, resulting in a reduced hyperfine interaction [79, 106–108], dominated

by dipolar terms.

We inadvertently already described the hyperfine interaction of a single quantum

dot hole state in section 3.3.1, in the context of nuclear feedback effects for electron

spins: as we showed there, the unpaired hole of an electron trion has a profoundly

different hyperfine interaction than the contact hyperfine interaction of a single elec-

tron spin. Summarizing that treatment, an unpaired hole in a single quantum dot has

predominantly heavy-hole (HH) character due to the quantization along the growth

axis, with a small light-hole (LH) component mixed in (we use the same convention

as before, where the growth axis is along the z-direction):
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|⇑〉z ≡
1√

1 + |η|2
[
|Jz = 3/2〉+ η+ |Jz = −1/2〉

]
(6.1)

|⇓〉z ≡
1√

1 + |η|2
[
|Jz = −3/2〉+ η− |Jz = 1/2〉

]
. (6.2)

In eq. 6.2, η± = |η|e±iξ, where ξ refers to a preferential axis of high symmetry. The

heavy-hole light-hole mixing can be caused by any effect that breaks the cylindrical

symmetry – in practice, strain and quantum dot asymmetry. For typical dots, |η|
is around 0.2; the amount of HH-LH mixing can be experimentally determined by

studying the optical selection rules – we refer to appendix C for additional details.

The confinement energy in the quantum dot typically separate these two (quasi-)

heavy-hole states from any other, such that this heavy-hole manifold and 2-level

system can be considered as a pseudo-spin-1/2 system.

To lowest order, a magnetic field in the Voigt geometry (say, along the x-direction)

will hybridize the heavy-hole states:

|⇑〉x =
1√
2

(|⇑〉z + |⇓〉z) (6.3)

|⇓〉x =
1√
2

(|⇑〉z − |⇓〉z) (6.4)

Transforming into a pseudo-spin-1/2 description [79], where |⇑,⇓〉z = |Sz = ±1/2〉
and |⇑,⇓〉x = |Sx = ±1/2〉, the dipolar hyperfine Hamiltonian can be written in the

following way [67]:
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Hdipole ∼
∑

i=nuclei

Adipole,i

[
Iz,iSz +O(η)(Ix,iSx + Iy,iSy) +O(η2)(Iz,iSx + Iz,iSy)

]
(6.5)

The amplitude, Adipole,i of the dipolar hyperfine interaction is typically some 10-

20% of the contact hyperfine Hamiltonian, and has been measured experimentally for

hole-charged quantum dots [109, 110]. This reduction in hyperfine amplitude, how-

ever, is not the only advantage of hole spins. The leading term in eq. 6.5, Iz,iSz, acts

as an effective magnetic field in the z-direction, perpendicular to the external mag-

netic field, and therefore does not contribute to dephasing or decoherence1: this Ising

Hamiltonian therefore further suppresses dephasing and decoherence due to nuclear

spins. It is only the second and third terms, of order O(η) and O(η2), that contribute

to variations in the effective magnetic field along the x-direction. The combined effect

strongly depends on the amount of LH-inmixing, but one could theoretically realize

a suppression by several orders of magnitude of the nuclear hyperfine interaction.

While direct microwave manipulation of the hole states would in principle be

possible, it was shown in ref. [111] that the coupling of the heavy holes to a microwave

field is orders of magnitude weaker than for electrons, making such manipulation quite

impractical. The p-type symmetry of the hole-wavefunction does allow for different

spin-orbit coupling mechanisms to couple to the pseudo-spins, which could in theory

be exploited for all-electrical manipulation (see e.g. refs [63, 112] for examples of

electric-field, spin-orbit based spin manipulation techniques), but none have been

implemented so far. All-optical manipulation techniques, however, can be applied,

and were previously used for fast initialization of a single hole [107] and coherent

population trapping [108].

1This is true to first order: this term can give rise to spin flips in the x-direction (we can rewrite
it in terms of lowering and raising operators along x), though these will be energetically forbidden
and therefore only contribute to higher order. We refer to any of the theoretical descriptions of the
full central-spin problem for details, e.g. refs [60, 61, 84].



CHAPTER 6. HOLE SPIN QUBITS 115

x

zB

H V

ħω

,, x
x

x
x

σ+

x
x

ΩV ΩV

Δ+δe Δ

δHH

iΩH
iΩH

Ωeff

a

b c

Figure 6.2: Schematic overview of the all-optical control of a single hole spin. a A
single hole is manipulated by (virtual) excitation of a hole-trion; b axis convention
used, with a magnetic field in Voigt geometry; c the relevant energy levels, and
the selection rules. In a similar way as was derived in section 3.1.1.1, the effect of a
detuned, circular lase pulse can be summarized by an effective Rabi-oscillation around
an axis along the growth-direction, z.
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The lowest-energy, optically excited states are hole-trions, consisting of an anti-

symmetric (singlet) combination of heavy-holes, and an unpaired electron spin, as

indicated in Fig. 6.2 a. The optical selection rules can now be derived in a manner

very similar to the methods used in section 2.3, and are summarized in Fig. 6.2 c

(we assume a small amount of LH-inmixing only, such that the zeroth-order selection

rules for pure heavy holes are approximately valid). This level structure is very much

equivalent to that of a single electron spin in Voigt geometry: here as well, two Λ-

systems are present, that couple both of the heavy-hole ground states to each of the

trions. Therefore, one would expect that the same optical manipulation techniques as

for electron spins can be applied to hole spins, such as the ultrafast control techniques

described in chapter 3. In the remainder of this chapter, we will describe the first

realization of a full hole-(pseudo-)spin qubit, which we previously reported in ref. [71].

6.1 Device design

In addition to carbon-δ-doped devices, similar to the electron-doped ones used in

chapter 3, we designed a new type of device that allows for deterministic charging

of a quantum dot with a single hole (‘charge-tuneable’ device). By embedding the

quantum dots in an asymmetric p-i-n diode, close to a p-doped region, a single hole

can tunnel into the quantum dot at a particular voltage bias of the diode. Such a

structure was previously reported for both electron and hole-charged quantum dots

(see refs. [107, 108, 113]), and allows for unambiguous determination of the charge

state based on the characteristic charging energies upon changing the voltage bias2.

Both designs contain an asymmetric optical cavity that preferentially directs the pho-

toluminescence towards the collection optics, and the low dot density, in combination

with spectral inhomogeneity, guarantees that only a single hole is studied. For the

remainder, we focus on the results obtained with the charge-tuneable device, which

2As opposed to the δ-doping devices, where it would in principle be possible for a single, spurious
electron to be present inside the quantum dot, which cannot be distinguished from a single hole as
the optical signatures are the same.
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Figure 6.3: Schematic overview of the device structure used for deterministic hole-
charging of a single quantum dot. See text for details. Figure reproduced from
ref. [71].
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is schematically illustrated in Fig. 6.3. We refer to appendix E for further details on

the device designs used.

The magneto-photoluminescence of the charge-tuneable devices is shown in Fig. 6.4

a. By comparing the energetic differences between the charge-states of the respec-

tive voltage-plateaus [113], we can identify the regime where a single hole is stably

trapped inside the quantum dot: the X+-region (we refer to appendix E for further

details). Fig. 6.4 b displays the polarization-resolved photoluminescence, showing

polarization selection rules that are equivalent to the ones shown in Fig. 6.2 c: two

optical Λ-systems are indeed present, permitting all-optical, ultrafast control of the

hole spin ground states.

6.2 Ultrafast coherent control

The experimental setup used is identical to the one shown in Fig. 3.7, with the addition

of voltage control of the quantum dot sample (low-frequency bias lines are mounted

inside the superconducting cryostat and used for that purpose). A magnetic field of

8 T is used, in Voigt geometry, resulting in an effective Larmor frequency (δHH/2π)

for the heavy-hole pseudo-spin of 30.2 GHz. Before applying any rotation pulses, the

system is initialized into the |⇑〉x-state by means of a narrowband, continuous-wave

(CW) optical pumping laser resonant with the |⇓〉x-|⇑⇓↓〉x-transition. As for the

electron spin, this optical pumping laser again also acts as the spin readout laser:

upon excitation to the |⇓〉x-state, a single, cross-polarized photon will be emitted

along the |⇑〉x-|⇑⇓↓〉x-transition, which can be spectrally and polarization-filtered

and detected on a single photon counter.

The ultrafast rotations are applied using 3-4 ps-, circularly polarized pulses from

a modelocked laser, detuned by about 340 GHz from the hole-trion transitions. The

entire optical manipulation scheme is illustrated in Fig. 6.5.
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Figure 6.4: Deterministic hole-charging of a single quantum dot. a Magneto-PL
of a single quantum dot, for different electrical bias conditions. Comparison with
theoretical spectra allows for determination of the charge-states. b polarization-
resolved magneto-PL for the hole-charged quantum dot in a: note the optical selection
rules, in good agreement with Fig. 6.2 c. Figures reproduced from ref. [71].
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Figure 6.5: All-optical control of a single hole qubit. A CW-laser (Ωp) is used for
optical pumping in order to both initialize and read-out the spin, while an ultrafast
laser pulse realizes a coherent spin rotation along the z-direction. A magnetic field
along the x-direction (Voigt geometry) realizes Larmor precession around the x-axis.

0 0.5 1 1.5 2 2.5

1

2

Rotation pulse power Prot [a.u.]

C
ou

nt
s 

[a
.u

.]

Prot

Prot

π

2π

3π

4π

Figure 6.6: Rabi-oscillations of a single hole qubit. Inset: pulse scheme used. Figure
reproduced from ref. [71].
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Figure 6.7: Ramsey-interference of a single hole qubit. Inset: pulse scheme used.
Figure reproduced from ref. [71].

The effect of a single rotation pulse is illustrated in Fig. 6.6: when continuously

varying the power of the rotation pulse used, Rabi-oscillations can be observed, as

was the case for electron spins. In Appendix D, these Rabi-oscillations are modelled

in detail based on an AC-Stark description (see also section 3.1.2). However, as

we showed before, a description in terms of stimulated-Raman-transitions would be

equivalent [69, 92].

In addition to the ultrafast optical spin rotations (rotation around the z-axis),

the Larmor precession of the hole pseudo-spin can be used for rotation around the

x-axis. This can be visualized using Ramsey interferometry, as shown in Fig. 6.7.

In addition, Ramsey interferometry allows for extraction of the fidelity of a single

ultrafast hole rotation – we refer to appendix A.2, in which we extracted fidelities

upwards of 90-95% for the experiments in Figs. 6.6 and 6.7.

Combining ultrafast, pulse-induced control with Larmor-precession now realizes

full SU(2) control over a hole (pseudo-) spin qubit, as any coherent control oper-

ation can be decomposed into a series of rotation pulses with intermittent Larmor

precession [1]. Fig. 6.8 illustrates how the entire surface of the Bloch sphere can be

traced out using these two control operations, with the time needed for a single qubit

operation at 20 ps or less.
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Figure 6.8: Full SU(2) control of a single hole qubit. By varying both the rotation
pulse power (Rabi-angle, θ) and the Larmor precession duration, τ , the entire surface
of the Bloch sphere can be traced out. Inset: pulse scheme used. Figure reproduced
from ref. [71].

6.3 Suppressed nuclear feedback effects

While the ultrafast optical control techniques described above allow for complete

SU(2) control of a hole qubit, they can also be used to study the effects of the nuclear

hyperfine interaction on the dynamics of hole spins. Theoretically, one would expect a

significant suppression of hyperfine effects for holes, in view of the absence of a contact

hyperfine interaction, and the particular nature of the dipolar hyperfine coupling in

the Voigt-geometry (see eq. 6.5).

6.3.1 Absence of nuclear-induced hysteresis

For electron spins, the effects of the contact hyperfine Hamiltonian on the spin dy-

namics were studied in section 3.3.1, and analyzed in detail in appendix B.1 and B.2.

The dynamics is pronouncedly non-Markovian, due to the development of strong
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Figure 6.9: Re-emergence of hysteresis-free dynamics for hole spins. (a) Asymmetric
and hysteretic Ramsey fringes for an electron spin in a QD. The green and blue circles
refer respectively to backwards and forwards scanning of the delay line, as indicated
by the arrows[73]. Inset: the pulse sequence used in the experiment. (b) Symmetric
and hysteresis-free Ramsey fringes for a hole spin in a QD. Even for large delays,
the Ramsey fringes remain perfectly sinusoidal. The green and blue circles refer to
different scanning directions, as indicated by the arrows. The red curve represents
a sinusoidal least-squares fit. Inset: pulse sequence used. (c) Effective absorption
signal for an electron spin in a QD, showing clear asymmetry and hysteresis upon
scanning the pump laser wavelength in different directions (green and blue circles, as
indicated by the arrows). Inset: pulse sequence used. (d) Effective absorption signal
for a hole spin in a QD. No hysteresis or asymmetry was observed upon scanning in
different directions (green and blue circles, as indicated by the arrows). Red curve:
least-squares fit of a Gaussian absorption profile. Inset: pulse sequence used.
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feedback loop between the electron spin dynamics and the nuclear spins. The feed-

back loop develops a large nuclear spin polarization (dynamic nuclear polarization),

which in turn couples back to the electron spin through the Overhauser shift. This

non-Markovian behavior reflects itself in asymmetric, hysteretic Ramsey-interference

fringes (Fig. 6.9 a), and asymmetric, hysteretic line shapes upon scanning a laser

through an effective resonant-absorption transition (see appendix B.2 and Fig. 6.9).

