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Preface

Quantum information processing and computation (QIPC) is one of today’s
most active research fields. Many researchers worldwide are motivated
by the fascinating prospects of controlling complex quantum systems and
by the potentially huge impact of QIPC applications on our information
society.

David DiVincenzo formulated five prerequisites for successful QIPC
technology:

(1) A scalable physical system with well characterized quantum bits or
qubits;

(2) The ability to initialize the state of each qubit to a simple initial state;
(3) Long relevant decoherence times, much longer than gate operations;
(4) A universal set of quantum gates (single and two-qubit gates); and
(5) A qubit-specific measurement capability.

According to these requirements there have been numerous attempts to
implement and control qubits in different systems utilizing: nuclear spin in
molecules, electronic states in single atoms or ions, polarization and spa-
tial modes of photons, charge or flux quanta in superconductors, as well
as charge and spin in semiconductor quantum dots. The latter two ex-
amples are of particular interest as they represent implementations in the
solid-state where very rapid decoherence has long been considered a severe
obstacle. Indeed, the progress in the fabrication of artificial nanostructures
during the last years has enabled researchers to overcome previous limita-
tions. Individual charge and spin carriers can be strongly decoupled from
their environment so that the processes destroying the quantum coherence
in the bulk are largely suppressed. In this way, the road towards miniatur-
ized and integrated quantum logical circuits compatible with the existing
semiconductor technology is opened.

In this book, we have concentrated on semiconductors as they offer spin
as well as charge to implement qubits. Also, the radiative recombination
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of electrons and holes in semiconductors allows to use optical methods for
qubit read-out and manipulation. Moreover, an efficient interface between
flying and stationary qubits can be envisioned, e.g. with the help of quan-
tum electrodynamical effects.

Our book aims to provide an overview of recent exciting results, both
in experiment as well as in the theory. Leading experts in the field have
provided chapters covering the many aspects of QIPC in semiconductors.
We have organized the contributions as follows: The first part addresses
explicit implementations and properties of charge and spin based qubits.
Their manipulation, read-out, and control is the main subject of the second
part. A third part is devoted to decoherence, still a central problem in
solid-state systems. The generation of flying qubits and routes towards
interfacing with stationary qubits are discussed in the fourth part. The
last part introduces concepts, building blocks, and first demonstrations of
QIPC using semiconductor based single photon sources and microcavities.

Finally, we would like to express our thanks to all authors who have
provided excellent contributions to this book.

Oliver Benson and Fritz Henneberger
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Chapter 1

Coded Qubit Based on Electron Spin

Marek Korkusinski and Pawel Hawrylak

Quantum Theory Group, Institute for Microstructural Sciences,
National Research Council of Canada, Ottawa, Canada

We review here the progress toward the realisation of a coded qubit based
on electron spin in lateral gated devices. We show that by encoding the
qubit in the states of several coupled electron spins one combines the
coherence of spin with the advantages of using voltage for their coherent
manipulation. The theoretical and experimental methods used to design
and manipulate the systems of up to three coupled electron spins in
lateral gated devices are reviewed in detail.

Contents
1.1 Introduction . . . . . . . . . . L 3
1.2 Encoding and Manipulation of Three-Spin Coded Qubit States . . . . . . .. 7
1.3 Two-spin Coded Qubit . . . . . . . . . .. .. ... . 11
1.3.1 Principles of encoding and manipulating the two-spin qubit . . . . . . 11
1.3.2 Implementation of the two-spin coded qubit . . . . . . ... ... ... 12
1.4 Implementation of the Three-Spin Coded Qubit . . . . . . . . .. .. ... .. 20
1.5 Summary . . . . ... 30
References . . . . . . .. e 30

1.1. Introduction

The central issue in applications of quantum information processing [1-3] is
the realisation of scalable quantum bits (qubits) and gates. The spins of in-
dividual electrons localized in semiconductor nanostructures are considered
as viable candidates for qubits due to their quantum two-level nature and
measured long spin coherence times [4—6]. In this design, the states |0)
and |1) of the qubit are identified as the spin down and up states of the elec-
tron spin, respectively, and an array of N localized interacting spins forms
the quantum register [7, 8]. Quantum computation with such a quantum
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register involves a coherent time evolution of its state, driven by a sequence
of quantum operations. Since the single- and two-qubit operations form a
minimal set sufficient to implement any quantum algorithm [3], the quan-
tum computer can be modeled by the Heisenberg Hamiltonian:

N

Here pp is the Bohr magneton, g; and Ei are, respectively, the local Landé
factor and the local magnetic field in the vicinity of the spin SZ», and J;; is
the pairwise exchange coupling between the ith and jth spins. As described
by the first term in the above Hamiltonian, the single-qubit rotations are
performed by coupling each spin to an external magnetic field. In this
approach the individual qubits are addressed either by using local magnetic
fields, or by tuning the Landé factor g; of each spin separately. On the
other hand, the two-qubit operations are implemented by controlling the
exchange interactions J;; between pairs of spins [8, 9].

The key technological steps required to implement this design include
(i) the ability to localize individual electrons and perform coherent single-
qubit rotations on their spins, (ii) coherent control of the exchange coupling
between two spin qubits constituting a quantum gate, and (iii) scalability
of the design to a larger number of qubits.

In the solid-state environment the localization of individual electrons is
achieved by confining them in quantum dots (QDs). In early attempts the
carrier confinement was created by the conduction band offset of semicon-
ductor QDs embedded in a wider-bandgap material [10], while the num-
ber of electrons populating the QD was controlled by an external gate.
Using the Single Electron Capacitance Spectroscopy, Ashoori [11, 12] has
demonstrated a controlled localization of a single electron in such sam-
ple. Tarucha and co-workers [13] modified the sample design by depositing
metalic contacts above and below the QD, which allowed to probe the
properties of the system with a tunneling current in the Coulomb Blockade
regime. The shell-filling effects and signatures of Hunds rules [14] detected
in these transport spectra demonstrated the artificial atomic character of
the QDs. A step towards a two-qubit gate, involving the creation and con-
trolled charging of a vertically coupled double-dot molecule, was further
reported by Pi and co-workers [15]. However, in the vertical geometry the
control of coupling between dots, necessary for the two-qubit operations, is
limited.
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Fig. 1.1. (a) A schematic diagram of a lateral gated quantum dot device. (b) Surface
gate layout allowing to empty the dot completely and fill it with exactly one electron [17].

An improved control of the confinement and interdot coupling is
achieved in the lateral technology. Here the precise control of electronic
position is accomplished by confining the carriers in an electrostatic po-
tential created by an arrangement of gates in the split-gate geometry [16].
A schematic diagram of such a single-dot lateral gated device is shown in
Fig. 1.1(a), and the gate layout used by Ciorga and co-workers to con-
fine precisely one electron [17] is presented in Fig. 1.1(b). The sample is
composed of a heterojunction of AlGaAs/GaAs semiconductor materials
created at a distance of D ~ 90 nm below the surface. The barrier material
between the heterojunction and the surface is doped with donor atoms,
of which some become ionized. The excess electrons are confined in the
triangular quantum well created by the band offset of the materials and
the Coulomb potential of the donors. The density of the two-dimensional
electron gas (2DEQG) created in this geometry is further locally modulated
by the electrostatic field from the surface gates. With a sufficiently large
negative gate voltage the area directly underneath is depleted of electrons.
As the voltage is tuned towards zero, the surface area between the gates
(see Fig. 1.1(b)) translates into a shallow local potential minimum, which
can be populated by electrons tunneling from the edges of the 2DEG.

The energy scale of such a lateral gated quantum dot is defined predom-
inantly by the Coulomb interaction between electrons, and renormalized by
the single-particle energy quantization of the confined carriers. As a result,
as the gate voltage is tuned, only one electron at a time can tunnel into
the dot. Next electron is admitted only when the modification of the dot
potential overcomes the excess charging energy, so that the chemical poten-
tial of the dot becomes equal to that of the 2DEG. This Coulomb blockade
(CB) effect translates into the appearance of discrete conduction peaks in
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the current tunneling through the device, measured as a function of the
gate voltage [18-21], and appearing as subsequent electrons enter the dot.
The CB effect together with a careful design of the gate pattern makes it
possible to empty the dot completely of electrons, and then readmit exactly
one electron [17].

Access to the spin of the confined electron was achieved by applying
an external magnetic field perpendicular to the 2DEG plane [22, 23]. As
a result, the edges of the 2DEG become spin-polarized: the edge of the
dominant spin domain (say, spin down) is closer to the dot than the other
domain edge (spin up). This means that most of the electrons tunneling
into the dot will have spin down, because they have to tunnel across a
narrower potential barrier. With this additional constraint, the tunneling
current may be suppressed not only by the CB effect, but also by the Pauli
exclusion principle, which will come into effect when the first unoccupied
QD orbital can only hold an electron spin up. This spin blockade (SB)
effect is manifested as an additional modulation of the tunneling current
amplitude in the transport measurement, and can be used to probe the spin
of the electronic droplet confined in the dot with the number of electrons
ranging from several tens down to precisely one carrier [24-26].

In order to use the spin of the localized electron as a qubit we have to
be able to manipulate its states in a coherent manner. In the Hamiltonian
(1.1) the single-qubit rotations are carried out by addressing each spin
individually with a magnetic field. The selection of a specific qubit for the
quantum operation is achieved in two ways: by using local magnetic fields
or by g-factor engineering. Unfortunately, at present the implementation
of each of these approaches is prohibitively difficult.

Indeed, the local magnetic fields necessary to manipulate each qubit
individually would have to be constrained at most to the area of a single
dot (in the case of the design presented in Fig. 1.1, about 200 x 200 nm).
Although solutions to this problem, e.g., involving microscopic wires coiled
in the vicinity of the dot have been proposed [27], generation of tightly
focused and switchable fields of order of 1 T remains a challenge.

In the second case the same magnetic field B is applied to the entire
register, but each qubit couples to it differently due to the locally engi-
neered Landé factor g; [28, 29]. This idea is implemented by preparing the
heterojunction in Fig. 1.1(a) with a composition gradient, which translates
into a gradient of the g factor along the vertical direction. The coupling
of the electronic spin to the field B can be then modulated by shifting the
position of the electron vertically using additional surface gates. Although
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this proposal eliminates the problem of local magnetic fields, the added
complication of the sample geometry makes it equally challenging techno-
logically.

These difficulties question the first term in the Hamiltonian (1.1) as an
effective means of performing quantum operations on our quantum register.
We are left with the Heisenberg term, accounting for the exchange interac-
tion between spins. On one hand, as we shall show later on, the exchange
constants J;; can be tuned selectively by adjusting voltage on the appro-
priate gates defining the structure. On the other hand, the exchange term
involves pairs of spins, and therefore it cannot be used to perform rotations
of individual spins without perturbing the rest of the register. In this situ-
ation we abandon the idea of identifying single spins as qubits. Instead, we
define a quantum register of coded qubits. Here the states |0z) and |11)
of each coded qubit are encoded in terms of the selected states of several
spins. In the remainder of this chapter we shall present a discussion of the
design of the voltage-controlled coded qubit and review its implementations
in the lateral gated technology.

1.2. Encoding and Manipulation of Three-Spin Coded Qubit
States

In constructing the coded qubit we first determine the minimal number
of spins necessary to encode the logical states. We can establish this by
analyzing the symmetries of the system of spins interacting via exchange.
The Heisenberg Hamiltonian describing this system commutes with the
total spin operator 52 and its projection S, on the z axis. Therefore,
both total spin and total spin projection are conserved quantities, and the
states with different sets of spin quantum numbers are not mixed in the
time evolution defined by the exchange Hamiltonian. As a result, we have
to map the logical qubit states |01) and |1) onto the eigenstates of the
few-spin system characterized by the same pair (S, S.).

Using these criteria we find that the system composed of two spins is not
sufficient to realize the coded qubit. Indeed, the two spins can be arranged
in four configurations. We have two spin-polarized triplets, |T_-) = | |])
with the quantum numbers (S5,S,) = (1,—1), and |T4) = | 11) with
(S,5.) = (1,41). The two remaining unpolarized configurations can be
arranged in the eigenstates of the total spin as |S) = %ﬂ M =110), a
spin singlet with (S,5,) = (0,0), and |Tp) = \/LEO ITY+111)), a spin triplet
with (5,5;) = (1,0). As we can see, each of the four states is characterized
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COUPLING OF QUBITS
J34

(ITRT

J]Z JBS J-IS Jﬁﬁ
@TRA-QUBIT COUPL]NG/ Q\JTRA-QUBIT COUPLING)

QUBIT A QUBIT B

Fig. 1.2. A model three-spin coded qubit A coupled to a neighboring coded qubit B in
a linear layout [9].

by a unique set of quantum numbers, and therefore the two-spin states are
not suitable to encode the logical states of our exchange-based coded qubit.

As demonstrated by DiVincenzo and co-workers [9], the minimal system
suitable for our needs is that of three spins. One of the possible layouts
of such system is shown schematically in Fig. 1.2. The general form of the
Hamiltonian of such a system is:

3
HCQ = WTBBZSZJ+J12§1§2+J23§2§3+J31§3§1. (12)
i=1
Apart from the pairwise exchange terms, here we have also accounted for
the presence of an external, uniform magnetic field B = [0,0, B] coupling
to each spin in the same manner.

Let us begin our analysis of the three-spin system by enumerating all
possible configurations [30]. Their total number is 23 = 8. Among them
we have two spin-polarized states: one, | []]), with (S,S,) = (3/2,-3/2),
and the other one, | 111), with (5,5.) = (3/2,43/2). These configurations
are not suitable for encoding of the logical qubit states.

The other six configurations are characterized by a lower spin polariza-
tion. We have three states with S, = —1/2, and three with S, = +1/2.
Either of these subspaces can be considerd for encoding. Note that the
exchange Hamiltonian alone does not distinguish between the two spin po-
larizations, leading to the appearance of spin degeneracies in the spectra.
This is detrimental to the performance of our coded qubit, because it allows
to construct the eigenstates of the system in the form of linear combinations
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of the states with S, = —1/2 and S, = 1/2. The application of the mag-
netic field B as described in the first term of the Hamiltonian (1.2) removes
this degeneracy and allows us to focus on one spin subspace only.

In the following we consider the subspace with S, = —1/2. In Ref. [31]
we have shown that in the basis {| [[1),] [T]),] T1]l)} the Hamiltonian
(1.2) takes the form:

B2 Ji2 — Ja3 — Ja1 2.J23 2J31
HCQ = Z 2J53 —J12 — Jog + J31 2J12 . (13)
2J31 2J12 —Ji2 + Jaz — J31

Here we have neglected the global magnetic field, which modifies the energy
of each configuration in the same manner, in this case lowering it by the
Zeeman energy AE; = gupB/2.

The central point of this analysis is the rotation of the three-spin basis

states into the Jacobi basis: |A) = %ﬂ WD =1110), |IB) = \/Lg(| D)
+1 111 =20 111)), and [C) = (| LI1) + | J11) +] T11)) . Tn this new
basis the Heisenberg Hamiltonian takes the form:
—Jav — (J23 = Jaw) %(le — J31) 0
%(Jl? - J31) _Jav + (J23 — Jav) 0 R (14)
0 0 Jav

3h?
where Ju, = (J12 + Jos + J13)/3 is the average exchange constant. We
see that the state |C') is decoupled from the other two basis states. This
occurs because this state is an eigenstate of the total spin described by the
quantum numbers (S, S,) = (3/2,—1/2), while the other two states have
(S,S,) = (1/2,—1/2). Therefore we encode the coded qubit state |01) as
the state |A), and the coded qubit state |11) as the state |B).

The form of the Hamiltonian (1.4) allows to determine the steps that
need to be taken to perform any rotation of the coded qubit. Specifically, if
all exchange constants are equal, the two states |A) and |B) are degenerate
and both assume the energy —3h%J,,/4. Detuning the exchange constant
Jog from J,, leads to the splitting of the two energies, however without mix-
ing of the two states (the offdiagonal elements remain zero). This situation
is analogous to that appearing for a single spin in an external magnetic field
B= [0,0, B], and therefore by manipulating the exchange constant Jo3 we
perform the o, operation on our coded qubit.

On the other hand, by setting Jio2 # J31 but choosing Jog = Ju, we
introduce the offdiagonal matrix elements mixing the configurations |0y,)
and |11). This case is analogous to that of a single spin in an external
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magnetic field B = [B,0,0], and therefore leads to the o, rotation of our
coded qubit. Note that the above two quantum operations are controlled
by differences of the pairwise exchange constants rather than their absolute
values. Therefore, to perform them it is sufficient to detune our three-
spin system from the symmetric arrangement Jio = Jog = J31, while still
maintaining finite values of the exchange parameters.

Let us now demonstrate that using these two operations we can prepare
the state of our coded qubit in the form of any linear combination |¥) =
a|0L) + B|1L) of its basis states. We start with the o, operation and
denote the 2 x 2 Hamiltonian describing it by Hgx. This Hamiltonian
can be easily diagonalized in the basis of our coded qubit configurations,
giving the ground state |—) = %(|0L> — |11)) with the energy E_ =
—3h2Jup/4 — AEgx, and the excited state |+) = %(|OL) + |1L)) with
the energy F_ = —3h%J,,/4 + AEgsx. Here we assumed that AEgx =
V3R (Jia — J31)/4 > 0, ie., Jiz > J31. The time evolution of the qubit
state driven by the H sx operator can then be written as:

|W(t)) = exp (—%ﬁsxt) [0L) = cos(Q,t)[0L) — isin(Qt)|1n),  (1.5)

with , = AFEgsx/h. In the above equation we assumed that the initial
state of the coded qubit [¥(t = 0)) = [0) = %ﬂ—) +|4+)).

From the above time evolution we see that we can indeed perform a
rotation of our qubit on a time scale defined by the parameter €2,. However,
the o, rotation imposes a phase constraint between the coefficients o and
(: if one is real, the other one must be imaginary. To remove this constraint
we need to apply the o, operation. To demonstrate this let us assume that
we have carried out the time evolution as defined above for the time tq
such that Q.,tg = 7/4. This leads to the state of the qubit in the form
[T (to)) = %(|0L> —4|1)). If we now turn the o, rotation off and apply the

0, rotation, using —i = i3m/2

1
V2
with Q, = 3h(Ja3—J4w)/4. Thus, the o, operation can be seen as a means of
tuning the phase of the coefficient 3 independently of that of the coefficient
«. As a result, we can prepare our qubit in any state |¥) = «|0L) + 3|1L)
by an appropriate superposition of the two rotation operators.

DiVincenzo and co-workers [9] also demonstrate the two-qubit opera-
tions implemented with logical qubits. Coupling between the logical qubits

we get:

(U (to + 1)) = —= [|0L) + exp(i3m/2) exp (—i20%t) [1)], (1.6
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A and B can be induced simply by coupling the individual spins of the two
physical qubits found at the boundary, as shown in Fig. 1.2, however more
complicated topologies are possible. In particular, the Authors present an
implementation of the CNOT gate, whose application influences the state
of the second logical qubit depending on the state of the first qubit: if the
first qubit is in the state |0z), the second qubit is not altered, while if the
first qubit is in the state |1.), the second qubit is flipped. The gate is
implemented as a series of 19 operations involving only neighboring pairs
of spins.

As we have shown, the three exchange-coupled spins is the simplest sys-
tem that can be treated as the voltage-controlled coded qubit. However, it
is also possible to encode the logical qubit states in systems composed of
more spins. Bacon and co-workers [32] have shown that such an encoding
can be carried out on the states from the S, = 0 subspace of four spins.
Apart from the possibility of exchange-driven single- and two-qubit opera-
tions, such system also provides an improved immunity to the decoherence
effects caused by the environment.

1.3. Two-spin Coded Qubit

1.3.1. Principles of encoding and manipulating the two-spin
qubit

In the previous section we have demonstrated that it is possible to construct
a coded qubit with a complete set of quantum operations accomplished by
controlled exchange interactions. However, this flexibility and universality
of the qubit comes at a price of increased structural complexity. In the
following we shall describe a less robust, but simpler coded qubit design,
which involves a gated lateral double quantum dot device.

The states of this coded qubit are encoded as configurations of two
coupled spins. This design, put forward by Levy [33], is defined by the
following Hamiltonian:

ﬁgs = %B(ngZ(l) + 9252(2)) + J12§1§2. (17)

Each of the spins is localized in a different local environment, characterized
by Landé factors g; # go. In contrast to the qubit design based on the
single spin defined by the Hamiltonian (1.1), these factors are static, i.e.,
not tunable. The system is placed in a uniform, global magnetic field
B =10,0,B].
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The qubit states are encoded in two-spin configurations as [0r) = | |T)
and 1) = | 7]). In the basis of these two states the Hamiltonian (1.7) can
be written in the following matrix form:

—suBB(g1 — g2) — $h* 12 1h2 1o

IA{ =
25 1R 1o +3u8B(g1 — g2) — $h? 12

(1.8)

The general form of the above Hamiltonian is similar to that of the
three-spin coded qubit presented in Eq. (1.4). However, its matrix elements
are controlled in a different manner. The o, rotation is carried out by the
magnetic field-dependent diagonal term rather than by the exchange inter-
actions. The characteristic time scale of the time evolution associated with
this operation is set by the magnitude of the field and the asymmetry of the
Landé factors of the two spins. The exchange interaction term appearing
as the offdiagonal element is responsible for the o, rotation. However, the
time scale of this rotation is defined by the magnitude of the parameter Jio
rather than the detuning of exchange parameters, as was the case for the
three-spin qubit. This means that in order to turn the o, rotation off we
have to bring the exchange interaction parameter to zero.