As the effective magnetic field is used, via the Larmor precession, as a control field

for the electron spin, this non-Markovian dynamics strongly affects the controllability

of electron spins.

In Figs. 6.9 a and b, we compare the Ramsey interference fringes for a single

electron spin and a hole pseudo-spin. For a single electron spin, we observe a pro-

nounced hysteresis, and strong asymmetry. For a HH qubit, however, and as shown

in Fig. 6.9 b, no such hysteresis is observed. This lack of observable hysteresis is

understood to be due to the strong reduction of Overhauser shifts that results from

the absence of a contact hyperfine coupling for holes. We observe a reduction by

least a factor of 30 in the nuclear feedback strength when using holes instead of elec-

trons, in line with recent direct measurements of the reduced hyperfine coupling of

holes [109, 110, 114, 115]. This estimate is a conservative lower bound, limited by

hole decoherence that may obscure possible weak effects – we refer to appendix B.3

for further details.

Similarly, we can compare effective resonant-absorption experiments for electrons

and holes, as shown in Fig. 6.9 c and d. In order to avoid optical pumping, a π-

rotation pulse is applied in between each initialization cycle (inset of Figs. 6.9 c and d).

This approach mimics two-CW-laser resonant absorption experiments performed for

electrons [67, 74] and for holes [108, 109]. For electron spins scanning the laser

through the |↓〉-|↓↑,⇑〉-resonance leads to a hysteretic nuclei-induced wandering of

that resonance; this effect is seen in Fig. 6.9 c and is analyzed in detail in appendix B.2.

In contrast, no hysteresis is observed for a hole-charged QD. The absorption profile

is completely symmetric, and is best fit by a Gaussian (red curve in Fig. 6.9 d) with

a linewidth of 6.7 GHz. The notable broadening does suggest a more significant
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spectral diffusion of hole-charged QDs, as opposed to electron-doped ones – similar

to the effects observed in ref. [108].

Together, these studies demonstrate that the hole qubit is superior to the elec-

tron in terms of interactions with the nuclear spins, and by extension, in terms of

controllability by means of the Larmor-precession frequency.

6.3.2 T ∗2 and electrical noise

Despite the reduction in nuclear feedback strength, a study of the T ∗2 decoherence

as shown in Figs 6.10 a and b yields very similar results as for a single electron

spin (see section 3.3.2, where we used an echo technique to extract an electron T ∗2

of about 1.5 ns): using Ramsey-interferometry, and untainted by nuclear feedback

effects, we find that the hole-Ramsey fringes in Fig. 6.10 a decay with a Gaussian

envelope function (i.e. ∝ exp[−(t/T ∗2 )2]), characterized by a T ∗2 -time constant of

2.3 ns (Fig. 6.10 b). This value is independent of the magnetic field for fields between

6 and 10 T. Given the observed reduction in nuclear feedback strength observed

before, and in view of theoretical predictions of strongly suppressed nuclear hyperfine

interactions [83, 106], it is unlikely that nuclear spin effects are responsible for the

T ∗2 times we observe. Non-nuclear dephasing processes are far more likely; such

processes limit coherence in localized hole spins in quantum wells [116, 117], and may

even overwhelm nuclear processes in electron-charged quantum dots at some magnetic

fields, depending on the dot’s proximity to noisy surface states [57]. These dephasing

processes generally arise from fluctuations in the localizing potential, a process that

may be observed as spectral diffusion of the optical transitions, evidenced by the

increased optical linewidth in the resonance-scanning experiment described above.

The effect of spectral diffusion on hole spin coherence, in the form of randomly

varying electric fields, can be directly examined using our charge-tunable devices. By

deliberately changing the electrical bias over the QD, we can Stark-shift the quantum

dot. By controlling the electrical bias such that the resulting spectral shifts are
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Figure 6.10: T ∗2 and electrical dephasing. (a) Ramsey fringes as a function of the
delay τ between two π/2 pulses. The different colors refer to different positions of
the stage on the rail (see text), while the red envelopes indicate a least-squares-fit
Gaussian decay with T ∗2 = 2.3 ns. Inset: pulse timing used. Boxed area: delays
used in c. (b) Amplitude of the Ramsey fringes, as a function of the delay τ . Red
curve: fit to a Gaussian decay (T ∗2 = 2.3 ns); green curve: fit to an exponential
decay. (c) Long-delay Ramsey fringes, for different applied voltage bias V +. Top:
V +=1.65 V; bottom: V +=1.55 V. Red curves: least-squares, sinusoidal fit. The
cumulative effect of the difference in Larmor precession frequency ωL can be seen in
the shifting of the curves. (d) Larmor-precession frequency ωL as a function of the
externally applied bias voltage V +.
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similar in magnitude to those presumed responsible for spectral diffusion, we measure

notably different effective Larmor precession frequencies of the HH pseudo-spin. In

Fig. 6.10 c, the cumulative effect of such a difference in Larmor frequency is shown

through long-delay Ramsey fringes. The different precession frequencies lead to anti-

phase Ramsey fringes for delays similar to T ∗2 . In Fig. 6.10 d, the monotonic increase

of the Larmor frequency with applied bias is shown. These results indicate that

electrical fields couple strongly to the spin coherence of the hole qubits, and that T ∗2

is actually limited by electric field fluctuations rather than nuclear hyperfine effects.

In addition, similar values for T ∗2 are obtained for the QDs in the δ-doped sample,

suggesting that the actual source of the charge fluctuations is reasonably uniform

from sample to sample, and not directly related to a particular device or quantum

dot studied. The microscopic coupling mechanism to the hole spins is currently not

well understood, but is assumed to be related to the strong spin-orbit coupling of

hole spins.

Our measurement of T ∗2 contrasts markedly with an estimate of T ∗2 obtained via

coherent population trapping in similar HH-doped QDs [108]. However, that ex-

periment effectively filters out a hole precession process for one particular spectral

location, by deconvolving the effects of spectral diffusion which are assumed to not

couple to the spin coherence. As our studies indicated, this assumption is not valid

for generic quantum dots. By removing the potential dephasing effects of spectral

diffusion, substantially longer values of T ∗2 can of course be inferred, yet it is highly

doubtful that these correspond to the true dephasing time.

While the ability of electric fields to shift the effective QD Larmor frequency

may unfortunately impact T ∗2 , it simultaneously provides a convenient advantage of

hole pseudo-spin qubits over electron-spin qubits: namely, it introduces the ability to

locally tune multiple qubits into resonance, which may have important implications

for viable two-qubit gates, and aid in scalability to many-qubit systems.
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Figure 6.11: All-optical spin echo for a single hole qubit. (a) Spin-echo Ramsey
fringes as a function of the imbalance, τ , between two halves of the spin echo experi-
ment.Inset: pulse timing used. (b) Amplitude of the spin-echo fringes, as a function
of the delay 2T between the π/2 pulses. Green curve: fit to a Gaussian decay; red
curve: fit to an exponential decay (T2=1.1 µs).

6.4 Hole spin echo and T2

Finally, we use a spin-echo technique [57] to measure the T2-decoherence time of

the HH qubit. Fig. 6.11a illustrates the fringes obtained from scanning the π-

echo-pulse, and Fig. 6.11b shows the fringe contrast as a function of total delay

2T used in the spin-echo Ramsey fringes. The decay is best fit by an exponential

(i.e., ∝ exp[−(t/T2)]), with T2 = 1.1 µs, the same order of magnitude as for electron

spins [57]. Here as well, magnetic-field-dependent studies do not show any dependence

on the field between 6 and 10 T. In combination with a single-qubit operation time of

about 20 ps, this T2-value predicts a figure of merit of about 50,000 operations within

the coherence time of the qubit (operational fidelity permitting: see section 3.3.2).

Although 500 times longer than T ∗2 , the obtained T2-value is still lower than what

is theoretically expected for a nuclear-spin-limited decay. Phonon interactions are

expected to only weakly affect the quantum dot hole spin [79, 106, 118], and can

therefore also be excluded as a dominant source of decoherence. It therefore appears

that T2 is limited by a similar, non-nuclear mechanism as that which most likely limits

T ∗2 , i.e. charge-induced spectral diffusion. Such a process can be mimicked by AC-

modulation of the external voltage bias, and in initial experiments, we have indeed
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observed some suppression of T2 when introducing such a modulation. We measured

significant dot-to-dot variance of T2, sometimes measuring T2 as low as several hun-

dred ns. The variation is likely due to differences in the spin-orbit contribution to the

hole-pseudospin Hamiltonian, in large part due to different HH-LH mixing for dots of

different shapes and levels of strain, and differences in the effective charge noise bath

for different QDs. Further understanding of the decoherence mechanisms for holes

may enable extension of the spin coherence through further device engineering, as

well as through the application of advanced dynamical decoupling schemes, as have

been demonstrated for electron spins [101].



Chapter 7

Entanglement between a single

quantum dot spin and a single

photon

While fast, complete SU(2) control of a long-lived qubit is an essential ingredient of

any quantum information system, our focus on quantum communication systems, and

quantum repeaters in particular, requires a means of interfacing the stationary, mat-

ter and memory qubits, with flying, photonic qubits. As we derived in sections 1.1.3.1

and 1.4, entanglement between a spin-qubit and a photonic qubit [27, 41, 119–121]

provides exactly the type of interface required in order to generate remotely-entangled

spin-pairs and implement the quantum teleportation and entanglement swapping

schemes that are at the heart of quantum repeaters [13, 38, 42, 122–124].

In addition, when combined with a photonic qubit that is compatible with low-loss

optical fiber technology (i.e., at telecom wavelengths, such as the lowest-loss, 1.5 µm

transmission band of commercial fiber [35]), such entanglement may be distributed

over long distances. Self-assembled quantum dots, in view of their fast radiative

recombination rates or, equivalently, strong optical dipole moments [53, 54], would

130
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Figure 7.1: Entanglement from Λ-system decay. Interference between the different
decay-pathways in an optically active Λ-system results in spin-photon entanglement.
Inset: Voigt-geometry used to realize a Λ-system configuration for charged quantum
dots.

form an ideal platform for such a quantum interface. Moreover, the III-V optical

quantum dots are perfectly compatible with state-of-the art fabrication of high-quality

optical microcavities, which could further improve the photon extraction efficiency

and increase the overall photon yield [32].

In this chapter, we will describe a proof-of-principle experiment, where we develop

an ultrafast frequency downconversion technique to 1560 nm in order to measure spin-

photon entanglement at near-infrared frequencies (NIR, 910 nm), which can also be

used for generating a full 1560 nm qubit, entangled with the quantum dot spin.
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7.1 Spin-photon entanglement: Λ-system decay

For a charged quantum dot, in the Voigt geometry, the optical selection rules present

a double Λ-system, which we previously exploited for ultrafast manipulation of both

electron and hole spins (see chapters 3 and 6). However, upon excitation of one of the

excited trion states, interference between the two possible pathways in the Λ-system

results automatically in spin-photon entanglement, as was shown previously for single

ions [41], atoms [119] and nitrogen-defect centers in diamond [120] (see Fig. 7.1):

|Ψentangled〉 =
1√
2

(i |↑〉 ⊗ |H〉 ⊗ |ω + δω〉+ |↓〉 ⊗ |V〉 ⊗ |ω〉) (7.1)

In eq. 7.1, H and V represent horizontal (parallel to the magnetic field) and ver-

tical polarization states respectively, while δω stands for the difference in frequency

of the respective frequency components. This state is entangled in polarization and

frequency, which can be verified by measuring in different bases of the spin and the

photon, as argued in section 1.1.3. However, the fact that the spin-photon entangle-

ment is both in frequency and polarization, rather than in one degree of freedom only,

makes verification non-trivial, as which-path information from e.g. the frequency can

obscure a measurement of the polarization-entanglement, and vice-versa.