The two-qubit operations involving the coded qubits are carried out by
exchange operators connecting pairs of spins, each of which belongs to a
different qubit. Such operations, however, drive the two-qubit system out
of the four-dimensional computational space spanned by the coded qubit
states. To see this, let us prepare our two-qubit state as [07)1|0L)2 = | [ T)1
| 11)2. If we apply the exchange operator Hyy = J23§2§3, connecting
the second and third spin, that is the neighboring edge spins of the two
qubits, the state will eventually evolve to a configuration | [])1| T7)2. As
we can see, although the system did not acquire a net spin, each coded
qubit became spin-polarized. However, Levy [33] demonstrated that by
carefully designing the two-qubit operations one can still coherently drive
the two-qubit system, and, for example, create entanglement between the
coded qubits.

1.3.2. Implementation of the two-spin coded qubit

The two electronic spins necessary to construct the coded qubit can be lo-
calized and coupled in the double dot device, forming a diatomic artificial
molecule. Such system has been demonstrated by several groups [34-39).
Here we will briefly describe the lateral gated device fabricated at the In-
stitute for Microstructural Sciences, NRC Canada [40]. In this system, the
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V, (V)

Fig. 1.3. Charging diagram of the double dot device as a function of the voltage V7 and
V5 on the gates 1 and 2 measured using the charge detection spectroscopy. Inset shows
an SEM image of the layout of gates defining the device [40].

double-dot electrostatic confinement was created by the arrangement of
metalic gates shown in the inset to Fig. 1.3. The number and distribution
of confined electrons is monitored using the charge-detection spectroscopy,
as introduced in single-dot measurements by Field and co-workers [41]. This
technique takes advantage of the nonlinear current-voltage characteristics of
the quantum point contact (QPC) built on the left-hand side of the device.
Small changes of the QPC voltage are translated into large modulation of
the QPC current Igpc. Such changes occur whenever an extra electron
enters the device, or is transferred from one dot to another. Therefore, by
measuring the current Igpc as a function of the gate voltages V7 and V5 we
can map out the stability diagram of the double-dot device. The addition
spectrum of the device measured as a function of V; and V5 is shown in
Fig. 1.3 [40, 42]. Here each charge addition or redistribution is rendered
as a line. In this characteristic honeycomb pattern the regions between
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the addition lines correspond to constant numbers (N5, Ngr) of electrons
on each dot. The double-spin coded qubit is realized with two confined
electrons in the configuration (Np, Ng) = (1,1). However, the addition
diagram also contains the two-electron configurations with both electrons
on the same dot. These configurations mix with the singly-occupied state,
leading to distortions in the operation of the coded qubit. They have to
be included in the detailed analysis of the properties of the double-dot
molecule [43-45].

Coherent manipulations of the system of two electrons confined in the
double dot were carried out by Petta and co-workers [39]. The device used
in this experiment, similar to that shown in Fig. 1.3, did not implement
the g-factor anizotropy. Coherent manipulation of the system was carried
out by adjusting the voltage difference V5 — V3. As we shall demonstrate,
control of this voltage difference translated into electrostatic control of the
effective exchange interaction between the two spins.

A good qualitative understanding of the system can be obtained within
the Hubbard approach. We assume that each of the two dots is a Hubbard
site with one spin-degenerate electronic orbital with energy F; (i = 1,2).
The two orbitals form an orthogonal single-particle basis. Let us denote
the creation (annihilation) operator of an electron with spin o (up or down)
on site i by ¢ (cir). Then the Hubbard Hamiltonian for our double dot
attains the form:

2 2

N E
Hpp = Z Z Einis + TZ Z(Tm —nyp) — Z t12(cf a0 + ¢ c10)
i=1 o i=1 -
2
+ Vizoroo + ) Uinipnay. (1.9)
i=1

Here n;, = c;t,cio is the number operator for the site ¢ and spin o, and g; =
nit +n;; measures the total electron number on the site . Moreover, £z =
gupB is the Zeeman energy and t15 > 0 is the tunneling matrix element
responsible for the hybridization of single-dot orbitals. The parameter U;
describes the Coulomb repulsion between the electrons on the same site 1,
while V15 measures the Coulomb repulsion between electrons on different
sites. Note that with a single spin-degenerate orbital per site we can analyze
the double-dot system charged with up to four electrons.

The analysis of the system defined by the Hamiltonian (1.9) applied
to the double-dot lateral gated quantum dot device was presented by our
group in Ref. [43]. Here we shall summarize its most important results. Let
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us start by considering one electron with spin down confined in the double
dot potential and at zero magnetic field. Here the electron can be placed
can be placed in dot 1, forming a configuration |1) = cfl|0>, or in dot 2,
forming a configuration |2) = c;l |0). In this case the only relevant terms of
the Hamiltonian Hpp are the first term, introducing onsite orbital energies,
and the third term, providing a tunnel coupling between configurations. In
the basis {|1),]2)} this Hamiltonian takes the matrix form

e _ [ E, —t12}
Hpp = —~tia B |’
By diagonalizing the above matrix we obtain the double-dot molecular
single-particle energies - bonding EB and antibonding Esp in the form
Ep.ap = %(El +E))F L \/ Fi — 24 47522 In the absence of the tunnel
coupling, i.e., at t;5 = 07 the two dots are independent, and these energies
are simply equal to the lower and the higher of the two energies (Eq, F»),
respectively. On the other hand, a finite interdot tunneling leads to the
formation of molecular orbitals in the form of linear combinations of states
|1) and |2). This molecular character is strongest for the system close to
resonance, i.e., when F; = Fs. Then the ground state energy Fp = E1 —t12
corresponds to the symmetric bonding molecular orbital |B) = % (11)+]2)),
and the energy of the excited state Eap = E; + t12 corresponds to the an-
tisymmetric antibonding molecular orbital |[AB) = %(|1> —12)). The two
energies are separated by a gap of 2¢15, i.e., proportional to the tunneling
matrix element. As we detune the two dots, we still deal with molecular
orbitals, although with asymmetric contributions of each configuration.
Let us now add the second electron to the system in such a way that
we deal with a spin-polarized triplet configuration (both spins down). Due

(1.10)

to the Pauli principle we can generate only one such configuration, |T_) =
c;lcﬂ |0), with energy Er— = E1+ Fo— Ez+ V2. The other spin-polarized
configuration, [T4) = cg}c;} |0), contains both electrons spin up. Its energy,
Ery = E1 4+ Es 4+ Ez 4 Vio, is renormalized by the positive Zeeman term.

However, if we take the two electrons with antiparallel bpinb we can
distribute them in four ways. Two configurations, |a) = czTc1 l|0> and
|b) = cchz l|0> involve single occupancy of the dots. In the remaining
two states, |¢) = Cchll|0> and |d) = C2TC21|0> the two electrons form a
spin-singlet pair on one of the dots. Further, we can rotate the two singly-
occupied configurations into eigenstates of total spin. One of these states
is the unpolarized spin triplet, |Tp) = i(|a> — b)), with the energy Frg =

E4+ E5+ V19, while the other state is a spin singlet |S) = \/— (la)+10)). The
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singlet states |.S), |¢), and |d) are coupled by the tunneling matrix elements,
and therefore in order to find the singlet energy levels of the system we need
to form a Hamiltonian matrix in the basis of these configurations. We have

X Ey+ Ex+Via —V2t1a —V2t2
Hpp = —V2tis  2E1+ U7 —V2tn |- (1.11)
—V/2t12 —V2t1y 2By + Uy

Note that the energies of the unpolarized triplet |7p) and the singly-
occupied singlet configuration |S) are equal. However, coupling with
the doubly-occupied configurations additionally lowers the singlet energy.
Indeed, assuming that we deal with identical dots on resonance, i.e.,
Fy = E5s = F and U; = Us = U, and in the weak coupling regime
(t12 < U —Vi2), the energy of the lowest singlet state can be approximated
as Bg ~ 2E+Vi5—4t3,/(U — Vi2). It is renormalized by the superexchange
correction proportional to the square of the tunneling element. As a result,
in the absence of the magnetic field the ground state of our two-electron
double-dot molecule is a spin singlet.

Petta and co-workers [39] manipulated their two-electron double-dot
device by adjusting the onsite energy Fs relative to the energy E; from
a large detuning, E; > FEs to the resonance condition (E; = E;). This
tuning was accomplished electrostatically by means of gate voltages. Also,
in order to separate the three triplets with different spin polarization, the
system was placed in a constant, uniform magnetic field. In Fig. 1.4 (a) we
show the energies of the three triplets and the lowest-energy singlet state as
a function of the detuning € = E; — E», treating Fo as the reference energy.
We calculate these energies with model Hubbard parameters ¢t12 = 0.1,
Uy = Us = 2, and Vi3 = 1, representing typical energy relations in our
system. Also, for better visibility, we apply a very large Zeeman energy of
Ez = 0.5. As we can see, the energies of each triplet change linearly with
the detuning. This is due to the fact that for each spin polarization the
triplet is realized by only one, singly occupied configuration, whose energy
depends linearly on F;. Additionally, the three triplets are split by the
Zeeman energy.

In contrast, the energy of the singlet changes nonlinearly with the de-
tuning. To understand this, let us first consider € = 0, i.e., the case of two
dots near resonance. Here the lowest-energy singlet configuration is |S), be-
cause its energy is renormalized by a smaller, interdot Coulomb term V. On
the other hand, the electrons in doubly-occupied configurations |c) and |d),
repel more strongly, and therefore these configurations are higher in energy.
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As a result, the lowest singlet state contains only small admixtures of the
doubly-occupied configurations. The gap between the triplet |Tj) and the
lowest singlet is due only to the superexchange correction 4t3,/(U — Vi2).
However, as we increase the detuning, the increase of the onsite energy
characteristic for the singly-occupied configurations begins to compensate
the excess Coulomb energy of the configuration |d). As a result, the lowest
singlet evolves from a predominantly singly-occupied to a predominantly
doubly-occupied configuration. At very large detunings the singlet energy
saturates, because the dominant configuration |d) with two electrons on dot
2 is insensitive to the shifts of the onsite energy of dot 1.

Let us now recast the behavior of this system into the language of the
quantum-computing Hamiltonian (1.7). In section 1.3.1 we have defined the
two-spin computational space in terms of the basis configurations | |T) and
| T1). Here, however, it is more convenient to encode the coded qubit states
as the linear combinations of these two-spin configurations: the spin singlet
|S) = %ﬂ 1T = | 11)) with energy Es = —3h%J12/4 and the unpolarized
spin triplet |Tp) = %ﬂ 1)+ | 11)) with energy Epg = +h%Ji2/4. In
the absence of g-factor anizotropy these states are eigenstates of the two-
spin Heisenberg Hamiltonian (1.7), and are separated by the energy gap
h2J12. In the implementation of the coded qubit we identify the spin triplet
state as our singly-occupied configuration |Tj), and the spin singlet state
as the lowest eigenstate of the Hamiltonian (1.11). Hence, the value of
the effective exchange constant J is found by calculating the energy gap
between these states. In Fig. 1.4(b) we plot this gap as a function of the
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Fig. 1.4. (a) Energies of the three triplet states and the lowest-energy singlet state of
two electrons on a double-dot gated lateral device, measured as a function of detuning
€ between the onsite dot energies. (b) The exchange parameter A2.J as a function of the
detuning calculated as the width of the energy gap between the singlet and unpolarized
triplet states.
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detuning €. As we can see, we are able to tune the exchange constant
entirely by electrostatic means. Note that this ability is brought about
by the doubly-occupied configurations mixed into in the singlet eigenstate.
Although they play a key role in our coded qubit, these admixtures do not
belong to the computational space defined by the configurations |a) and
|b), and therefore are a source of computational error.

Petta and co-workers [39] manipulated the coded qubit in the following
manner. First, they applied a large detuning to the two confined elec-
trons, placing the system at the right-hand edge of Fig. 1.4(a). Here the
ground state of the system is the spin singlet configuration composed pre-
dominantly of the configuration |d), i.e., both electrons are placed on dot 2
forming a singlet pair. Next, the detuning € was tuned to zero. Assuming
that this manipulation is accomplished adiabatically, and that there are no
decoherence mechanisms outside of the Hamiltonian (1.9), the state of the
molecule should evolve to a “separated singlet” configuration, i.e., one with
the dominant contribution of the singly-occupied singlet |.S). The system is
then held in this configuration for time 7, after which the detuning is again
increased. If this is done adiabatically as well, the ideal system should re-
turn to the starting configuration |d). We can measure the fidelity of this
operation by measuring the charge density in the dot 2. The perfect fidelity
of the system is confirmed when after the two steps we always recover the
charge of 2e, irrespectively of the length of time 7.

However, Petta and co-workers found that the fidelity decreased with
the increase of 7, and the random magnetic field caused by the nuclear
spins of atoms composing the sample was identified as the source of this
decoherence. The amplitude of this field, AB,yue ~ 1 — 5 mT, defined an
energy scale AFE,,. which was small compared to the Zeeman energy, but
large compared to the exchange splitting h2.J(e ~ 0) close to resonance,
and this is why it mixed only spin-unpolarized configurations. In the basis
{|70),|S)} we can model this hyperfine coupling with the Hamiltonian

- [ hJ(g) AEMC]
with the energy of the singlet taken as the reference level. In the context
of the two-spin coded qubit Hamiltonian (1.7) the nuclear hyperfine field
can be viewed as an asymmetry of the system analogous to the difference
in local g factors of the two quantum dots. Therefore, the random nuclear
field leads to a rotation of the coded qubit.
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Note that this rotation cannot be turned off due to the built-in character
of the nuclear field. Let us assume that in our system the hyperfine coupling
is coherent, and that at zero detuning the exchange gap is negligible. If
we prepare our coded qubit state |¥(¢t = 0)) in the “separated singlet”
configuration, the nuclear field will lead to its time evolution in the form

[T (1)) = cos(Qnuct)]S) — isin(Qpuct)|To),

with the characteristic frequency Qpnue = AEpu/fi. In the above coherent
evolution the state periodically returns to the singlet configuration. There-
fore, in the projection experiment described above the charge on dot 2
measured as a function of the delay time 7 should oscillate with a period
set by the magnitude of the nuclear field.

However, Petta and co-workers found that the measured probabilities
decayed without oscillations. This behavior indicated that the nuclear field
coupled the separated singlet and triplet states in an incoherent manner.
The impact of the decoherence mechanism could, however, be minimized
by using the spin echo error correction scheme. Using this technique it was
possible to demonstrate the Rabi oscillations of the coded qubit indicating
coherent qubit operations.

The effects of the hyperfine coupling can be eliminated by adjusting
the exchange gap so that it becomes larger than the energy AF,,.. In
this process, however, the qubit needs to remain close to zero detuning in
order to minimize the admixture of doubly-occupied configurations, whose
presence leads to computational errors. Since the superexchange coupling
separating the singlet and triplet on resonance is proportional to t2,, the
suppression of decoherence can be accomplished by increasing the tunnel
coupling between dots. This scheme was demonstrated by Koppens and
co-workers [38], who manipulated the magnitude of the element ¢ electro-
statically by adjusting the voltage on gates defining the lateral double dot
device.

The next technological step, involving a demonstration of a network
of coupled two-spin coded qubits, still awaits demonstration. As we have
mentioned in section 1.3.1, the coupling between neighboring qubits can be
realized by tuning the exchange interactions between the edge spins. How-
ever, the two-qubit operations could also be realized by taking advantage of
the mixing of the separated singlet with the doubly-occupied configurations.
As described by Taylor and co-workers [46], this scheme would involve de-
tuning one of the coded qubits from the € = 0 configuration. If the state of
our qubit is a singlet, such a detuning will increase the contribution of the
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appropriate doubly-occupied configuration. At this point the charge den-
sity in the two dots constituting the qubit is no longer equal, and a charge
dipole is formed. This does not take place if the qubit is in the triplet state.
Taylor and co-workers show that the neighboring qubits can be coherently
coupled via this spin-selective charge dipole.

1.4. Implementation of the Three-Spin Coded Qubit

Let us now summarize the progress made towards the realization of the
voltage-controlled coded qubit formed with three electronic spins. To con-
struct such a system we need to confine three electrons in a gated lateral
triple dot device. In the inset to Fig. 1.5 we show a schematic picture of
the triple dot created in our group superimposed on an SEM image of the
gates generating it [47]. The same gate layout was used earlier to define
the confinement of the double dot. However, in this case the stability dia-
gram measured as a function of V3 g and Vs and shown in the main panel
of Fig. 1.5, exhibits three sets of addition lines, of which two have similar
slopes. These two lines mark the voltages at which an electron is added
to dot A or B, respectively, because they exhibit a greater sensitivity to
the voltage V1 p. The third set of lines is almost vertical, indicating greater

Fig. 1.5. Charging diagram of the lateral triple dot device. Inset shows an SEM image
of the gate layout and the schematic positions of the three dots [47].
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sensitivity to the voltage V5p, and thus marking the addition events involv-
ing dot C. This triangular arrangement of dots results most likely from a
mesoscopic fluctuation (an impurity) modifying the electrostatic confine-
ment on the left-hand side of the device.

The three sets of addition lines appearing in Fig. 1.5 define stability
regions with characteristic distribution of electrons (N7, No, N3), with N;
being the number of electrons in the ith dot. As we can see, in this ex-
periment it was possible to empty the system completely (the configuration
(0,0,0) in the lower left-hand corner), and then fill it controllably with elec-
trons to achieve the configuration (1,1,1), i.e., with one electron in each
dot. This is the operational regime of our three-spin coded qubit.

Before we can realize the coded qubit, we have to demonstrate that we
can control the state of the three confined electrons in a coherent manner.
This is yet to be achieved, however Gaudreau and co-workers [47] have
demonstrated a great deal of control over the properties of the system by
tuning the voltages on the gates defining the structure. In particular, a
formation of the triple-dot molecule was achieved by bringing the three
dots into simultaneous resonance.

Let us now turn to the mapping of the properties of the proposed triple-
dot gated lateral device with three electrons onto those of the coded qubit
based on three spins [30]. The layout of the model triple-dot system is
shown in Fig. 1.6(a). Here, the gray rectangular gate, containing three
circular openings, is responsible for creating the triple-dot confinement.
The openings, placed in the corners of an equilateral triangle, translate
into minima of the electrostatic confinement of electrons. The remaining
gates are used to tune the properties of the system. The red gate influences
the potential of dots 2 and 3, and so its action is analogous to that of the
gate Vip in Fig. 1.5. Similarly, the green gate is equivalent to the gate
Vs and controls the potential of dot 1. Finally, the blue gate can be
used to tune the tunneling barrier between dots 1 and 3, just as the gate
M, defining the tunneling between the dot B and C in the experimental
setup.

In Ref. [48] we have shown that the properties of our system can be
understood qualitatively in the frame of the three-site Hubbard model,
whose Hamiltonian takes the form:

3 3 3 3

A 1

Hsop = E Eini, — | E ‘ fzjc:f,cj'g—k E Uinilnﬁ‘f'g N E . ‘V;jQin-
o,i=1 0,1,J=1,i#]j i=1 i,j=1,i#]

(1.13)
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Fig. 1.6. (a) Cross-sectional view of the model triple-dot lateral gated device.
Schematic representation of the system described by the Hubbard parameters [48].

In the above formula we have used the notation analogous to that of the
two-site Hamiltonian (1.9). Additionally, the above Hamiltonian is char-
acterized by the energy levels of the i-th quantum dot E;, the tunneling
matrix elements ¢;; between dots ¢ and j, the on-site Hubbard repulsion Uj,
and the direct Coulomb matrix elements V;; between dots ¢ and j. These

Hubbard parameters are schematically shown in Fig. 1.6(b).
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Let us first describe the formation of triple-dot molecular states by con-
fining a single electron in our system. In this case it is convenient to assume
the basis of non-overlapping orbitals {|1),|2),|3)}, where |i) = c:rl|0> and
|0) denotes the vacuum. In this basis the diagonal Hamiltonian matrix ele-
ments are (i| Hzgp|i) = E; and the off-diagonal elements (i| Hzgplj) = —ti;.
In general, we diagonalize this 3 x 3 matrix numerically to obtain quantum
molecular orbitals and corresponding energies. However, with the three
dots on resonance, i.e., with By = Fy = F3 = E and t15 = tog = t13 = t,
the calculation can be carried out analytically. For the typical caset > 0 we
obtain the nondegenerate ground state with energy F4 = F — 2t, and the
doubly-degenerate excited state with energy Fp = Ec = F +t. The corre-
sponding molecular orbitals can be written as |[M4) = \% (11) +12) + 13)),
|Mp) = % (|1) — |2)) and |M¢) = % (11) +12) — 2-3)). The states |Mp)
and |M¢) were chosen to be symmetric with respect to a mirror plane pass-
ing through the dot 1 and intersecting the (2 — 3) base of the triangle at
its midpoint. However, due to the degeneracy of the two levels, any pair of
orthogonal states created as linear combinations of |Mp) and |M¢) will be
viable as eigenstates. The degeneracy of the excited states is a direct conse-
quence of the symmetry of the triangular molecule. Changing its topology,
e.g., by increasing the tunneling barrier between dots 1 and 3, will remove
the degeneracy. In the limit of an infinite barrier, i.e., t;3 = 0, we deal with
a linear triple-dot molecule, whose single-particle energy spectrum consists
of three equally spaced levels: (E — v/2t, E, E + +/2t). Thus, the triangu-
lar triple dot design makes it possible to engineer the degeneracy of states
solely by electrostatic means, a property critical for our coded qubit design.

Let us now populate our triple dot with three electrons such that two of
them have spin down, and one has spin up. This choice is dictated by the
degree of polarization of the three spins necessary to form a coded qubit.
For the system on resonance we expect that two of these electrons will form
a spin-singlet pair on the lowest single-particle molecular state |M ), while
the third electron will be placed on the excited state. Due to the double
degeneracy of that excited molecular orbital we expect that the ground
state of the three-electron system will also be doubly degenerate. This is
precisely what we found in section 1.2 for the three-spin system, in which the
resonance condition was realized for all exchange parameters being equal.
Any breaking of the triangular symmetry results in the removal of the
degeneracy of the excited molecular state, which is expected to translate
into a splitting of the two lowest three-electron states.