7.1.1 Measurement of polarization-entanglement: frequency-

which-path information

We can reformulate the entangled state in eq. 7.1 by moving to a density matrix

description:
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ρentangled =
1

2
(i |↑〉 ⊗ |H〉 ⊗ |ω + δω〉+ |↓〉 ⊗ |V〉 ⊗ |ω〉)

× (−i 〈↑| ⊗ 〈H| ⊗ 〈ω + δω|+ 〈↓| ⊗ 〈V| ⊗ 〈ω|)

=
1

2

[
|↑〉 〈↑| ⊗ |H〉 〈H| ⊗ |ω + δω〉 〈ω + δω|+ |↓〉 〈↓| ⊗ |V〉 〈V| ⊗ |ω〉 〈ω|

+ i |↑〉 〈↓| ⊗ |H〉 〈V| ⊗ |ω + δω〉 〈ω| − i |↓〉 〈↑| |V〉 〈H| ⊗ |ω〉 〈ω + δω|
]

(7.2)

The presence of coherences in the density matrix (off-diagonal elements) indicates

entanglement, as opposed to a classical, mixed state:

ρmixed =
1

2

[
|↑〉 〈↑| ⊗ |H〉 〈H| ⊗ |ω + δω〉 〈ω + δω|+ |↓〉 〈↓| ⊗ |V〉 〈V| ⊗ |ω〉 〈ω|

]
(7.3)

However, when considering only the polarization part of the photonic wavefunc-

tion, e.g. as a polarization-only qubit, tracing over the frequency-parts of the entan-

gled state yields the following density matrix:

ρentangled,pol. = Trfreq.(ρentangled) =
1

2
(|↑〉 〈↑| ⊗ |H〉 〈H|+ |↓〉 〈↓| ⊗ |V〉 〈V|). (7.4)

This is a mixed state in polarization and spin, not an entangled state. If one

lets the environment trace over the frequency degrees of freedom, the leaked which-

path information can destroy the entanglement. This is exactly the situation that

occurs when considering spin-polarization entanglement only, using a measurement

scheme that ‘ignores’ the frequency information. If that measurement scheme is,

in principle, capable of detecting the difference, δω between the two frequencies,

which-path information will be leaked to the environment, and the entanglement
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measurement will not be able to distinguish it from a classical, mixed state. For a

difference, δω, between the frequency components, the capability to distinguish this

difference imposes a detector resolution (bandwidth) of better than δω, or, by virtue

of the Fourier transformation, in the time-domain, a timing resolution of less than

1/δω. Conversely, for broadband (fast, compared to 1/δω) detectors, it is impossible

to distinguish between the different frequency components. This is the basis of fast-

detection based quantum-eraser schemes [120, 125, 126].

7.1.2 Quantum erasure by time-resolved measurement

The effect of the time-resolution of the measurement process on the spin-photon-

polarization entanglement visibility can be clarified by considering what happens

after detection of a photon of particular polarization, say, (σ+) at time t0. We obtain

the following state for the spin:

|Ψ(t)spin,t0〉 =
1√
2

(eiδω(t−t0) |↑〉 − |↓〉) (7.5)

Moving to a density matrix description, the spin state corresponds to the following

spin-density matrix:

ρ(t)spin,t0 =
1

2

[
|↑〉 〈↑|+ |↓〉 〈↓|

+ ieiδω(t−t0) |↑〉 〈↓| − ie−iδω(t−t0) |↓〉 〈↑|
]
. (7.6)

Now, uncertainty over the measurement time t0 gives rise to an ensemble average

over different possible measurement times, which we can characterize by a distribution

function F (t0):
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ρ(t)spin =

∫
ρ(t)spin,t0F (t0)dt0. (7.7)

This uncertainty is limited by both the accuracy (timing jitter) of the detector,

and the spontaneous emission lifetime of the excited state of the Λ-system. For a

very slow detection process, compared to the Larmor period, 1/δω, we have that

∫
e−iδω(t0)F (t0)dt0 '

∫ ∞
−∞

e−iδω(t0)dt0

= 0 (7.8)

such that

ρ(t)spin,slow =
1

2

[
|↑〉 〈↑|+ |↓〉 〈↓|

]
. (7.9)

The latter is a purely mixed state, not a pure state: slow measurement will select

an ensemble of possible photon arrival times, each corresponding to spin states which

have a totally different position in the equator of the Bloch sphere due to Larmor

precession. Ensemble averaging over the arrival time of the photon will then destroy

any coherence. Alternatively, in a quantum jump description [64], inaccuracy over the

arrival time of the photon at the detector reflects itself in inaccuracy over the when ex-

actly the quantum jump from the trion to the spin-ground states happened (Fig. 7.1),

and therefore inaccuracy over the phase (time-origin) of the Larmor-precession of the

spin. The ultimate uncertainty, for an infinitely slow detector, is then given by the

spontaneous emission time of the excited trion state. Importantly, the same result

would have been obtained had we started from a mixed spin-photon state rather than

an entangled state. Slow detection can therefore not distinguish between a mixed and

an entangled spin-photon state.
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Conversely, a very fast detection process can distinguish between mixed and en-

tangled spin-photon states. Suppose the distribution function F (t0) is very much

peaked compared to 1/δω (i.e. that the detection timing resolution is fast compared

to the Larmor period)), then the following is true:∫
e−iδω(t−t0)F (t0)dt0 '

∫ ∞
−∞

e−iδω(t−t0)δ(t0 − t̃0)dt0

= eiδω(t−t̃0). (7.10)

This results in the following density matrix for the spin state:

ρ(t)spin,fast =
1

2

[
|↑〉 〈↑|+ |↓〉 〈↓|

+ ieiδω(t−t̃0) |↑〉 〈↓| − ie−iδω(t−t̃0) |↓〉 〈↑|
]
. (7.11)

The latter is now a pure state, not a mixed state, and different from what would

be obtained for the case of a mixed spin-photon state. In the quantum jump picture,

fast detection allows for selecting of only those quantum jump events that correspond

to a very accurately defined time-slot, t̃0. Therefore, the phase (time-origin) of the

Larmor precession can be determined accurately. This, of course, corresponds to a

form of time-filtering: of all the possible quantum jumps from the excited trion state,

characterized by the spontaneous-emission decay in a time-ensemble measurement,

we select only a very narrow time-slice – we refer to appendix F for more details.

7.2 Ultrafast frequency downconversion as quan-

tum eraser

For the ultrafast control techniques described in chapters 3 and 6, Larmor precession

frequencies of several 10s of GHz were needed in order to measure the spin state
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Figure 7.2: Ultrafast downconversion for quantum erasure. See text for details. QWP:
quarter-waveplate; HWP: half-waveplate; SM fiber: single-mode fiber; PPLN: pe-
riodically poled lithium-niobate. SNSPD: superconducting nanowire single-photon
detector.

accurately. Quantum erasing such difference in frequency would require a timing res-

olution of 10 ps or less, which no commercial single photon detector can provide. Our

solution therefore consists of using a time-resolved, non-linear frequency downconver-

sion technique, that mixes a spontaneously emitted photon with a short, broadband

pulse in a difference-frequency generation (DFG) process [127]. In combination with

narrowband filtering of the downconverted photons (to eliminate spurious light at

any of the input frequencies), this provides an effective, accurate measurement of the

arrival time of the spontaneously emitted photon at the downconverter: only those

photons that arrive at exactly the same time as the short pulse can be converted.

Fig. 7.2 displays the conversion setup used. For the quantum dot under study,

the spontaneous emission decay is at 910 nm, and the target wavelength is 1560 nm,

corresponding to the lowest-loss band for telecom-fibers [35]. The required mixing

frequency for such a process is at 2.2 µm, and short 2.2-µm light pulses can be gen-

erated by another DFG process that mixes 3-ps, 911-nm pulses from a modelocked
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laser with narrowband, continuous-wave (CW) 1560-nm light in an MgO-doped, peri-

odically poled lithium niobate (PPLN) chip (the efficiency of this process is improved

significantly by modulating the 1560 nm light by a fiber-optic modulator, and sub-

sequently amplifying it by Erbium-doped fiber amplifiers). After wave mixing, the

residual 1560-nm and 911-nm light can be filtered out through a combination of

dichroic and absorptive filters.

The downconversion process itself takes place in a PPLN waveguide [128] that

confines the optical fields to a small region, and significantly improves the conversion-

efficiency over bulk-systems: this is crucial for single-photon level conversion. Both

the 910 nm photon and the 2.2 µ pulse are fiber-coupled to the inputs of the waveg-

uide, and the residual scattered light from those inputs after conversion is eliminated

through a combination of a fiber-Bragg grating and a long-pass filter, which form an

effective bandpassfilter for the 1560 nm single photon resulting from the downcon-

version process. This 1560 nm photon can subsequently be detected on a supercon-

ducting nanowire single-photon detector (SNSPD); because of the mixing process,

detecting a single 1560 nm photon corresponds to detecting the arrival of a single

910 nm photon that exactly overlaps in time with the 2.2 µm pulse. In view of

the polarization-selective operation of the downconversion process, the polarization

measurement occurs by means of waveplates and polarizers before the downconver-

sion process (see Fig. 7.2): only those photons with V-polarization right before the

polarizer will be detected by the downconversion setup. The quarter- and halfwave-

plates allow for different mappings of the emitted polarization into the measured

V-polarization, and therefore determine the polarization-measurement basis used.

Fig. 7.3 illustrates the performance of the downconversion technique. In Fig. 7.3 a,

we infer the timing resolution by mixing the 2.2 µm light with a short (3 ps), classical

light pulse at 910 nm. The resulting cross-correlation suggests a timing resolution of

about 8 ps, limited by the duration of the 2.2 µm pulse. This is in line with theoretical

calculations, and the results are somewhat sensitive to the exact parameters used –

in particular, the 2.2 µm pulse width depends quite strongly on the exact power and

wavelength used for the DFG process, but is consistently between 3 and 8 ps.
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Figure 7.3: Performance of the ultrafast downconversion technique. a Timing res-
olution, measured by cross-correlating the 2.2-µm conversion pulse with a classical,
3-ps pulse at 910 nm. From these data, we can infer a sub-8-ps resolution for the ar-
rival time of a single-photon from the quantum dot. b Performance at single-photon
levels, measured using a superconducting nanowire single photon detector (SNSPD).
For single, 910-nm photons at the input (blue trace), the residual noise (red trace)
can be seen to be well below the single-photon level.
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Figure 7.4: Schematic of the procedure used to verify spin-photon entanglement.
a Energy level and optical/spin transitions used. After initialization into the |↓〉-
state by a combination of optical pumping and a spin-π-pulse, a 100-ps optical π-
pulse excites the system into the |↑↓⇓〉-state. The polarization of the subsequently
emitted single photon is measured by ultrafast downconversion, after which the spin
is measured by a combination of an ultrafast spin-rotation pulse, and an optical-
pumping pulse. b Timing of the respective steps in the procedure.

Fig. 7.3 b confirms the single-photon operation of the downconversion setup: in

the absence of single, 910 nm photons at the input, the noise level is about 4 to 10

times lower than the signal level with 910 nm photons at the input. This noise floor is

dominated by residual 2.2 µm leakage: in view of the 100 ps timing resolution of the

SNSPD, the dark counts (some 40 s−1) can be restricted to this 100 ps timing window

only. Such time-gating of the detectors can be performed in post-processing (in our

case, based on analysis of the signal from a timing analyzer (Hydraharp, PicoQuant

GmbH), used in time-tagged time-resolved (TTTR) mode), which permits dark-count

suppression to well below the level of the residual 2.2 µm leakage.



CHAPTER 7. SPIN-PHOTON ENTANGLEMENT 141

7.3 Ultrafast frequency downconversion: measure-

ment of 910 nm spin-photon entanglement

We use a single-electron-charged quantum dot for the verification of spin-photon

entanglement (the single-hole case should be equivalent, in view of the similar selection

rules, see chapter 6). We refer to Fig. 7.4. For a magnetic field of 3 T, the Larmor

precession of 17.6 GHz corresponds to a precession period of 57 ps. With a fixed timing

resolution determined by the downconversion setup of 8 ps, this yields a theoretical

entanglement visibility of about 95 % (fringe visibility of 90 % in the rotated basis –

see appendix F for details).

In order to verify entanglement, both the spin and the photon need to be measured

in different bases. The photon polarization measurement occurs through waveplates

and a polarizer in front of the downconversion setup, as reported below. The spin can

be measured in different bases by a combination of a spin rotation and a measurement.

The spin rotation technique is based on the ultrafast rotations presented in chapter 3;

by changing the spin rotation angle between 0, π/2 and π, followed by a measurement

of the |↓〉-state with an optical-pumping laser along the |↓〉 − |↑↓⇓〉-transition (see

Fig. 7.4 a), we can distinguish between the |↓〉,|↑〉 and |→〉-states (the measurement

of the |←〉-state involves delaying the π/2-pulse by half a Larmor period: this rotates

the spin to the |→〉-state, after which the π/2-pulse maps it into the |↓〉-state). The

fidelity of the initialization process and the spin rotations can be measured to be

around 95 % or higher – we refer to appendix A.1 for further details.