24 M. Korkusinski and P. Hawrylak

%’Oglg ‘?4:1 ‘%gg

3 3

Fig. 1.7. Configurations of the three-electron system with S, = —1/2 with the spin-up
electron occupying dot 1 [48].

In a more quantitative analysis we enumerate all possible configura-
tions of the three electrons with S, = 1/2 on the three Hubbard sites.
The sole spin-up electron can be placed on any orbital, and with each
specific placement the remaining two spin-down electrons can be dis-
tributed in three ways. For example, Fig. 1.7 shows the three configu-
rations with the spin-up electron occupying the dot 1. Thus, altogether
we can generate nine different configurations. Three of these configura-
tions involve single occupancy of the orbitals. They can be written as
la) = c;flc;lc;m), |b) = cﬁcgrlc;m), and |c) = czcﬁc;ﬁm). These configu-
rations are identified with the three-spin basis considered in section 1.2 for
the coded qubit. The remaining six configurations involve doubly-occupied
orbitals. They are |d) = czcﬁc;m), le) = c;flcﬁcfHO% lf) = cglc;lcémo%
lg) = cﬁczc;m), |h) = cﬁcgrlcg}|0>, l7) = czcgrlc;rHO). In the basis of
these nine configurations we construct the Hamiltonian matrix by divid-
ing 9 configurations into three groups, each containing one of the singly-
occupied configurations |a), |b), and |c). By labeling each group with the
index of the spin-up electron, the Hamiltonian takes the form of a 3 x 3
matrix:

et
Hypp = 7;;5 Hy Ty | (1.14)

T31 Tg'g Hs

The diagonal matrix, e.g.,

2F1 + Eo +2Via + Uy t23 —t13
i — 123 2FE1 + B3 +2Vi3 + Uy t12
! Ei+ E; + Es
—t13 t12

+Vig + Vig + Va3
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describes the interaction of three configurations which contain spin-up elec-
tron on site 1, i.e., two doubly-occupied configurations |d) and |e), and a
singly-occupied configuration |a) (in this order). The configurations with
double occupancy acquire the diagonal interaction term U. The three con-
figurations involve a pair of spin-polarized electrons (spin triplet) moving
on a triangular plaquette in the presence of a “spectator” spin-up elec-
tron. The remaining matrices corresponding to spin-up electrons localized
on sites 2 and 3 can be constructed in a similar fashion. The interaction
between them is given in terms of effective hopping matrix

0 —t; O
T;; = 0 0 —ty
+t;; 0 0

There is no direct interaction between the configurations with single occu-
pancy, since such scattering process would have to involve two electrons,
one with spin up and one with spin down. This cannot be accomplished
by the single-particle tunneling. These states are coupled only indirectly,
involving the configurations with double occupancy.

Before we move on to describe the coded qubit operations on our sys-
tem, we first need to parametrize the Hubbard Hamiltonian. We do so by
mapping its single-electron and three-electron spectra onto those obtained
with more microscopic methods. One of such methods, a real-space (RSP)
approach presented in Ref. [30], involves numerical diagonalization of a
discretized single-particle Hamiltonian. In the following we shall use the ef-
fective Rydberg, 1R = m*e*/2¢2h?, as the unit of energy, and the effective
Bohr radius, lap = €h?/m*e?, as the unit of length, with e and m* being
the electronic charge and effective mass, respectively, and € being the di-
electric constant of the material. For GaAs parameters, m* = 0.067mq and
€ =124, we have 1R = 5.93 meV and lap = 9.79 nm. In these units, we
take the main gray gate to be a square with the side length of 22.4a. The
diameter of each circular opening is 4.2a g, the distance between the centers
of each pair of the holes is 4.85ap. The gate is positioned 14ap above the
two-dimensional electron gas and a voltage of —|e|V = 10R is applied to it
to create the symmetric triangular triple quantum dot. By comparing the
spectra of the discretized RSP Hamiltonian and the Hubbard model for one
confined electron we find that for the system on resonance the tunneling
matrix elements t15 = t13 = to3 = —0.0636R. With the single-particle
orbitals and their energies obtained in the RSP calculation, in the next
step we consider a system of three confined electrons. To this end we use
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the configuration interaction approach (CI), in which we create all possible
configurations of our electrons on nine lowest molecular orbitals. The con-
figurations are coupled by the Coulomb scattering matrix elements, which
we also calculate numerically. In the basis of these configurations we write
the Hamiltonian of our interacting system and diagonalize it numerically.
By comparing the Hubbard and the RSP-CI spectra for the sysytem on
resonance we find the Hubbard interaction parameters V = 0.479R and
U =1.539R.

This parametrization allows us to examine how the system can be ma-
nipulated by adjusting the voltage on the gates. Let us start with the
voltage Vi3, applied to the gate shown in Fig. 1.6 in blue. As we make this
voltage more negative, we suppress the tunneling ¢13 between the dots 1
and 3, assuming that all other Hubbard parameters remain unchanged. In
Fig. 1.8 we present the spectra of the three electrons calculated in the RSP-
CI (a) and the Hubbard approach (b), in each case treating the ground state
energy as the reference level. Let us start our description of these spectra
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Fig. 1.8. (a) Three-electron energy levels calculated using the RSP-CI approach as a
function of the gate voltage GVi3 controlling the tunneling between dots 1 and 3. (b)
A similar spectrum calculated in the Hubbard model as a function of the tunneling

parameter t13. Insets show the magnification of the low-energy segment of the spectra
[48].

by analyzing the properties of the system on resonance. In both cases we
find that the spectra are composed of two parts. We have three low-lying
states, built primarily out of the singly-occupied configurations |a}, |b), and
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|c). The higher-lying states, on the other hand, are built primarily of the
doubly-occupied configurations. Their energy is thus renormalized by the
onsite Hubbard parameter U, which accounts for the gap separating the
two segments of the spectrum.

Let us now look at the low-energy segments of Fig. 1.8(a), (b), mag-
nified in the insets to both graphs. For the system on resonance this
spectrum consists of a doubly-degenerate ground state with total spin
S = 1/2 (drawn in black) and a nondegenerate excited state with to-
tal spin S = 3/2 (drawn in red). We can map this spectrum onto
that of the three-spin coded qubit, calculated using the Hamiltonian
(1.4), which allows us to identify our coded qubit states as |0p) =
aoz5(la) — b)) + BolAo) and |1z) = argz(la) + [b) — 2]c)) + i A).
Here |Ap), |A1) are contributions of the doubly-occupied configura-
tions. Note that, similarly to the two-spin coded qubit, the admixture
of the doubly-occupied configurations is crucial for the coded qubit, as
the resulting energy gap separates the low-spin states from the high-
spin one. On the other hand, the additional terms do not belong to
our computational space, and therefore may lead to computational er-
Trors.

As we make the voltage Vi3 more negative (or equivalently, decrease
the tunneling element t13), we see that the two coded qubit levels split.
This behavior can be reproduced with the exchange Hamiltonian (1.4) by
assuming the parameters Ji2 = Jo3 = J to be constant, and decreasing the
magnitude of the parameter Jy3. As a result, both diagonal and offdiag-
onal elements of the exchange Hamiltonian change, and therefore we deal
here with a superposition of the o, and o, rotations. The 2 x 2 part of
that Hamiltonian can be readily diagonalized, giving the energy splitting
between the two levels in the form AEy3 = h?(J — Ji3). As the parameter
J13 is tuned to zero, the gap approaches the value A2.J. By measuring this
gap in the asymptotic limit we can establish the effective parameter J, by
which we find a direct contact between our microscopic calculation and the
Heisenberg three-spin model.

The second coded qubit rotation is carried out by tuning the voltage on
the green gate. We assume that by doing so we renormalize the potential of
the dot 1 without perturbing the dots 2 and 3. We have considered this case
in Ref. [31] using an alternative microscopic approach based on the linear
combination of atomic orbitals (LCAQ). In this treatment we approximate
the numerical triple-dot lateral confinement, obtained as a solution of the
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Poisson equation, with a sum of three Gaussians:

3 2 2
Viz,y) =-S5 V@ ex k) ‘;(y_yi) . (1.15)
=B (e gtemal)

The pairs (z;,y;) are coordinates of the center of each dot. In order to
emphasize the evolution of the spectra under bias, we take the system pa-
rameters to be slightly different than those used up to now: for the resonant
case we assume Vo(l) = VO(Q) = VO(?’) = 10R, di = ds = d3 = 2.3ap and
the distances between dot centers of 4ap. We seek the quantum-molecular
single-particle states in the form of linear combinations of single-dot or-
bitals localized on each dot. To simplify the calculations, we take these or-
bitals to be harmonic-oscillator (HO) wave functions of a two-dimensional
parabolic potential, obtained by extracting the second-order component
from each Gaussian. We take one s-type HO orbital per dot, and solve
the generalized single-particle eigenproblem formulated in this nonorthog-
onal basis set. From the resulting spectrum we extract three quantum-
molecular levels: a non-degenerate ground state and a doubly degenerate
excited state, identified as our ground and excited molecular states |M4),
|Mp), and |M¢), respectively. The next step involves the CI calculation
of the three-electron spectra in a manner analogous to that described ear-
lier for the RSP-CI case. We focus specifically on the behavior of the
three lowest three-electron levels as we tune the depth Vo(l) of the dot
1. In Fig. 1.9(a) we plot the energies corresponding to these states as
a function of the bias AV; measured with respect to the depth of the
dot potential at resonance. This bias is expressed in terms of the gap
Aegs = 0.095R appearing in the single-particle quantum molecular spec-
trum. In the Heisenberg model of the three-spin coded qubit we model this
bias by decreasing the exchange parameters Jy2 = Ji3 = J while keeping
the parameter Jogz constant. As a result, the diagonal matrix element of
the Hamiltonian (1.4) are no longer equal, while the offdiagonal terms re-
main zero. Therefore, biasing of the dot 1 leads to the o, rotation of the
coded qubit. Note that in this case the ground state energy of the system
is —3h2Jo3/4, and remains constant under bias. The energy gap separating
it from the first excited state is h?(Jag — J) and increases linearly with
the bias. In Fig. 1.9(b) we plot the two energies together with that of the
state with total spin S = 3/2 as a function of the exchange parameter
J. The very good qualitative agreement between the two approaches con-
firms that by biasing one of the dots we indeed perform the o, coded qubit
rotation.
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Fig. 1.9. (a) Three lowest energy levels of three electrons with S, = —1/2 confined

in the triple quantum dot calculated using the LCHO-CI approach as a function of the
bias on dot 1. Here the ground state energy is used as a reference level. (b) The energy
levels of a three-spin coded qubit as a function of the exchange parameter Ji2 = Ji3 = J
assuming constant parameter Jo3 [31].

We have demonstrated that the behavior of three electrons confined
in a triple-dot gated lateral device can be mapped onto the three-spin
Heisenberg Hamiltonian of a coded qubit. The effects of Coulomb electron-
electron interactions, Fermi statistics and topology of the system can be
translated into the exchange parameters J;;, while tuning the triple-dot con-
finement with voltages translates into selective tuning of these parameters.
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Suppressing the tunneling between two of the dots is equivalent to modify-
ing one of the three parameters, which acts as a combination of the o, and
o, rotations of the coded qubit state. Changing the depth of one of the
dots, on the other hand, modifies two exchage parameters in the same way,
which is equivalent to performing the o, qubit rotation. All the single-qubit
operations are performed by voltage only, and therefore such a coded qubit
does not suffer from the scaling problems inherent in the systems driven by
local magnetic fields.

1.5. Summary

To summarize, we have presented a review of recent progress towards the
realization of coded qubits based on electron spin. We discussed current
approaches utilizing a two-spin system in a double-dot molecule. Further,
we have shown that encoding the qubit states in the two lowest S = 1/2
states of a three-spin system allows to perform single-qubit operations by
controlling the exchange interaction, without the need for local magnetic
field or g-factor engineering. We have also described how the control over
the exchange parameters can be achieved in lateral gated quantum dot
devices by tuning the voltage on the gates defining the system.
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Dot Pairs

Gareth J. Beirne, Michael Jetter, and Peter Michler

Institut fir Halbleiteroptik und Funktionelle Grenzflichen, Universitdit

Stuttgart, Allmandring 3, 70569 Stuttgart, Germany

In this chapter, we investigate the fundamental physical properties of
both on and off resonantly coupled semiconductor quantum dots. The on
resonant case could be potentially used to produce a quantum gate capa-
ble of performing quantum operations, whereas switching to the off res-
onant case could then be used to stop such operations. Lateral symmet-
ric InGaAs quantum dots have been shown to be resonantly coupled via
second-order cross-correlation function micro-photoluminescence mea-
surements and have subsequently been used to study the on resonant
case. Control of the degree of inter-dot electron tunnel coupling and an
anomalous Stark shift of the exciton energies have also been observed
by applying a variable lateral electric field along the coupling axis. On
the other hand, vertical asymmetric InP coupled quantum dots have
been employed to examine the stability of the off resonant situation as
a function of inter-dot barrier distance. With decreasing barrier width
distinct regimes ranging from no tunneling, to electron tunneling, and
finally to electron and hole tunneling have been clearly manifest in time-
integrated and time-resolved micro-photoluminescence experiments. We
propose that this off resonant tunneling occurs via phonon-assisted scat-
tering processes.
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2.1. Introduction

2.1.1. Quantum computing

In principle, a quantum computer is any computing device that makes di-
rect use of characteristically quantum mechanical phenomena, such as en-
tanglement and superposition, to perform operations on data. In a classical
computer, data is handled using bits; in a quantum computer, the data is
handled using quantum bits or qubits for short. A qubit may be realized
using a two-level system which can be represented by an atom or a quantum
dot (QD). Quantum computation relies on the premise that the quantum
properties of particles can be used to represent data, and that quantum
mechanisms can be implemented to execute operations with these data.

For quantum computation to proceed a series of quantum gates, each
composed of a pair of coherently interacting qubits, is needed [1]. The
purpose of the quantum gate is to entangle the two qubits, as the real-
ization of entanglement is the main prerequisite for quantum algorithms
outperforming classical ones.

To date, quantum gates have been realized using a number of ap-
proaches, however, an epitaxially grown semiconductor alternative would
help to enable future systems to be scaled up to large numbers of coher-
ently interacting qubits using well established semiconductor technologies.
Furthermore, subsequent integration into conventional electronic systems
would be made easier. To this end, a number of theoretical studies have
proposed that quantum operations in semiconductors may be performed
using a pair of electronically coupled self-assembled semiconductor QDs as
the basic scalable element [2—4].

2.1.2. Coupled quantum dots

The discrete nature of the electronic structure of quantum dots has led to
their labeling as artificial atoms [5, 6] and the observation of a clear shell
structure has been reported in the literature [7-11]. QDs have a number
of distinct advantages over real atoms, for example, notwithstanding the
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fact that a single QD can be spatially controlled much more easily than a
single atom, the discrete quantum states (electron and hole energy levels)
in QDs can be tuned over a large range of values by simply varying the dot
composition, dimensions, etc.

In an analogous way to atoms, electronically coupled QDs can also in-
teract in ways that are intermediates between the ionic and covalent limits.
The particular interaction may be defined with respect to the degree of elec-
tron delocalization across both dots. If the excited electrons are delocalized
(shared) between the dots, the interaction can be thought of as being anal-
ogous to a covalent bond between two atoms. If, on the other hand, the
electron is localized on one or other of the dots, the situation is analogous
to an ionic bond between two atoms [12]. However, unlike real atoms, that
only exhibit electron tunnel coupling, QDs can exhibit electron, hole, and
even exciton tunnel coupling when the associated levels are energetically in
resonance and the inter-dot separation is small enough.

More specifically, quantum coupling between QDs can occur (1) via a
Coulomb related interaction, such as the dipole-dipole interaction or the
resonant Forster transfer process [13-16], or (2) via a particle tunneling
process, whereby the electron or hole or both can move from one dot to
the other in either a uni-directional or bi-directional manner. Naturally,
the actual coupling process that takes place for a given system of QDs
primarily depends on (1) the individual dot parameters, (2) the similarity
of the dots, and (3) the inter-dot barrier potential properties, such as, the
material band gap and thickness [17].

The greatest hurdle toward realizing the full potential of such quantum
dot molecules (QDMs), however, is the fact that the current fabrication
techniques, for instance, Stranski-Krastanow growth, that are used to pro-
duce the quantum dot constituents still lack the degree of control needed
at the single dot level. As a result the quantum dot molecules produced
to date are intrinsically more asymmetric than desired with the two dots
having somewhat different structural and compositional properties. This
characteristic can either be suppressed or enhanced in order to produce
nominally symmetric QDMs or to produce intentionally asymmetric QDMs,
respectively.

If, however, this process could be significantly improved or if a supe-
rior process is discovered, and quantum dots could be engineered in terms
of both size and position with precision on the quantum level, artificial
molecules and even solids with a vast array of predetermined properties
could be produced [18]. This would free one from the relatively restric-
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tive nature of real atoms that have more or less fixed electronic structures
and would also open up a route towards many new applications, such as
quantum computation.

In this article, we present and discuss the results of optical measure-
ments on both symmetric and asymmetric QDMs. The symmetric QDMs
are comprised of dots that have very similar sizes and consequently have al-
most the same ground state photoluminescence (PL) emission energy within
a range of less than two meV. As expected, such QDMs exhibit inter-dot
electron tunnel coupling when the ground state energy levels of the two
constituent dots are automatically in resonance or when they are brought
into resonance by way of a static electric field. In terms of quantum com-
putation, the latter resonant situation would be required by an operator
that wishes to entangle two qubits in order to perform a quantum opera-
tion. Following this operation, however, the operator would naturally wish
to suppress tunneling to stop the operation. This suppression can also
be achieved by using a static electric field to bring the ground state en-
ergy levels of the two dots out of resonance. Such symmetric QDMs could
therefore act as potential semiconductor quantum gates, as predicted. An
open point still remains, however, namely, how long the off resonant case is
stable as, for example, phonon assisted inter-dot tunneling could occur. In
order to answer this question, we have also examined intentionally asym-
metric QDMs containing two dots with considerably different sizes and
consequently ground state emission energies that are out of resonance by
tens of meVs.

2.2. Micro-photoluminescence Experimental Procedure

The micro-PL measurements were performed on samples that were cooled to
a temperature of 4 K using a liquid helium flow cryostat. The cryostat was
mounted on two nano-positioners in order to scan the laser excitation spot
over the sample without misaligning the excitation and detection optical
beam paths. Movements of less than 50 nm could be reliably achieved. A
95/5 beamsplitter was used to ensure that the PL signal (95% reflected to
the detectors) was collected from the sample position onto which the laser
(5% transmitted to the sample) was focussed using a 100x or 50x long-
working-distance microscope objective. The position and subsequently the
focus of the objective could be optimized in order to obtain a one to two
micron diameter focus. A continuous wave laser providing 10 W of emission
at 532 nm was used to pump a Ti:sapphire laser system that was in turn
used to excite the samples. The Ti:sapphire laser can be operated at any
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wavelength between 700 and 1000 nm and can be run in continuous wave
(cw) or pulsed mode. In the latter case providing a choice of either 120
fs pulses or 2 ps pulses at a repetition rate of 76.2 MHz. The sample PL
was collected using the same objective and sent to a 0.75 m spectrometer
for dispersion prior to detection. PL spectra were then acquired using a
liquid-Na-cooled charge coupled device camera. Single-channel avalanche
photodiode detectors were used to perform photon statistics experiments
in which case two spectrometers were used as monochromators in order
to select the two narrow wavelength ranges to be cross-correlated using a
Hanbury-Brown and Twiss type arrangement [19].

2.3. Symmetric InGaAs/GaAs Lateral Quantum Dot Pairs

For identical QDs, at relatively large inter-dot separations, the exciton
states of individual QDs will remain as localized states. However, by de-
creasing the inter-dot separation, at a particular nano-scale separation, the
electron states of the exciton will delocalize across both dots as a result
of quantum mechanical inter-dot electron tunnel coupling. The heavy hole
states, on the other hand, will remain localized on the individual dots unless
the inter-dot separation is further reduced as a result of their larger effec-
tive mass. When such a tunneling process leads to a redistribution of the
electron wave function across both dots the coupling is roughly analogous
to the case of a covalent bond between atoms forming a covalent molecule.
Covalent coupling leads to the formation of delocalized symmetric (bond-
ing) and anti-symmetric (anti-bonding) states across both dots with the
latter molecular states split by an energy that depends on the strength of
the inter-dot coupling.

On the other hand, if the delocalized electron wave function becomes
strongly localized on an individual dot the coupling is more analogous to
the case of an ionic bond between atoms. Therefore, by introducing a
perturbation, for instance, via an electric field, the inter-dot coupling can
be controllably transformed between covalent and ionic type character.

As mentioned previously, using single QDs as the individual qubits, the
coupling of two such QDs with similar sizes could be used to produce a
quantum gate. With a view to creating a quantum gate early work concen-
trated on coupling vertically stacked QD pairs due to the somewhat eas-
ier fabrication process, whereby the upper dot preferentially self-assembles
over the lower dot [20-23]. In this way, the inter-dot tunnel-barrier can be
accurately varied by simply changing the barrier material thickness between
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Fig. 2.1. (a) Cross-sectional transmission electron microscope image displaying the layer
sequence used to produce the QDMs. Please note that the QDMs are not observed
because the associated areal density is very low. (b) Atomic force microscopy studies
have shown that each QDM (five in this image) consists of two structurally distinct QDs
that are aligned along the [1-10] crystal direction. The inset is a 200 nm? image of a
single QDM ([32].

the upper and lower dot layers. We have used this technique to produce the
asymmetric quantum dot pairs that are discussed later. In this Section, we
discuss work in which we successfully demonstrate the presence of lateral
quantum coupling between two QDs [24]. In principle, the coupling of QDs
in the two lateral dimensions implies that coupling in all three dimensions
is possible when combined with vertical coupling.