The optical setup used combines the ultrafast spin-control setup of Fig. 3.7 with

the ultrafast downconversion setup of Fig. 7.2, and is indicated in Fig. 7.5. After

initialization into the |↓〉-state by optical pumping followed by a π-spin-rotation, we

apply a 100 ps optical π-pulse which excites the system into the |↑↓⇓〉-trion state

(excitation into the other trion state is prevented by accurate polarization control

and use of the optical selection rules of the double Λ-system). This optical π-pulse is
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derived by pulse picking (we use a combination of free-space and fiber-based electro-

optical modulators (EOM)) from a modelocked laser at 910 nm, resonant with the

|↓〉-|↑↓⇓〉-transition. This modelocked laser is synchronized to the 911 nm modelocked

laser that is used for both spin rotations (detuning: about 1 nm) and as seed laser

for the generation of the 2.2 µm pulses used for time-resolved downconversion.

The subsequent spontaneous emission is collected by the confocal-microscopy

setup, and split off on an NPBS. One branch (50% probability of success) goes to

the polarization-resolved downconversion setup, and is used for time-resolved mea-

surement of the polarization of the photon: this is the second step in the schematic

timing diagram of Fig. 7.4 b.

In the next step, the spin-state is measured by the aforementioned combination of

spin rotations and optical pumping; the emitted photon during the spin-measurement

cycle is split off on the NPBS (50% probability of success), and after cross-polarization

and frequency-filtering measured on a 910 nm single-photon detector (SPCM). A

timing analyzer in time-tagged time-resolved mode (Hydraharp, PicoQuant GmbH,

few-ps timing resolution) records all of the detected photons, both those measured

by the SNSPD for measurement of the photon polarization, as those on the SPCM

that quantify the spin-state. The raw datastream from the timing-analyzer can be

transformed into spin-photon histograms, from which we can derive the probability

of measuring the spin in a particular state, conditioned on a particular polarization

of the photon.

7.3.1 Histogram analysis

The histograms, such as the one shown in Fig. 7.6, compare the coincidences between

a downconverted single photon and a subsequent spin-measurement single photon,

with coincidences between downconverted photons and spin-measurements occurring

in different cycles of the experiment. The latter act as an effective normalization

procedure, as we will show further. The analysis relies on 3 assumptions, which can
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Figure 7.6: Spin-photon correlation histograms, obtained after post-processing of the
coincidence counts of spin photon on the timing analyzer. See text for details. a
Correlation histogram for a measurement of the |↓〉-spin-state and an H-photon. b
Idem, for |↑〉 and H.

all be verified: (1) the probability of photon emission along the different branches

of the Λ-systems is identical; (2) there is no correlation between events occurring in

different cycles of the experiment; and (3) the probability of a photon being detected

does not vary appreciably within a few cycles of the experiment (no fast blinking of

the quantum dot).

The first assumption relies on the oscillator strengths of all Λ-system transitions

being equal, and can be easily verified using e.g. magnetophotoluminescence. As

the intensities of all 4 transitions in the double Λ-system are equal, their oscillator

strengths do indeed not vary appreciably.

The second assumption is correct, provided that there is proper re-initialization

of the spin after each cycle, which is realized by a combination of optical pumping

into the |↑〉-state, followed by a spin-rotating π-pulse to bring the system into the

|↓〉-state. With initialization and rotation pulse fidelities ≥ 95% as derived above,

any hidden correlation between events in subsequent experimental cycles should be

well suppressed below 10%.
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The third assumption is more difficult to calibrate, and can also affect the nor-

malization procedure. If, due to blinking or other memory effects in or nearby the

quantum dot, the charge state or spectral position were to change from one cycle

of the experiment to the other, then the photon extraction probability would vary

from cycle to cycle. This would make comparison of coincidences between events

within the same cycle of the experiment and subsequent cycles problematic. While

(anti)correlations as fast as 10 ns have been observed previously in InAs quantum

dot photoluminescence using above-band or quasi-resonant excitation [129], we do

not observe any of the characteristic, systematic histogram variances in our experi-

ments, where we use on-resonance excitation. While it is possible that small memory

effects do exist, they are dominated by the Poissonian variance of our data, and are

therefore within the error bars of our analysis.

Each experimental run takes either 39 or 52 ns, and consists of the three cycles

described above (Fig. 7.4b): (1) initialization of the spin; (2) optical excitation and

generation of the spin-photon entanglement, followed by detection of the downcon-

verted single photon at 1560 nm with the superconducting detector (SNSPD); (3) spin

rotation and measurement, through detection on the single photon counter (SPCM)

of the single 910 nm photon emitted in the optical pumping experiment. The last

part of (3) overlaps with the optical pumping part of (1), and the entire run is then

repeated for several hours.

After several hours of integration (approximately 500 MB of data per hour of in-

tegration), we load the obtained datastream into a custom C++-program. Given the

accurate timing of the experiment, it is possible to eliminate a large fraction of (spu-

rious) data due to detector dark counts: it is only possible for the physical detection

signals of both spin and photon to arrive at well defined times. We therefore start

our analysis by excluding all events outside certain well-defined time windows, which

comes down to a very effective form of gating in post-processing. In particular, the

downconverted single photons have a duration of a few ps, and the SNSPD detector

a timing response of about 100 ps. Only considering detection events within these

100 ps reduces the amount of dark counts from the SNSPD by a factor of 400 to 500
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(100 ps vs. 39 or 52 ns for the duration of the entire experiment). Likewise, the SPCM

signals are also gated, to reduce dark counts during the parts of the experiment when

the spin signal is not monitored (13 ns gating time vs. 39 or 52 ns). Other than

the dark-count removal outside the time-window of interest, no other corrections are

applied to the data (no background subtraction of any kind). This is notably differ-

ent form the experiments in chapters 3 and 6: those were performed using a digital

lock-in procedure. Improved cross-polarization and filtering allow us to remove this

lock-in procedure and obtain high signal-to-noise measurements of the spin state.

From this filtered data-stream, we then calculate a correlation histogram by con-

ditioning on the arrival time of a downconverted photon. We look for correlations

within the same experimental run, and compare those to events occurring in neigh-

boring experimental runs (delaying the spin signal electronically allowed for inclusion

of correlations at negative time delays). With equal decay probabilities within the

Λ-system, and perfect reinitialization of the spin in a subsequent cycle, the expected

coincidence rate for events in subsequent cycles is 50%, which allows for normalization

of the coincidence rate within the same cycle. With the losses incurred in the exper-

iment (0.1% single photon detection efficiency; downconversion losses; time-filtering

of a sub-10 ps window from spontaneous emission decay with 600 ps decay time),

we obtain a downconverted single-photon detection rate of about 2-5 Hz for a 52 ns

cycle time, and an average coincidence rate of 2-5 mHz due to the 0.1% probability

of detecting the subsequent, spin-measuring single photon. With several hours of

integration, the total number of coincidences reaches up to about 50-100, with the

variances on the coincidence rates consistent with Poissonian statistics.

The main systematic source of error in our experiment, which is not subtracted

from the data, is due to uncorrelated light/detection events at 1560 nm. These con-

sist of dark counts within the 100 ps response time window of the SNSPD, residual

leakage from the 2.2 µm pump pulse, and residual leakage from the 100 ps excitation

pulse. For the data in Fig. 7.6 and 7.7 (computational/non-rotated basis), the residual

100 ps leakage could be reduced due to cross-polarization, leading to a signal-to-noise

ratio of about 10:1. For the data in Fig. 7.8 (rotated basis of spin and photon), only
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Figure 7.7: Spin-photon correlations in the linear (eigen)basis. a Conditional proba-
bility of measuring the spin in a particular state, conditional on measurement of the
photon in the linear (H,V ) basis . b Same, without downconversion to 1560 nm.

time-filtering could be used to remove the effect of the 100 ps laser reflections (the

spontaneous emission has a decay time of approximately 600 ps, allowing a suppres-

sion by about 40 dB of the reflected pump laser light by moving the time-window

for downconversion by approximately 500 ps after the excitation pulse), leading to a

signal-to-noise ratio of about 4:1.

7.3.2 Linear basis: correlations

For the linear (computational/non-rotated basis), the correlations are shown in Fig. 7.7

a: for an H-polarized photons measured after downconversion, the correlation with

the |↑〉-state is very good. Likewise, detection of a V-polarized photon results in the

spin being found in the |↓〉-state. These results, obtained with ultrafast downcon-

version, can be compared with a direct measurement of the 910 nm photon using an

SPCM: Fig. 7.7 b. For both cases, the correlations are in excellent agreement; the

small differences are explained by the residual noise present in the downconversion

process.
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Figure 7.8: Spin-photon correlations in the rotated basis. a Upon detection of a
σ+-photon, the spin starts precessing due to Larmor precession. Application of a
π/2 pulse at different times permits tracing out of this coherent precession, and
measurement of the (anti-)correlations. b Conditional probability of measuring the
spin in a particular state, conditional on measurement of the photon in the circular
basis (σ±).

7.3.3 Rotated basis: entanglement

Verification of entanglement requires observation of correlations in a rotated basis of

the photon polarization and the spin as well. When we measure the photon in the

circular polarization basis (|σ+〉, |σ−〉), we measure the spin in the basis of |→〉 =
1√
2
(|↑〉+ |↓〉) and |←〉 = 1√

2
(|↑〉−|↓〉). After detection of a |σ+〉 (|σ−〉)-downconverted

photon at time t1, the spin is projected into the |←〉-state (|→〉), which subsequently

evolves in time due to Larmor precession:

|Ψspin(t)〉 =
1√
2

(ei(δω)(t−t1) |↑〉 ∓ |↓〉). (7.12)

Here δω corresponds to the Zeeman frequency of 2π×17.6 GHz. By scanning the

arrival time of a π/2 spin rotation pulse in a Ramsey interferometer [56, 57] (see

Fig. 7.8 a) we can trace out this coherent oscillation, and verify entanglement. From
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the minima and maxima of these coherent oscillations, we can derive, as in Fig. 7.8 b,

the photon-spin correlations for |σ+〉 (|σ−〉) downconversion. For a particular photon

polarization (|σ+〉 , |σ−〉) and arrival time of the π/2 spin rotation pulse, a correlation

can be measured, as expected. Subsequently changing the arrival time of the π/2-

pulse by half a Larmor period results in an anticorrelation.

By combining the histograms for different experimental configurations, we can

extract the experimental fidelity. The entanglement fidelity analysis follows the same

procedure used in the ion-trap [41] and NV-diamond [120] spin-photon entanglement

experiments:

F ≥ F1 + F2,

F1 =
1

2
(ρH↑,H↑ + ρV↓,V↓ − 2

√
ρH↓,H↓ρV↑,V↑),

F2 =
1

2
(ρσ+←,σ+← − ρσ+→,σ+→ + ρσ−→,σ−→ − ρσ−←,σ−←).

Here ρH↑,H↑ etc. refer to elements of the spin photon density matrix, which can

be associated with the observed correlations in our experiment. As the emission rate

of H- and V-polarized photons is equal, as we argued before, we can associate the

following matrix elements with the obtained conditional probabilities [120]:
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ρH↑,H↑ =
1

2
P (↑ |H) =

1

2
(1.03± 0.15)

ρV↓,V↓ =
1

2
P (↓ |V) =

1

2
(0.89± 0.2)

ρH↓,H↓ =
1

2
P (↓ |H) =

1

2
(0.065± 0.03)

ρV↑,V↑ =
1

2
P (↑ |V) =

1

2
(0.1± 0.06)

ρσ+←,σ+← =
1

2
P (← |σ+) =

1

2
(1.02± 0.17)

ρσ−→,σ−→ =
1

2
P (→ |σ−) =

1

2
(0.78± 0.17)

ρσ+→,σ+→ =
1

2
P (→ |σ+) =

1

2
(0.18± 0.05)

ρσ−←,σ−← =
1

2
P (← |σ−) =

1

2
(0.18± 0.07)

From these numbers, we obtain that F1 = 0.44±0.06 and F2 = 0.36±0.06, result-

ing in an experimental fidelity of 0.80±0.085, which is limited by the residual leakage

in the downconversion channel, and does not reach the theoretical upper limit of 0.95

(F2 limited to 0.907/2 due to the finite timing resolution – see appendix F). This ex-

perimental fidelity does, however, exceed the classical threshold of 0.5 by more than

3 standard deviations, and unambiguously demonstrates spin-photon entanglement

in our system.