2.3.1. Sample fabrication and structural characterization

The lateral QDMs were self-assembled on GaAs(001) substrates by a combi-
nation of molecular beam epitaxy and atomic layer precise in situ etching.
Referring to the cross-sectional transmission electron microscope (TEM)
image shown in Fig. 2.1(a), the layer sequence may be outlined as follows;
after substrate deoxidation and GaAs buffer growth (A), a high surface
density layer of self-assembled InAs QDs is grown (B), this is followed by
20 nm of GaAs (C), 20 nm of Aly4GaggAs (D), and a further 20 nm of
GaAs (E). The buried QD layer, which emits at about 1.02 eV, slightly
roughens the GaAs surface, improving the QDM growth. This roughness
may be seen more clearly in the right panel of Fig. 2.1(a), in which the
width of the neighboring TEM image has been reduced by a factor of eight.

The QDM fabrication process is composed of four main parts: (1) a
low surface density layer of InAs QDs is grown (F), (2) a 10 nm GaAs
capping layer is deposited over the dots, (3) an in situ etching process
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is performed using AsBrs to a nominal depth of 5 nm with the strained
material over the underlying dots preferentially etched, this leads to the
formation of elongated nano-holes that are aligned along the [110]-direction,
(4) another layer of QD material is deposited (G) with preferential QD self-
assembly at the two short edges of the nano-holes, and hence, the QDMs
are automatically aligned along the [1-10]-direction. Please note that the
QDMs are not visible in this image because the QDM surface density is
very low.

As the detectors used to study the QDMs are silicon-based, the QDM
PL emission needed to be blue-shifted by partially capping them with 2 nm
of GaAs and annealing the sample for 4 minutes. This in situ annealing
step was also necessary to spectrally separate the QDM PL from that of
the buried single QD layer (B) which remains unaffected by this proce-
dure. Finally, the QDMs were capped by 100 nm of GaAs (H), 20 nm of
Alp.4GapAs (I), and a further 20 nm of GaAs (J). For more information
on the QDM formation process please refer to Refs. [25-28].

In the case of lateral QDMs both dots can also be structurally charac-
terized using atomic force microscopy (AFM) measurements. A 3.75 pm?
AFM image of uncapped QDMs is presented in Fig. 2.1(b). A remarkably
low density of aligned QDMs, each comprised of two QDs, can be readily
obtained (approx. 5 x 107 ecm~2). A 200 nm? image of a typical QDM is
displayed as an inset in Fig. 2.1(b). The QDM is comprised of two struc-
turally distinct QDs with an average height of 15 nm and an average lateral
size of 35 nm. The dots are separated by an 8 + 4 nm thick GaAs bar-
rier which allows for a significant electron tunneling probability and implies
that the center-to-center distance between the two QDs is relatively large
at approximately 43 + 5 nm. The height of the dots investigated via micro-
PL is about 3 nm as a result of the in situ annealing step that is used to
blue-shift the QDM PL emission.

2.3.2. Micro-photoluminescence spectra

The PL spectrum of the lateral QDMs almost invariably consists of six
intense peaks [24], four of which are apparent even at very low power den-
sities, X1, X2, Y, and Z, as shown in Fig. 2.2(a). This observation coupled
with the fact that each exhibits a linear excitation power density depen-
dence with respect to integrated PL intensity indicates the excitonic nature
of each. When observed simultaneously in time-integrated PL spectra, X1
and X2 are thought to be due to the recombination of a delocalized (across
both dots) electron with a hole in the larger or the smaller dot, respectively.
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Fig. 2.2. (a) A representative 4 K PL spectrum from a single QDM taken under non-
resonant cw excitation at 800 nm (1.55 eV). Four exciton PL lines are observed at low
power density, namely, X1, X2, Y and Z. Two biexciton peaks, XX1 and XX2, emerge
at high power density. (b) Second-order cross-correlation function measurements of the
X1 and X2 emission lines, which clearly exhibits antibunching implying that the two
dots are quantum coupled. (c¢) A PL spectrum from a different single-dot sample of
two neighboring but nevertheless independent dots. (d) As expected, no antibunching is
observed in the cross-correlation experiment between these two dots verifying that they
are not coupled.

The energy difference between X1 and X2 has been observed to vary be-
tween as little as 0.5 and 1.7 meV. This implies that it should be possible to
shift the associated energy levels into resonance using a small perturbation
such as a static electric field. The other two less intense lines, Y and Z,
are typically observed approximately 4.5 £+ 1.5 meV and 5.5 £ 1.5 meV
below the associated X2 peak, respectively [Fig. 2.2(a)]. These lines are
thought to be related to charged excitonic transitions [24, 32]. Two addi-
tional biexciton PL lines, XX1 and XX2, emerge super-linearly at higher
power densities (110 W/cm?) and are thought to originate from transitions
associated with two holes confined in the larger or the smaller dot, respec-
tively. The biexcitons are typically located 1.0 to 2.5 meV [Fig. 2.2(a)]
below the corresponding X1 and X2 lines.
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2.3.3. Photon statistics measurements

Second-order intensity cross-correlation measurements have been carried
out in order to determine whether the QDs are coupled or not. In such
experiments, if the two dots under investigation are independent of each
other, the second-order cross-correlation function, g(2)(7')7 will be equal to
one for all delay times, i.e., independent dots will give a flat line response
exhibiting no antibunching feature at zero time delay.

In order to emphasize that independent dots would behave in this way,
we have performed cross-correlation measurements between two indepen-
dent dots on a different sample, namely, an InGaAs single-QD sample. The
PL spectrum of the two dots in question, labeled A and B, is presented
in Fig. 2.2(c). The two dots are necessarily located within less than a few
microns of each other as this is a clear prerequisite for their simultaneous
optical excitation and detection using our micro-PL setup. As shown in
the insets of Fig. 2.2(d), the single dot nature of dot A and B was veri-
fied prior to the cross-correlation measurement with both dots exhibiting a
strong antibunching feature at zero time delay in autocorrelation measure-
ments [29, 30]. However, in the subsequent cross-correlation measurement,
between dot A and B [Fig. 2.2(d)], no antibunching feature is observed at
zero time delay as expected for independent dots.

It is therefore very significant that pronounced antibunching has been
observed between the two dots that make up the QDM i.e. in cross-
correlation measurements between X1 and X2 [Fig. 2.2(b)]. In fact, an-
tibunching has been observed between all six QDM emission lines implying
that all of these transitions originate from the same quantum coupled dou-
ble dot system. Furthermore, cascaded emission [31] has been observed in
the cross-correlation experiments between the XX1 biexciton and the X1
exciton, and also between the XX2 biexciton and the X2 exciton [24].

2.3.4. Electric-field dependent measurements

The inter-dot coupling can be controlled by applying a parallel electric field
to the QDM, that is, along the molecular (coupling) axis. The capacitor-
like contact geometry was applied using inter-digital gate electrodes with
30 pm wide Schottky contacts separated by a spacing of 15 um. The
contacts consist of a 20 nm thick layer of Titanium followed by a 100 nm
thick layer of gold.

In a time-integrated PL experiment, we propose that the X1 and X2
PL lines of a QDM are only observed simultaneously, when the two QD
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Fig. 2.3. A parallel electric field was applied to the QDMs using 30 pm wide Schottky
contacts separated by 15 um. (a) PL spectra recorded at different applied bias voltages
from a QDM at 4 K. A clear switching of the PL intensities of the X1 and X2 PL lines
can be observed. (b) The emission energy of the X1 and X2 PL lines as a function of
applied voltage (bias). The voltage at which both peaks have approximately the same
PL intensity is referred to as the alignment bias, and it is at this bias that an anomalous
Stark shift is apparent. This shift is thought to indicate a redistribution of the electron
probability density across both dots of the QDM [24].

electronic ground states of the constituent QDs are near to degeneracy and
are consequently coupled. Degeneracy can be achieved using an electric
field perturbation to tune the two QD electronic ground state energy levels
into resonance via the quantum confined Stark effect.

Typical PL spectra obtained at a power density of 200 W/cm? from a
QDM as a function of electric field are presented in Fig. 2.3(a). A clear anti-
correlated behavior of the relative PL intensities can be observed, further
demonstrating the presence of inter-dot quantum coupling. We refer to
the particular voltage at which X1 and X2 possess approximately the same
integrated PL intensity as the alignment bias. It is thought that maximum
tunnel coupling is achieved at this field strength and that the electron
probability density is equally distributed over both dots as a result. The
exact value of this bias naturally depends on the individual QDM under
observation. Significantly, when the E-field is applied perpendicular to the
molecule axis, no such switching behavior is observed, as expected for such
lateral QDMs. It is also worth noting that the relative intensities of the
QDM X1 and X2 transitions do not exhibit any polarity preference with
respect to electric field [32].

With respect to the peak emission energies of X1 and X2 as a function
of applied electric field, both peaks are found to exhibit a combined lin-
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ear and quadratic shift, with the former shift due to the permanent dipole
moment of the QDM and the latter due to the polarizability of the QDM.
The measured Stark shift is somewhat weaker than expected and is found
to be comparable to that observed from QDs in vertical electric fields. In-
terestingly, at the alignment bias an anomalous Stark shift of both X1 and
X2 is apparent in comparison to the interpolated peak energy that would
normally be expected considering the Stark shift that is observed at both
lower and higher field strengths (dashed curves in Fig. 2.3(b). This effect
is also thought to occur when the two electronic ground states in the lat-
erally coupled QDs are brought into resonance and reflects the presence of
tunneling processes that result in a redistribution of the electronic wave
function across both dots. Similar effects have also been reported for ver-
tically coupled QDs [33].

The observation of this anomalous red-shift tends to imply that the X1
and X2 PL peaks observed at the alignment bias are primarily associated
with the QDM electron symmetric state, that is, assuming that this state
has a lower energy than the associated anti-symmetric state. Subsequently,
an estimate of the coupling energy between the dots can be made and is
determined to be 160 to 180 eV from the 80 to 90 ueV red-shift of the X1
and X2 peaks at resonance.

Calculations [24, 32] indicate that while holes remain localized in the
dots, the electrons become almost entirely delocalized between the two dots
at the alignment bias. The different behavior of the electrons and holes can
be explained when one considers the effective masses, 0.067 and 0.48 m,
(where m, is the free electron mass), respectively, of these carriers in the
inter-dot GaAs barrier material.

2.4. Asymmetric InP/GaInP Vertical Quantum Dot Pairs

Asymmetrically sized quantum dot pairs are also of interest and recent
studies have shown that clear anti-crossings can be observed when the elec-
tron and hole levels of single vertical InAs/GaAs pairs are tuned into res-
onance [34, 35]. In the case of intentionally asymmetric QD pairs the sit-
uation is somewhat analogous to the case of ionic bonding between atoms
with the electrons mainly localized on individual QDs. In other words, none
of the electrons are shared by the QDs.