7.4 Towards 1560 nm spin-photon entanglement

by ultrafast downconversion

By using the ultrafast downconversion as a time-resolved measurement tool for the

polarization of the 910 nm photon, we can verify spin-photon entanglement. How-

ever, by adding a second downconversion setup and simple, linear elements, a full
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Figure 7.9: Transforming spin-photon entanglement to 1560 nm. By mapping the
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photonic qubit at 1560 nm could be realized, and entanglement could be extended

to the 1560 nm telecom band (resource limitations, in particular the availability of

sufficient 2.2 µm light power, prevented us from running two downconversion setups

in parallel at the time of writing of this dissertation, but this limitation is practical,

not fundamental).

The main complication for realizing a full photonic qubit at 1560 nm, is the strong

polarization-dependence of the PPLN waveguides used. Effective downconversion

requires the polarization to be aligned along a particular direction with regard to the

plane of the waveguide (we refer to this polarization as H). By including a second

rail in the downconversion setup, the polarizing beamsplitter can map the different

polarization states to different branches of the dual rail. We start from position 1 in

Fig. 7.9. The quantum state, including the color of the photons, can now be described

as follows:

|Ψ1〉 =
1√
2

(i |↑〉 ⊗ |H〉 ⊗ |ω + δω〉+ |↓〉 ⊗ |V〉 ⊗ |ω〉). (7.13)

The polarizing beamsplitter now sends H-polarized photons to branch a, and V-

polarized ones to branch b (position 2):

|Ψ2〉 =
1√
2

(i |↑〉 ⊗ |H〉 ⊗ |a〉 ⊗ |ω + δω〉+ |↓〉 ⊗ |V〉 ⊗ |b〉 ⊗ |ω〉). (7.14)

With the half-waveplate in branch b (in order to match the polarization of the

waveguide), we obtain the following state for position 3:

|Ψ2〉 =
1√
2

(i |↑〉 ⊗ |H〉 ⊗ |a〉 ⊗ |ω + δω〉+ |↓〉 ⊗ |H〉 ⊗ |b〉 ⊗ |ω〉). (7.15)
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Here, both branches are H-polarized.

Now, for ultrafast conversion at time t0 (we assume that both branches are syn-

chronized; if not, then an additional, branch-dependent phase factor develops, which

does not affect the physics other than that it creates a different entangled state), the

generated photons at ω1560 have a bandwidth of about 1/8 ps ∼ 100 GHz, which

significantly exceeds the initial difference in wavelength δω between the respective

photonic partial waves. These photons are therefore indistinguishable: as argued

above, this is the essence of the quantum eraser technique [125]. Note that this inter-

pretation of the ultrafast conversion in the frequency domain is perfectly compatible

with the time-filtering interpretation given above: both are related by Fourier trans-

formations. In either case, the entanglement obtained is post-selective, and valid for

a particular subset of the spontaneously emitted photons. Because of the quantum

indistinguishability, we obtain the following state (position 4 in Fig. 7.9):

|Ψ4(t)〉 =
1√
2

(ieiδω(t−t0) |↑〉 ⊗ |H〉 ⊗ |a〉 ⊗ |ω1560〉+ |↓〉 ⊗ |H〉 ⊗ |b〉 ⊗ |ω1560〉). (7.16)

We can now omit the polarization and wavelength labels of the photonic partial

waves (they are common to both branches), and obtain a new state, explicitly en-

tangled only in the path or rail (a, b) degree of freedom. The photonic part of this

entangled state exists at telecom wavelengths (1560 nm):

|Ψ4(t)〉 =
1√
2

(ieiδω(t−t0) |↑〉 ⊗ |a〉+ |↓〉 ⊗ |b〉) (7.17)

By adding another half-waveplate and a polarizing beamsplitter, we could recom-

bine both rail-based partial photonic waves into a 1560 nm, polarization qubit (see

Fig. 7.10):
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Figure 7.10: Realization of a 1560 nm, polarization entangled qubit by recombining
the dual-rail qubit in Fig. 7.9. See text for details.
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|Ψ5(t)〉 =
1√
2

(ieiδω(t−t0) |↑〉 ⊗ |H〉+ |↓〉 ⊗ |V〉) (7.18)

Alternatively, it is possible to delay one branch with regard to the other, and

recombine both branches on a beamsplitter or switch without changing either polar-

ization: this way, time-bin entanglement could be created, again at telecom wave-

lengths [130] – the latter would be preferable over polarization entanglement in view

of the potential distortion of the polarization in commercial telecommunication fibers.

Yet another possibility, further removed from the present work, would be to replace

the ultrafast, pulsed downconverters presented here with continuous-wave (CW) ver-

sions, pumped by the same CW-laser source at 2.2 µm. In such a scheme, quantum

erasure of the frequency difference would not occur, and the downconverted, 1560 nm

photons would have a frequency difference, δω, that is equal to the difference before

conversion. By recombining the partial waves (which would then both have the same

polarization, as in the scheme described above, such that polarization which-path in-

formation is effectively erased), one could obtain frequency-entanglement at 1560 nm,

which is more robust against fiber-fluctuations. An added benefit of such a scheme

would be in the significantly higher photon yield, as no time-filtering occurs. Verifi-

cation of such frequency entanglement, however, would be challenging for the large

Zeeman energy splittings used in our system.

By combining two spin-photon entangled pairs, and interfering them on a beam-

splitter in a Hong-Ou-Mandel-configuration [31], one could realize entanglement swap-

ping and projective, probabilistic remote spin entanglement, as we argued in sec-

tion 1.1.3.2. Moreover, having the photonic part of the entangled spin-photon pair

at the lowest-loss wavelength would allow the intermediate nodes in a future quan-

tum repeater to be spaced relatively far apart [35] – we refer to section 1.4 for more

details. The Hong-Ou-Mandel scheme relies on the photonic partial waves of the

respective spin-photon entangled pairs being indistinguishable. Such indistinguisha-

bility has been observed for quantum dot photons around 900 nm [126], but the
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visibility is limited due to fluctuations in the solid-state environment. As was shown

in that work and in others [52], fast detection could improve the indistinguishabil-

ity, and therefore increase the fidelity of potential entanglement swapping schemes.

Our time-resolved conversion technique could perform a similar role, all the while

transforming the spin-photon entanglement to low-loss fiber wavelengths.



Chapter 8

Conclusion and outlook

The work presented in this dissertation elaborates on a platform (optically controlled,

charged, self-assembled InAs quantum dots) and a set of technologies for all-optical

quantum information processing, with a specific emphasis on solid-state quantum

repeaters. In Fig. 1.10, reproduced in Fig. 8.1, we indicated the elementary building

blocks of a small, proof-of-principle quantum repeater.

8.1 High-fidelity, coherent single qubit control

In chapter 3, we reported on previous experiments [56, 57] where the spin state of

single, electron-charged quantum dots were manipulated by a combination of ultrafast

coherent optical rotations, and magnetic-field induced Larmor precession. The main

limitations on the fidelity of the control operations were found to be strong, nuclear

hyperfine interactions [73], and rotation pulse errors due to the finite duration of the

laser pulses used.

The rotation pulse errors were shown to affect the decoupling pulses used in spin-

echo experiments, and a solution was presented in chapter 4, where composite pulses
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Figure 8.1: Basic ingredients for a quantum repeater, as discussed in this work.
Green circles: memory (spin) qubits; orange circles: single photonic qubits; black-and-
white rectangles: beamsplitters for HOM-measurement; green boxes: single-photon
detectors; black-and-white circles: entanglement operations.

based on Hadamard gates were used to significantly increase the fidelity of the de-

coupling pulses. We demonstrated a simple pulse-stretching technique, based on a

double-grating pulse shaper [87], that can generate Hadamard gates with a single,

optimized ultrafast pulse.

The limitations of the nuclear spin interactions on the control fidelity of electron

spins were tackled in chapter 6, where we demonstrated that spin-qubits based on

hole spins do not suffer from the strong hyperfine interactions that electrons are

subject too. While this does indeed increase the fidelity of Larmor-precession based

control operations, unfortunately, hole spins were also shown to be more susceptible

to unavoidable electric-field fluctuations [71]. While such electric field fluctuations do

not seem unavoidable (unlike the nuclear hyperfine interaction for electrons), further

optimization would be required for hole spins to really outperform electrons, especially

in terms of coherence times.
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8.2 Long-lived quantum memories

The coherence time of electron spin qubits was found to be on the order of several

microseconds in ref. [57], using a spin-echo technique. While we investigated hole

spins as a possible alternative (see chapter 6), their coherence was shown to be limited

by electric-field fluctuations, with similar coherence times as the electron spin [71].

Further device engineering and optimization might lead to improved hole coherence

times, as the hyperfine interactions were indeed shown to be significantly lower hole

spins, in line with theoretical predictions [83].

Another approach to improve the spin coherence could consist of a higher-order

spin-echo sequence, the so-called dynamical decoupling approach [98, 99, 101]. The

improvements in π-pulse fidelity reported in chapter 4 can be seen in this context: as

the Hadamard-gate-based composite π-pulses significantly increase the effectiveness

of a single-echo decoupling pulse, it is expected that multi-pulse decoupling schemes

should benefit as well. Initial experiments do indeed show good visibility of the

interference fringes in multi-pulse decoupling sequences. However, no improvements

in observed coherence times have been observed yet in optically controlled quantum

dots, in contrast to electrically controlled, gate-defined quantum dots [101]– this

remains a subject under study.

Improving the coherence times of the spin qubits is crucial: with the current co-

herence times of several microseconds only, the longest possible distance over which

spin-spin entanglement can be distributed is several hundred meters only! Without

further improvement, quantum dot based quantum repeaters cannot be considered

viable candidates. In principle, improvements up to the T1 (spin-flip) time of several

milliseconds could be possible (several 100 km), after which active error-correcting

schemes [1] could provide architectural protection to the quantum state. Such ap-

proaches do, however, require significant advances in e.g. 2-qubit gate performance.

Realistically, therefore, short-term future experiments will be inherently limited to

short-distance distribution of spin-spin entanglement.
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8.3 Spin-photon entanglement

In chapter 7, we discussed a proof-of-principle experiment where entanglement be-

tween a single quantum dot electron spin and the polarization of a spontaneously

emitted photon was demonstrated, with reasonably high fidelity (80% and higher).

The ultrafast frequency conversion technique used can be extended to generate spin-

photon entanglement with a downconverted, telecom-wavelength photon (see sec-

tion 7.4). While the timing-resolution of the conversion-technique provides the quan-

tum erasure necessary for observing spin-polarization entanglement, a variant using

narrowband, CW downconversion and polarization erasure could result in more ro-

bust, frequency-entangled spin-photon pairs compatible with long-distance fiber com-

munication.

Such spin-photon entanglement can now be used as a resource for future exper-

iments involving photonic Bell-state measurements and entanglement swapping [31,

42]. In view of the relatively short spin coherence times, however, such entanglement

swapping experiments will, at present, inevitably be limited to short distances.

8.4 Low-loss photonic qubits

The ultrafast frequency-downconversion experiments reported in chapter 7 can be ex-

tended to realize a full photonic qubit at telecommunication wavelengths (1560 nm),

either in a dual-rail implementation as in Fig. 7.9 or by recombining the dual-rail into a

polarization or time-bin qubit at 1560 nm (Fig. 7.10). In addition, the aforementioned

CW-downconversion variant of our experiment would provide a fiber-compatible,

frequency-entangled spin-photon pair.

The limitation of the spin coherence time does restrict the distance over which

spin-photon entanglement can be distributed. However, the frequency-downconversion

technique was demonstrated at the single-photon level, and could therefore be used
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for generating high-quality, fast, single photon sources at 1560 nm, which are by

themselves useful for quantum-key-distribution [34, 35].

8.5 High-fidelity photonic quantum interference

The generation of remote-spin entanglement based on entanglement-swapping of spin-

photon entangled pairs [41, 42] requires the implementation of a photonic Bell-state

measurement. In section 1.1.3.2, we illustrated a probabilistic version of such Bell-

state meaurement using linear optics and detector-post-selection [30]. The crucial

feature used in such a scheme is the quantum interference between indistinguishable

single photons [31]. Such indistinguishability was demonstrated for spontaneously

emitted single photons in self-assembled quantum dots [52, 126], but those experi-

ments were based on post-selecting quantum dots that emit photons at wavelengths

very close to each other, and tuning them into resonance (typical quantum dots can

emit in a wavelength range of over 100 nm). In addition, spectral wandering was

shown to be limiting the visibility of the quantum interference.

While it remains to be demonstrated, quantum interference of downconverted sin-

gle photons using the techniques demonstrated in chapter 7 could tackle these issues.

On the one hand, the conversion technique permits downconversion of different wave-

lengths to the same target wavelength by appropriate choice of the mixing wavelength,

which would solve the inhomogeneous broadening of the quantum dots. Moreover,

the temporal shaping (time-filtering) could offer a solution to the spectral wandering;

in general, any fast detection/broadband technique can be shown to increase such

quantum interference fidelity [126], at the expense of filtering and the resulting loss

in count rates.
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8.6 High-fidelity, entangling 2-qubit gate

A truly scalable, entangling 2-qubit gate for spins in self-assembled quantum dots

remains one of the biggest outstanding challenges for this technology. It is crucial for

both quantum error correction [1] that would be required for realistic repeaters, and

for entanglement swapping between neighboring nodes [13]. A non-scalable, 2-qubit

gate was demonstrated in ref. [90] for quantum dot molecules, but this does not allow

for arbitrary nearest-neighbor interactions to be established.

Several proposals have been published, based on differential geometric phases upon

a common interaction with cavity fields coupling to neighboring quantum dots [91],

but those require quite stringent parameter sets and have yet to be implemented. The

work on single-qubit geometric phases presented in chapter 5 does confirm that such

geometric phases can be applied to quantum dot spins with relatively high-fidelity and

on short timescales, and could therefore be seen as a primer to developing geometric-

phase based 2-qubit gates.

8.7 High-fidelity, efficient quantum memory read-

out

Another outstanding challenge is and remains the high-fidelity, fast, single-shot read-

out of a single qubit. While our current, single-photon based technique outlined

in section 3.2.1 does provide one bit of information (measurement of the |↓〉-state)

per detected photon, the probability of success of detecting such a photon is only

on the order of one percent or less – making the measurement technique effectively

multi-shot.

Techniques based on the dispersive readout of a single photon in either Kerr- or

Faraday rotation [75, 76] were demonstrated in multi-shot by accurate averaging,
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and may or may not be extended to single-shot implementations – this is the subject

of ongoing research. An alternative approach used resonance-fluorescence from a

quantum dot molecule [77], which was shown to yield single-shot readout, but only

when working in the Faraday-geometry. The different selection rules in the Voigt

geometry, which is in itself compatible with the optical Λ-systems required for fast

optical spin control and spin-photon entanglement generation, seem incompatible

with such a strategy.

8.8 Outlook

While significant advances have been made towards both all-optical control of quan-

tum dot spins for quantum computing and quantum communication purposes, the

realization of a small-scale demonstrator system, such as a small-scale quantum re-

peater or even a pair of remotely entangled quantum dot spins, will still require

several years of dedicated research. At the time of writing of this dissertation, the

crucial bottlenecks seem to be threefold: (1) limited coherence time of the qubits; (2)

absence of a scalable 2-qubit gate; and (3) realization of a single-shot readout scheme,

compatible with the Voigt geometry. Without a solution to all of them, self-assembled

quantum dots will not be suitable as a system-technology for long-distance quantum

key distribution.



Appendix A

Fidelity analysis of coherent

control operations

A.1 Electron spin control

A.1.1 Initialization and readout fidelity

.

For the data in Fig. 3.4, spin readout and initialization occurs by means of the

same optical pumping laser, resonant with the |↓〉-|↑↓⇓〉 transition. This initializes

the system into the |↑〉-state, and allows for filtering out of a single, linearly-polarized

photon from spontaneous emission along the |↑↓⇓〉-|↑〉-branch of the Λ-system as a

measurement of the |↓〉-population. In view of the finite single-photon extraction effi-

ciency (approximately 3% for our low-Q, asymmetric cavity with good backreflecting

mirror), linear losses and detector efficiencies, only 0.1% of these single photons result

in a detection event (measured count rates: 80,000 counts/s for a 76 MHz repetition

rate of excitation and measurement).
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This optical pumping scheme can give rise to two types of errors: incorrect ini-

tialization, and incorrect spin readout. For the measurement process, ideally, the

detection of a single photon should indicate that the electron spin is in the |↓〉-state,

with 100% accuracy. In practice, residual leakage from the optical pumping laser due

to imperfect polarization (4,000:1) and dual grating frequency filtering (1,000,000:1 at

B=3 T) results in approximately 2% uncorrelated counts on the detector (measured

rates: 1,000 to 1,500 counts per second, including detector dark counts, compared

to 80,000 total counts), which is our dominant noise source. While the presence of

the second Λ-system would in principle allow for optical pumping and spontaneous

emission decay to occur due to absorption by the |↑〉-|↑↓⇑〉-transition, the detunings

used are sufficiently large to make this process negligible compared to the direct laser

leakage.

The procedure for quantifying the initialization error was first established in

Ref. [56]. We apply this procedure to the time-resolved optical pumping data in

Fig. 3.4, which were obtained by combining a 76 MHz train of π-rotation pulses with

a constant optical pumping signal. Subtracting a constant background signal corre-

sponding to about 2% scattered laser light, we make the assumption that the Bloch

vector is optically pumped to an initial length of L0. With the optical pumping decay

time τ of 2.7 ns obtained from a least-squares fit to exponential decay (residual pop-

ulation: less than 1%), we equal the minimum count rate in Fig. 3.4 with (1−L0)/2.

Directly after the optical π-pulse is applied, the |↓〉-population is expected to increase

to (1 + L0Dπcos(2θ′))/2, where θ′ = π/2− θ indicates the deviation from a rotation

along an axis on the equator of the Bloch sphere, as derived above. Filling out the

values for Dπ and θ which were calculated before, we obtain that L0=0.92, resulting

in an initialization fidelity Finit = (1+L0)/2 = 96% for the data presented in Fig. 3.4.
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Figure A.1: Angle conventions used in coherent control. Schematic illustration of
the angle conventions used in the spin control fidelity discussion. θ represents the
angle between the rotation axis (red) and the north pole of the Bloch sphere (|↓〉-
state), while θ

′
refers to the angle between the rotation axis and its projection on the

equator of the Bloch sphere. π and π/2 refer to the coherent rotation angle, around
the rotation axis.
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A.1.2 Coherent control pulse fidelity

The fidelity analysis for the ultrafast coherent spin control operations was also devel-

oped and extensively described in ref. [56]. We use a similar axis convention as was

used in that work, which is summarized in Fig. A.1.

We are particularly interested in the fidelity of the π/2 and π pulses, such as

those shown in Figs. 3.9 a and b. The Ramsey fringes for two π/2 pulses are shown

in Fig. 3.9 a, where we applied a least-squares fit of the data to a sinusoidal curve

(green trace). The assumption made in order to extract the fidelity, is that the Bloch

vector, initially of length L0, shrinks by an amount Dπ/2 after each rotation. With a

scaling factor C between the |↓〉-population and the obtained counts, the measured

population in the |↓〉-state oscillates between CL0(1−D2
π/2)/2 and CL0(1 +D2

π/2)/2

after background subtraction (the optical pumping/readout laser only measures the

population in the |↓〉-state; the scaling factor reflects the number of photons extracted

from the quantum dot in a particular amount of integration time). From the fit to

the data in Fig. 3.9 a, we obtain that CL0=29297 and Dπ/2=0.893 for the data

in that experiment. The resulting π/2-pulse fidelity can therefore be estimated as

Fπ/2 = (1 + Dπ/2)/2 = 94.6%. In Fig. 3.9 a, we see that slight asymmetry of the

Ramsey fringes for delays around 80 ps or higher limits the visibility of the over-all

sinusoidal least-squares fit, an effect related to dynamic nuclear polarization which

was reported elsewhere [73].

We perform a similar calculation for the π-pulse fidelity. For Ramsey interference

between two π-pulses (see e.g. Fig. 3.9 b), one would ideally expect the fringe visibility

to completely disappear. However, due to the finite duration of the rotation pulse

(around 3 ps) as compared to the Larmor precession time (some 57 ps at B = 3 T ),

the π-pulses are effectively off-axis [56], with a rotation around a polar angle θ from

the pole of the Bloch sphere (for an ideal, ultrafast pulse, θ = π/2). The resulting

fringes should now oscillate between CL0(1−D2
π)/2 and CL0(1−D2

πcos(4θ))/2.

Using a fit to the Ramsey fringes in Fig. 3.9 b, and assuming the same values for
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CL0 as obtained for π/2 pulses, we can extract that Dπ = 0.918, and that θ = 1.451

radians. Together, this results in a π-pulse fidelity Fπ = (1− cos(2θ)Dπ)/2 = 94.5%

for the data in that experiment.

A.2 Hole spin control

The fidelity analysis for ultrafast coherent hole spin control can be performed using

the same methods – we refer to Ref. [71]. We focus on the fidelity of a π/2 pulse.

We again assume that the Bloch vector after optical pumping starts with length L0,

and shrinks by a factor Dπ/2 after a single π/2 pulse. The combined effect of two π/2

pulses separated by a variable Larmor precession delay τ is that the population in |⇑〉
oscillates between (1 +L0D

2
π/2)/2 and (1−L0D

2
π/2)/2 with period 2π/δHH. We use a

digital lock-in procedure which automatically subtracts a background of (1− L0)/2,

leading to a net oscillation between (L0 + L0D
2
π/2)/2 and (L0 − L0D

2
π/2)/2. With a

scaling factor C connecting population in |⇑〉 to the measured counts, the resulting

signal oscillates between CL0(1 +D2
π/2)/2 and CL0(1−D2

π/2)/2.

From the sinusoidal fit to the π/2 Ramsey fringes in Fig. 6.7, we obtain a value

for Dπ/2 of 0.89, which implies a fidelity Fπ/2 = (1 + Dπ/2) = 0.945 as quoted in the

main text. This value is comparable to currently achieved values for electron spins.

The fidelity is limited by the incoherent population, which can be seen in Fig. 6.6.

A similar analysis method can be used for different pulse angles, and yields similar

fidelities. For different dots, the actual value of the fidelity can vary slightly, but is

consistently found to be upwards of 0.9, limited by the incoherent population induced

by the optical rotation pulse.



Appendix B

Electron spin-nuclear feedback:

numerical modelling

For an electron-charged QD, a simple and mathematically tractable nonlinear diffu-

sion equation was derived in Ref. [73], describing the nonlinear feedback loop resulting

from nuclear-dependent Larmor precession (Overhauser shift) and electron-spin de-

pendent nuclear spin relaxation. This model can be extended to incorporate the

hysteretic and asymmetric curves obtained while scanning through the optical reso-

nance frequency of the QD (the |↓〉-|↓↑,⇑〉 transition, see section B.2 and Fig. B.2).

B.1 Hysteretic and asymmetric electron spin Ram-

sey fringes

For a single electron spin in a QD, the strong contact hyperfine interaction makes

the electron spin Larmor precession frequency very sensitive to the net polarization

of the nuclear spin bath through the Overhauser shift. Conversely, in Ref. [73] it was

shown that the evolution of the nuclei in the quantum dot depends on the rate of
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Figure B.1: Electron spin Ramsey fringe hysteresis. (A) Asymmetric and
hysteretic Ramsey fringes for an electron spin (measured; from Ref. [73]). The green
and blue arrows indicate the scanning direction of the pulse delay τ . (B) Asymmetric
and hysteretic electron spin Ramsey fringes as predicted by the model in Ref. [73].
Inset: scan direction and pulse timing.
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trions being generated, as the unpaired hole in the electron spin trion state allows

for quasi energy-conserving nuclear spin flips to occur. This effect, together with

background nuclear spin diffusion, can be modelled as a nonlinear diffusion equation

for the average Overhauser shift ω:

∂ω

∂t
= −κω + α

∂C(ω, τ)

∂ω
, (B.1)

where C(ω, τ) is the trion generation rate in the experiment. For Ramsey fringes,

C(ω, τ) can be calculated by analyzing the pulse pattern (see Fig. B.1b, inset). In

particular, a CW optical pumping pulse is interspersed with two π/2 rotation pulses,

separated by a variable delay τ . Denoting the average spin polarization by S, the

spin-up probability by P(↑) (equal to (1 + S)/2) and the spin-down probability by

P(↓), we can relate the spin polarization Safter right after optical pumping for a time

T to the polarization Sbefore before the arrival of the optical pumping pulse:

Safter =
∑
m=↑,↓

[
1

2
P (↑|m)Pbefore(m)− 1

2
P (↓|m)Pbefore(m)

]

=
(1− e−β(ω)T )

2
+ Sbeforee

−β(ω)T . (B.2)

Here, β(ω) represents the optical pumping/absorption profile, assumed to be Gaus-

sian. In addition, the interference of the two π/2 rotation pulses separated by a delay

τ yields

Sbefore = − cos((ω0 + ω)τ)Safter, (B.3)

where ω0 represents the Larmor precession in the absence of any Overhauser effects.

Together, this results in a trion generation rate C(ω, τ):
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C(ω, τ) = Safter − Sbefore

=
1

2

(1− e−β(ω)T ){1 + cos[(ω0 + ω)τ ]}
1 + cos[(ω0 + ω)τ ]e−β(ω)T

. (B.4)

Eq. (B.1) is derived by invoking a separation of timescales [73], and can be solved

to yield steady-state solutions ωf(τ). The integration times used in the experiment

(few seconds for each different value of τ) were found to be sufficient for reaching these

steady-state solutions. Due to the nonlinearity, the solutions depend on the initial

conditions, and therefore on the direction in which τ is varied. Figs. B.1a and b com-

pare the experimentally obtained Ramsey fringes with those obtained by numerically

solving Eq. (B.1). In Fig. B.1b, β(ω) was assumed to be Gaussian (β0e
−(ω2/2σ2) with

σ/2π = 1.6 GHz), κ = 10 s−1 and κ/α = 104 ps2.

B.2 Hysteretic and asymmetric electron spin CW

resonance scanning

In Refs. [67, 74] hysteretic effects were observed while scanning a narrowband CW

laser through the QD optical resonance frequency. In Ref. [67], a single electron-

charged QD was studied using Coherent Population Trapping in Voigt geometry. In

order to avoid optical pumping into one of the electron spin ground states, one laser

was kept fixed, while another laser was scanned through the QD resonance wavelength.

Trion-induced nuclear spin flips lead to a dragging of the resonance wavelength upon

scanning the laser frequency, and the consequent hysteresis.

A similar effect was observed for a single electron-charged QD in our system. In-

stead of having two narrowband lasers, a π rotation pulse was used to compensate

for optical pumping, and a narrowband CW-laser (few MHz linewidth) was scanned
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Figure B.2: Electron spin resonant scanning hysteresis. (a) Asymmetric and
hysteretic resonance scan for an electron spin (experimental). The green and blue
circles indicate the wavelength scanning direction. (b) Asymmetric and hysteretic
electron spin resonance scan, as predicted by an extension of the model in Ref. [73].
Inset: scan direction and pulse timing.
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through the QD resonance wavelength (|↓〉-|↓↑,⇑〉-transition [73]). Figure B.2a illus-

trates the hysteresis and asymmetry upon scanning the CW-laser in different direc-

tions.

Equation (B.1) can again be used to model the Overhauser shift ω. The difference

with the Ramsey fringe hysteresis lies in the trion generation rate C(ω, ωlas, θ), where

ωlas stands for the laser frequency, and θ for the rotation angle of the single pulse used

in the experiment (π in our case). The pulse sequence used is shown in Fig. B.2b,

inset. After optical pumping for a time T , we still have that

Safter =
(1− e−β(ω,ωlas,ωres)T )

2
+ Sbeforee

−β(ω,ωlas,ωres)T , (B.5)

where ωlas and ωres respectively stand for the laser frequency and the QD resonance

frequency in the absence of nuclear spin effects. However, the single rotation pulse

with angle θ has now a different effect on the spin polarization:

Sbefore = cos(θ)Safter. (B.6)

This results in a net trion generation rate C(ω, ωlas, θ):

C(ω, ωlas, θ) = Safter − Sbefore

=
1

2

(1− e−β(ω,ωlas,ωres)T )[1− cos(θ)]

1− cos(θ)e−β(ω,ωlas,ωres)T
. (B.7)

We can again obtain steady-state values ωf from Eq. (B.1). Whether or not

steady state is obtained, however, depends critically on the scan speed – a de-

pendence we also notice experimentally. We assume a Lorentzian QD linewidth

(β(ω) = β0/(1 + (ωlas − ωres − ω)2/σ2), σ/2π = 200 MHz). Other lineshapes (Gaus-

sian, Voigt) yield qualitatively similar results. While the exact resulting lineshape
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Figure B.3: Electron and hole spin Overhauser shifts compared. (a) Modeled
average Overhauser shift for hysteretic Ramsey fringes of a single electron spin; the
green and blue circles indicate the wavelength scanning direction, as indicated by the
arrows. (b) Time-averaged dephasing of a single hole spin; blue: raw data, red: fit to
a sinusoid with Gaussian envelope. No variance of the average Overhauser shift was
observed. (c) Zoomed-in version of (B) – note that the phase of the fringes remains
constant over the entire scan range.

depends critically on the intial conditions and details of the QD and experiment (ini-

tial Overhauser shift ω0, scan speed, lineshape, etc.), the qualitative features are well

reproduced in this model; Fig. B.2b shows the numerical solution to Eq. (B.1). κ is

estimated as 8.5 s−1, and κ/α = 2.8×104 ps2.
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B.3 Nuclear feedback: comparison between elec-

tron and hole

For the hysteretic effects of a single electron spin coupled to the nuclear spins in the

QD, the average Overhauser contribution to the Larmor precession frequency can be

extracted from the model described above. Figure B.3 compares the different behavior

of electrons and holes; Fig. B.3 a displays the Overhauser shift extracted from the

model. As our model for the electron spin captures only the average Overhauser

shift [73, 80], one conservative way of estimating the error on the obtained values is

to assume that there is no additional narrowing of the nuclear spin distribution due

to the development of nuclear spin polarization [73]. In that case, the T ∗2 value of

1.71 ns obtained in Ref. [57] can be used to estimate the variance on the Overhauser

shift due to time-ensemble effects, yielding σω/2π =
√

2/(2πT ∗2 ) = 130 MHz. We can

therefore estimate the maximum Overhauser shifts for a single electron spin due to

the interaction with the nuclei at 3±0.13 GHz. The resonance scan model predicts a

similar, or slightly reduced, maximum Overhauser shift.

A single hole spin does not display any hysteresis or nonlinearity in either the

Ramsey fringe or resonance scanning experiments. Moreover, compared to the indi-

rect method of extracting Overhauser shifts through modelling based on Eq. (B.1),

a more accurate estimate of the Overhauser shift can be obtained from the phase

of the Ramsey fringes. That phase equals (ω0+ω)τ , and the Ramsey fringes are

shown in Figs. B.3 b and c, together with a sinusoidal fit with Gaussian envelope

(red curve). The raw data hardly deviate from the fit, except for very long delays,

where noise effects dominate. Even with the noise, the deviation is at most 0.5 to

1 radians for a total delay τ of 3.5 ns, leading to a maximum Overhauser shift ω/2π

of 40±100 MHz. We may bound any possible hole Overhauser shifts by supposing

they are masked by experimental noise. Here, the width of the time-averaged Lar-

mor precession frequency distribution leading to T ∗2 -decay results in an uncertainty

σω/2π =
√

2/(2πT ∗2 ) = 100 MHz, using our experimentally observed T ∗2 value of
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2.3 ns. We emphasize that this is a worst-case estimate, for the case in which nuclear

effects would limit the time-averaged dephasing, which we consider unlikely.

Comparing these two values, we see that the developed Overhauser shift for the

hole spin is at least 30 times smaller than that for the electron spin, where the factor

of 30 is limited by experimental noise and T ∗2 effects of the hole spin. While the

Overhauser shift depends both on the developed nuclear spin polarization and the

sensitivity of the hole spin to that nuclear spin polarization, this significant reduc-

tion of the measured Overhauser shift illustrates the suppression of feedback effects

between the nuclear spin bath and the hole spin.



Appendix C

Extraction of Heavy- Light hole

mixing through photoluminescence

The heavy-hole light-hole mixing can be quantified using photoluminescence (PL), as

reported in Ref. [131]. We performed a similar analysis for the hole-charged quantum

dot studies presented in chapter 6. Without any external magnetic field, the polar-

ization of the emitted PL contains information about the hole spin eigenstates. In

particular, strain and quantum dot asymmetry result in a small amount of HH-LH

mixing. The resulting hole spin ground states along the growth direction (z), |⇑〉 and

|⇓〉 can be modeled as:

|⇑〉 =
[∣∣Ψ+3/2

〉
+ η+

∣∣Ψ−1/2

〉]
/

√
1 + |η|2

|⇓〉 =
[∣∣Ψ−3/2

〉
+ η−

∣∣Ψ+1/2

〉]
/

√
1 + |η|2. (C.1)

Here,
∣∣Ψ±3/2

〉
and

∣∣Ψ±1/2

〉
represent the HH and LH states respectively, and η± =

|η|e±iξ (ξ indicates an orientation of high symmetry, e.g. determined by a preferential

strain direction – see Ref. [131] for further details). Using now a similar analysis as

178
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in section 2.3, LH inmixing reflects itself in a slightly elliptical polarization of the

hole-charged PL. Setting ξ = 0 (this assumes symmetry along the x-direction; the

extension for ξ 6= 0 is straightforward, and would result in axes for the resulting

elliptical polarization that are not along the x- or y-direction), we have the following

polarization for decay from the hole trion states to the hole ground states:

|⇑⇓↑〉 → |⇑〉 : σ− +
|η|√

3
σ+ (C.2)

|⇑⇓↓〉 → |⇓〉 : σ+ +
|η|√

3
σ− (C.3)

This elliptical polarization can be visualized in a polarization-resolved photolumi-

nescence experiment: for a statistical mixture of both decay processes, the collected

light along particular polarizations will no longer be constant. We refer to Fig. C.1,

which reflects the ellipticity of the emitted light for the hole-charged quantum dots

analyzed in chapter 6. From the ratio, R, between the two axes of the elliptical

polarization (D1,2), we obtain a measure for the amount of inmixing:

R = (
√

3− |η|)2/(
√

3 + |η|)2. (C.4)

For the data in Fig. C.1, the inmixing could be estimated at η ∼ 17%.



APPENDIX C. HEAVY-HOLE-LIGHT-HOLE MIXING 180

Figure C.1: Polarization angle dependence of the emitted photoluminescence (PL) of
a hole-charged QD at 0 magnetic field. Blue dots: raw data; red curve: least squares
fit of the elliptical polarization. The distance from the origin indicates the relative
intensity of the emitted PL for a particular polarization angle. D1 and D2 are the
main axes of the resulting elliptical polarization dependence (see text). Note that the
data were taken for polarization angles between 0 and 180 degrees, and copied for the
180 - 360 degrees trajectory in view of the inversion symmetry of the system. The
discontinuity at 0 degrees is a systematic experimental artifact.



Appendix D

Numerical modeling of ultrafast

coherent hole rotations

The Rabi-oscillations for a single hole qubit presented in Fig. 6.6 can be modeled

using the AC-Stark shift model developed in section 3.1.2. As the pulse duration of

3.67 ps is much shorter than the Larmor precession frequency δHH/2π = 30.2 GHz,

one can look at the interaction in the basis of the light pulse (z-basis as indicated

in Fig.D.1 a). In this basis, the magnetic field results in an off-diagonal coupling

between the hole spins, indicated by Bx in Fig. D.1 b. However, given that the pulse

is much faster than the Larmor-precession, the z-basis spins can be considered as

effectively degenerate, and the magnetic field can be approximately neglected in the

remainder of the analysis.

For perfect selection rules and ideally circularly polarized light pulses, only one

of the z-basis hole spin states is coupled to the trion states; the other state is dark.

For realistic quantum dots, imperfect selection rules and limited control over the

exact polarization of the light pulse inside the cavity lead to both hole spin ground

states being coupled to the trion states. The coupling strengths Ω1,2 are indicated in

Fig. D.1 b; even for realistic quantum dots with non-negligible amounts of heavy- and
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Figure D.1: AC-Stark model for hole qubit rotations. (a) Geometry and axis con-
vention used in the experiment. The magnetic field is oriented along x, while the
laser pulse is aligned to the growth direction z. (b) AC-Stark shift in the Z-basis:
|⇓〉 and |⇑〉 are the hole spin ground states, while |⇓⇑, ↓〉 and |⇓⇑, ↑〉 represent the
trion states. ∆ represents the detuning, and the circularly polarized laser pulse cou-
ples the ground states to the excited states (Ω1,2(t)), resulting in AC-Stark shifts
δ1,2(t). (c) Rabi oscillations fit through the AC-Stark model. Blue circles: raw data;
red: AC-Stark shift predicted Rabi oscillations, on top of an incoherent background
(green).

light-hole mixing, one coupling strength is typically much larger than the other. For

a detuning ∆ (340 GHz in our case) larger than the pulse bandwidth, the pulse mixes

the hole spin ground state and its excited trion state. The effect of the time-dependent
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mixing is a time-dependent AC-Stark-shift δ1,2(t), given by:

δ1,2(t) =
1

2

√
∆2 + |Ω1,2(t)|2 − ∆

2
. (D.1)

A hole spin initialized in the x-basis due to the magnetic field can be written as

a superposition of z-basis states with equal weight. The effect of the pulse is then

to AC-Stark-shift these states by a different amount, leading to rotation pulse power

(Prot) dependent Rabi oscillations with net rotation angle:

θ =

∫
dt

[
δ1(t)− δ2(t)

]
=

1

2

∫
dt

[√
∆2 + |Ω1(t)|2 −

√
∆2 + |Ω2(t)|2

]
. (D.2)

Here, the integration is over the duration of a single rotation pulse. Fig. D.1 c

illustrates the predicted Rabi oscillations in this AC-Stark framework. The data

show an incoherent background (∼ P 0.65
rot ) which is shown as the green curve in this

figure. After subtracting the background, a least-squares fit extracted the amplitude

of the Rabi oscillations. The pulse shape was modelled as Gaussian, with a measured

FWHM of 3.67 ps, and for the detuning, the measured value of 340 GHz was used.

The best fit was obtained for a ratio |Ω1(t)|2/|Ω2(t)|2 = 3.7, and is indicated by the

red curve. The model fits the data very well, with the exception of the height of

the first peak. This deviation can be attributed to the still finite duration of the

laser pulse, and our neglecting the Larmor precession in this model. In Ref. [56] we

demonstrated how the combined effect of Larmor precession and pulse-induced Rabi

oscillations leads to an effective rotation axis that is in between the laser pulse (z-

axis) and the magnetic field axis (x), leading to a reduced height of the first π pulse.

A full time-dependent coherent simulation can qualitatively reproduce the reduced

height. The background and upward trend, however, cannot be reproduced by this

simulation. Its origin is currently unknown, although it might be related to a change

in the optimum bias position of the QD for high rotation pulse powers as reported
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above.



Appendix E

Hole spin device design

For the hole-spin studies reported in chapter 6, two different types of samples were

studied: δ-doped samples, and charge-tuneable devices. The δ-doped samples contain

about 1.5×1010 cm−2 self-assembled quantum dots, and the charge-tuneable samples

about 7 × 109 cm−2. For both types of samples, the quantum dots (QDs) were

grown using the Stranski-Krastanov method. The Indium flushing and partial capping

technique used during the QD growth [132] leads to the formation of flattened QDs,

with an approximate height of 2 nm, and a base length of ∼25 nm. The detailed

layer structures are provided in Fig. E.1. For both types of samples, the QDs are

embedded in a planar microcavity, consisting of Distributed Bragg Reflector (DBR)

mirrors. The top and bottom mirrors consist of 5 and 25 pairs of AlAs/GaAs λ/4

layers respectively. The resulting quality factor is around 200, and helps both in

increasing the signal strength (directing the emitted light upward) and reducing the

noise (enabling the use of lower laser power, and therefore reducing the noise due to

scattered laser light).

For the δ-doped samples, a carbon δ-doping layer is used, located 10 nm below

the QDs. The δ-doping concentration is approximately 1.2× 1011 cm−2, and leads to

185
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a fraction of the QDs being charged with a single hole; we perform magneto-PL mea-

surements in order to identify those QDs that are charged. For the charge-tuneable

samples, deterministic charging occurs by embedding the QDs into a p-i-n-diode struc-

ture. The bottom DBR, as well as part of the cavity, is p-doped (≥ 1018 cm−3), while

the top DBR is n-doped (≥ 1018 cm−3). The i-layer consists of two parts: a 25 nm

i-GaAs layer acting as a tunnel barrier between the QDs and the p-layer [107, 108],

and a 120 nm layer separating the QDs from the n-contact. Inside the latter, we

incorporated a 110 nm i-AlAs/GaAs superlattice (20 layers) to prevent charging from

the n-layer [108]. A back contact (not shown) allows for biasing of the substrate,

while a metal shadow mask also serves as a contact to the n-doped layer. Apertures

in the metal mask provide optical access to the QDs, at the expense of a reduced

net bias over the QDs: given the relatively large width of the metal mask apertures

(16 µm), the exact bias over a QD depends on the lateral position of that QD within

the aperture shadow. In particular, for QDs near the center of the aperture, part

of the applied bias voltage will result in a resistive voltage drop inside the n-layer,

reducing the net bias over the QD. In addition, Schottky-barrier effects at the metal

mask-DBR interface further reduce the effective QD bias for a given applied bias

voltage.

We can calculate the band structure and energy levels of the QD in a full three-

dimensional simulation, using the 3D simulation tool “nextnano” [133]. The results

are shown in Figs. E.2A and B. We assume an InAs QD with an approximate height

of 2 nm, and a base length of 25 nm, and account for a finite amount of In-Ga

intermixing. The resulting QD emission wavelength is around 940 nm. The two most

tightly bound states in both the conduction band (electron charging) and valence

band (hole charging) are indicated by the red and green dashed lines. We calculate

both the HH and LH subbands, though the HH band is by far the most important.

The two most tightly bound HH states in the QD are separated by ∼14 meV, and

are located 199 meV above the GaAs valence band.

Next, the band structure of the charge-tuneable devices can be calculated – see

Figs. E.2C and D. Without externally applied bias, the built-in diode voltage leads
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to a band bending (black curve), where the hole Fermi-level is located ∼230 meV

above the GaAs valence band right at the position of the QD. In order to keep

our calculations tractable, we split the problem into two subproblems: a full 3D

calculation of the band line-up of the QD HH bound states, and a 1D calculation

of the band bending of the entire device. Hence, without applied bias, the HH QD

states are located below the Fermi-level, making hole charging of the QD energetically

unfavorable. At some positive bias, the offset between the Fermi-level and the HH

QD state vanishes (blue curve), with resonant tunneling allowing for deterministic

charging of the QD. Numerically, this bias voltage is around 200 mV, though we

emphasize that this is the real bias over the p-i-n-diode near the QD, which is often

less than the applied voltage between the device contacts, especially for QDs located

near the center of the mask aperture (DC Stark shifts and Schottky-barrier effects

account for an additional offset). Pauli- and Coulomb-blockade effects subsequently

lead to a stable voltage plateau where single-hole charging is possible.

In view of the relatively large QD density, about 50 QDs are located within our

diffraction-limited laser spot (charge-tuneable devices; for the δ-doped samples, some

150 QDs), and several of those are resonant with the microcavity. In Fig. 6.4 a we

show the photoluminescence (PL) as a function of applied bias voltage for a particular

QD from a charge-tuneable device (above-band excitation, λ = 785 nm). A magnetic

field of 6 T in Voigt geometry splits the transitions, and identification of the respective

lines is made easier through the particular fine structure of transitions from charged

and uncharged QDs [58]. The charged QDs display a fourfold split of the PL for large

magnetic field – see Fig. 6.4 b, where the magneto-PL of a hole-charged QD is shown

(note that two of the four lines overlap due to limited spectrometer resolution, which

can be seen as an apparent increase in brightness of the center line); it is this same

particular signature that also allows us to identify the charged QDs in the δ-doped

samples. The dependence on the pumping power allows us to separate excitonic

emission lines from lines due to multi-excitonic complexes. The inhomogeneity in size

and composition of the different QDs, together with the expected spectral line-up of

the different charge states of a single QD, allow us to identify the lines in Fig. 6.4 a. As
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expected, increasing the QD bias leads to a transition from an uncharged to a charged

state. However, and as reported in Ref. [107], we see a significant overlap between

the respective voltage plateaus of the charged and uncharged QD state, which can

be attributed to the relatively slow tunneling of the hole in our QDs. In addition,

we notice that the exact position of the voltage plateaus depends on the amount of

optical power used. Both above-band and resonant CW-excitation (as well as below-

band modelocked (ML) laser pulses used for coherent spin rotations) can alter the

bias voltage by as much as 0.1 - 0.2 V – we attribute this to residual absorption in the

vicinity of the QD, which leads to the generation of charged carriers that can shift

the QD energy (“DC”-Stark shift).
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Figure E.1: Detailed layer structure of the hole devices used. (A) Detailed layer
structure of the δ-doped samples. The δ-doping layer (dashed line) is located 10 nm
below the quantum dots. (B) Detailed layer structure of the charge-tuneable devices
used in the hole spin experiment. Two DBR layer stacks form an asymmetric cavity,
in which a p-i-n-diode is embedded. QDs (brown triangles) are in tunnel contact (25
nm i-GaAs) with a hole reservoir. The bias voltage is applied over the Al shadow
mask, and a bottom contact (not shown).
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Figure E.2: Calculation of the band line-up in the charge-tuneable hole devices.
(A) Calculated energy structure (3D) of the InAs QD. EC,V are the conduction
and valence bands respectively (the latter is calculated for the heavy (HH, black)
and light hole (LH, blue) subbands). The two most tightly bound energy states in
the conduction and valence bands are indicated by the red and green dashed lines.
(B) Zoomed-in version of A. A flattened QD was assumed, with 2 nm height, 25 nm
base length, and up to 50 % In-Ga intermixing. The most tightly bound HH state is
located 199 meV above the GaAs valence band, and the second-highest state is split
off by ∼14 meV. (C) Band line-up for zero (black) and positive (blue) bias (note that
only the p-i-n-diode region is shown, not the entire DBR microcavity). EF: Fermi-
level. (D) Zoomed-in version of C: for zero applied bias, the GaAs valence band lies
230 meV below the Fermi-level, and the most tightly bound HH state therefore lies
below the Fermi-level. For a positive bias, the offset between the Fermi-level and the
GaAs valence band is reduced; when this offset equals the 199 meV separation with
the most tightly bound HH state, resonant tunneling can result in hole-charging of
the QD.



Appendix F

Ultrafast quantum eraser:

expected visibility/fidelity

In order to quantify the effectiveness of the ultrafast downconversion technique for

time-resolved detection of σ+,−-downconverted photons in chapter 7, its timing resolu-

tion needs to be compared to the Zeeman energy corresponding to δω = 2π×17.6 GHz

at 3 T (57 ps Larmor precession period). The timing resolution depends on the dura-

tion of the 2.2 µm pump pulse, which is shown to be 8 ps or better (the detailed pulse

shape is a complicated function of the amount of power and the pulse shapes used in

order to generate the 2.2 µm pulse), and is typically between 5 and 8 ps; we will ap-

proximate it as Gaussian for the remainder of the discussion, in reasonable agreement

with the cross-correlation data in Fig. 7.3. The net effect of this finite timing reso-

lution is a statistical mixture of ideally, infinitely-time-resolved σ+,−-downconverted

photons, and the overlap (fidelity) of the statistical mixture with the infinitely time-

resolved case can be computed. This effect is illustrated in Fig. F.1 a, and the effect

on the visibility of the observed Ramsey fringes is illustrated in Fig. F.1 b. For a si-

nusoidal fringe of period 57 ps, convolution with a Gaussian timing response function

with time constant of 8 ps leads to a fringe visibility of approximately 90.7%, yielding

191
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Δt ~ 8 ps

tLarmor =2π/δω=57 ps
a b

infinite
resolution

8 ps
resolution

Figure F.1: Timing resolution of the downconversion setup. a Schematic illustration
of the effect of imperfect timing resolution. Instead of having an infinitely accurate
time reference for the start of the Larmor precession, timing uncertainty gives rise to
a statistical mixture of possible precession start-times, leading to an uncertainty cone
in the Bloch sphere. This uncertainty cone needs to be compared to the precession
time. b When mapped into a Ramsey fringe by applying a π/2 pulse, the timing
uncertainty results in an inherent loss of visibility of the fringes. Blue curve: infinite
timing accuracy; red curve: 8 ps accuracy, vs. 57 ps Larmor precession period. The
resulting, theoretically maximal visibility is approximately 90.7%.

an upper bound of the potential visibility of the correlations in the rotated basis. Dif-

ferent magnetic fields and consequent Zeeman splittings result in different potential

visibilities for the same absolute timing resolution. For a 6 T field, for example, with

δω = 2π×35.2 GHz, the expected visibility would be limited to 68% using a similar

analysis. While lower fields result in better time-filtering, the practical limit on the

magnetic field is given by the difficulty of measuring the spin state in our system

at fields below about 2.5 T. In addition, dynamic nuclear polarization [73] and T ∗2 -

effects [57] can restrict the visibility of the Ramsey fringes. However, as was shown

before, all-optical spin echo techniques can be used to overcome these effects [57].

In practice, the visibility of the spin-photon correlations is limited by residual

noise from the downconversion process (leaked/converted 2.2 µm pump light as well
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as SNSPD dark counts) and imperfectly filtered, reflected excitation laser light. The

exact amounts vary slightly from experimental run to experimental run, but result

consistently in overall signal-to-noise ratios between 4:1 (worst case, for rotated basis

measurements without cross-polarization of the excitation pulse) and 10:1 (best case,

for computational basis measurements where good cross-polarization reduced the ef-

fects of reflected excitation pulses). These signal to noise ratios limit the practical

visibility of the rotated basis correlations to some 80%.
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