As the larger dot has a lower ground state transition energy, uni-
directional carrier tunneling is energetically favored from the smaller dot
to the larger dot. Subsequently, with the correct choice of inter-dot bar-
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Fig. 2.4. (a) A schematic diagram of the asymmetric double InP QD arrangement in
the samples, where Z represents the sample growth direction. (b) An illustration of the
electronic structure of the dot pair, and (c) a schematic PL spectrum from such a pair
illustrating that LD emits at a lower energy than SD.

rier spacer thickness one can attain significant inter-dot electron tunneling
without also having hole tunneling. Therefore, when the small dot is ex-
cited the holes tend to be retained whereas the electrons are lost as a result
of energetically favorable tunneling to the larger dot.

Single pairs of vertically stacked asymmetric InP/GaInP QDs have been
investigated as a function of inter-dot spacer thickness [36]. PL measure-
ments were performed and show a change of the intensity ratio between the
two dots for different inter-dot separations. In addition, time-resolved PL
experiments display an ever increasing difference in the PL decay time of
the two dots with decreasing spacer thickness.

A schematic diagram of the dot arrangement within the samples is pre-
sented in Fig. 2.4(a). The larger of the two dots is labeled LD and is pro-
duced first during epitaxial growth. Following the deposition of a GalnP
layer of thickness, d, which serves to separate the dots, the smaller dot,
labeled SD, can be routinely grown over LD, due to the preferential strain
situation. The value of d dictates the width of the tunnel barrier in the
double dot system and consequently the degree of coupling between them.
As LD is the larger dot, its ground state exciton emission energy is lower
than that of the SD as illustrated in Fig. 2.4(b). Therefore, if d is suffi-
ciently small and the dots are coupled, the electrons and holes will tend
to be automatically captured at a higher rate by LD. This occurs simply
because the LD represents the lowest energy state available to carriers in
the local environment. As a result, we only expect to observe a peak origi-
nating from this dot in the associated PL spectrum sketched in Fig. 2.4(c)
when the dots are coupled.

The QD size asymmetry primarily enables uni-directional tunneling of
carriers from one dot to the other, as the ground state energy is different
for the two dots. Therefore, the electronic levels are usually not aligned
and resonant tunneling is prevented. Nevertheless, it is possible for carriers
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to tunnel out of the energetically higher-lying levels of the small dot into
the lower-lying states of the large dot via phonon emission [37, 38].

2.4.1. Sample growth and post-growth structuring

The samples were grown by metal-organic vapor phase epitaxy on (100)
GaAs substrates oriented by 6° toward the [111]A direction. The lower
(larger) dots were grown using the Stranski-Krastanow growth mode by
depositing 2.1 monolayers of InP on a 430 nm Gag 51Ing 49P barrier layer.
These dots were overgrown by a GalnP spacer layer of different thickness,
namely, 2.5 nm, 10 nm, and 20 nm depending on the sample. The upper
(smaller) QD layer was then grown using only 75% of the material that was
used to produce the larger QD layer [39]. A 30 nm GalnP capping layer was
also deposited for PL measurements. Finally, the samples were structured
into mesas each with a diameter of 200 nm using electron-beam lithography
and dry etching. This enabled QD pairs to be individually addressed via
micro-PL measurements in which the mesas were excited using frequency-
doubled Ti-Sapphire laser emission at 410 nm (3.02 eV) and a repetition
rate of 76.2 MHz.

2.4.2. Micro-photoluminescence spectra for various spacer
thicknesses

In Fig. 2.5, the PL spectra of dot pairs separated by different spacer widths
are displayed as a function of excitation power density. At least five different
pairs were examined for each available spacer thickness so as to ensure
that the observed results could be reliably observed. Starting with the 20
nm spacer dot pair [Fig. 2.5(a)] an independent behavior of both dots is
apparent, with both dots exhibiting similar intensities with respect to the
dominant biexciton PL line from each. The weakness of the exciton related
transition has been almost invariably observed and we have good reason
to believe that this is due to the influence of an energetically lower-lying
dark exciton state in such InP/GaInP QDs. This topic will be discussed in
detail in a future publication. The peaks are energetically separated by 29.4
meV. The fact that two peaks can be observed, one from each dot implies
that the asymmetric QDs are not coupled and that as expected the barrier
spacing of 20 nm is too large to allow this process to occur to any significant
degree. At high powers the additional PL line observed on the high energy
side of the LD spectrum is thought to be due to p-shell emission.
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Fig. 2.5. Variation of the excitonic PL emission from the LD and the SD when separated
by (a) a 20 nm spacer with no significant inter-dot tunneling, (b) a 10 nm spacer with
significant inter-dot electron tunneling, and (c) a 2.5 nm spacer with significant inter-dot
electron and hole tunneling. This parasitic coupling (from the viewpoint of the SD) is
only clearly apparent when emission from the SD emerges at high power densities as a
direct result of state filling in the LD.

For a 10 nm spacer layer [Fig. 2.5(b)], however, the situation changes
considerably and the LD emission is now fifteen times more intense than
that of SD at the lowest investigated power. We expect that this spacer
thickness should allow for a uni-directional tunneling of electrons from SD to
LD. At low power densities, the LD emitting at about 1.835 eV dominates
the spectrum, with the associated emission consisting primarily of three
transitions. The emission from the SD exhibits two emission lines at about
1.88 eV. The energy separation of the lines is typically between 0.7 and 2.5
meV. As these values are clearly smaller than the typical exciton-biexciton
separation (4.5 - 5.5 meV) for this material system, such lines may result
from charged exciton transitions. Alternatively, the observation of extra
peaks may be due to the quantum confined Stark effect caused by the
electric field that is created when an electron tunnels from the SD to the LD.
We propose that the 10 nm barrier width is thin enough to allow electron
tunneling from the SD to the LD, while hole tunneling is prevented due to
the larger hole effective mass (m./mj, (Gag sIngsP)= 0.22). This electron
tunneling tends to leave holes or positively charged excitons in the SD,
while at the same time leading to electrons or negatively charged excitons
in the LD. It is therefore only at higher powers, when the LD ground
state becomes saturated due to Pauli-blocking and electron tunneling is
suppressed, that the neutral transitions from both dots clearly emerge.
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In Fig. 2.5(c), a 2.5 nm thick GaInP spacer layer was used to separate
the two dots and single lines are observed once again. For small and medium
excitation powers, only the exciton (X) and biexciton (XX) emission from
LD is observed, and it is only at very high excitation powers that the
emission from the SD can be observed. We propose that this behavior may
be explained by electron and hole tunneling times from SD to LD that are
faster than the SD excitonic radiative recombination time. Hence, it is only
at high excitation powers, when the LD electron and hole ground states are
full, that emission from the SD emerges.

2.4.3. Time-resolved photoluminescence measurements

The time-resolved PL measurements are presented in Fig. 2.6. For the 20
nm spacing [Fig. 2.6(a)] the LD and the SD transients are very similar. In
contrast, for the 10 nm spacer [Fig. 2.6(b)], although both dots still reach
their PL maximum at a similar delay time, the decay of the SD PL signal
is somewhat faster (290 ps) than that of LD (390 ps). It is thought that
this decrease in the case of SD indicates the presence of a second decay
channel for this dot, namely, electron tunneling to the LD. The change of
decay time is even more pronounced for the 2.5 nm spacer (LD = 570 ps,
SD = 140 ps) [Fig. 2.6(c)]. Furthermore, in this case, the PL emission from
the SD clearly reaches a maximum before that of the LD. This is probably
due to delayed carrier filling of the LD by the SD.
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Fig. 2.6. Time-resolved PL measurements of the LD and the SD for (a) a 20 nm spacer,
(b) a 10 nm spacer, and (c) a 2.5 nm spacer. The dashed lines are guides to the eye
indicating the time at which the PL maxima occur.

Hence, we suggest transitions from vanishing tunnel-coupling to electron
tunneling and finally to electron and hole tunneling for decreasing barrier
widths. The results clearly show the nonresonant character of the tunneling
process as a result of the different ground state energies of the unequally
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sized dots. The carrier tunneling times have been simulated using a rate
equation model (not presented here) and are found to be in good agreement
with those extracted from the time-resolved PL measurements [36]. When
present, this non-resonant tunneling process from the SD to the LD is
thought to occur via phonon scattering.

2.5. Conclusions

The results of optical measurements on both symmetric and asymmetric QD
pairs have been presented. The lateral symmetric InGaAs QDMs exhibit
inter-dot electron tunnel coupling leading to a splitting of the two former
single-dot ground state energy levels into symmetric and anti-symmetric
QDM levels. Strong evidence for coupling is provided by the observation of
antibunching in the second-order cross-correlation function measurements
between the various emission lines from the two dots that make up the
QDM. The covalent coupling energy, or in other words, the degree of inter-
dot electron tunnel coupling can be controlled by simply applying a lateral
electric field along the molecular axis. This field can be used to bring the
single-dot energy levels into or out of resonance with such control clearly
manifest by a switching of the relative PL intensities of the neutral exciton
PL lines from each dot. Furthermore, an anomalous Stark shift of the
peak emission energies of these lines as a function of parallel electric field
is observed. This anomaly is thought to be due to a delocalization of
the electron wave function across both dots as a result of electron tunnel
coupling. Furthermore, the value of this shift allows for a rough estimate
of the coupling energy.

In relation to quantum computing, the on resonant (symmetric) case
could be used to entangle two qubits to produce a quantum gate capable
of performing a quantum operation, while the off resonant case, on the
other hand, could be used to stop an operation by suppressing inter-dot
electron tunneling. The stability of the latter off resonant situation has also
been examined by investigating carrier tunneling in vertical asymmetric InP
QD pairs as a function of inter-dot barrier distance. Integrated and time-
resolved PL measurements have revealed transitions from regimes of no
tunneling, to electron tunneling, and ultimately to both electron and hole
tunneling, with decreasing barrier width. We propose that this nonresonant
tunneling occurs via a phonon-assisted tunneling process.
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Nuclear Spin Bi-stability in Semiconductor Quantum Dots
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The confinement of electrons on the nano-scale and the control of their
spin is leading to both new physics and to novel devices with function-
ality at the quantum level. In ITI-V semiconductors where manipulation
of a single electron spin has been possible in nano-structures, new chal-
lenges and opportunities arise due to the hyperfine interaction with the
spin reservoir of lattice nuclei. In this work we show that by illuminating
an InGaAs/GaAs self-assembled quantum dot with circularly polarized
light, the nuclei of the tens of thousands of atoms constituting an InGaAs
island can be driven into a bistable regime, in which either a threshold-
like enhancement or reduction of the local nuclear field by up to 3 Tesla
can be generated by varying the intensity of light. We show that such a
nuclear spin ”switch” can be controlled by both external magnetic and
electric fields. The switch is shown to arise from the strong feedback
of the nuclear spin polarization on the dynamics of spin transfer from
electrons to the nuclei of the dot. A comprehensive theory describing the
nuclear bi-stability phenomenon in optically pumped dots is presented.
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3.1. Introduction

Recent achievements in condensed matter science enable control of quantum
mechanical degrees of freedom in nano-structured solids. This eventually
may lead to devices with operation based on a single electron charge and/or
spin [1]. The major advantage of implementing the spin-based systems is
in a much weaker coupling of spin to the solid-state environment when
compared to charge [1]. In addition, localization of the electron spin in
nano-structures is known to dramatically prolong its quantum phase coher-
ence time when compared with structures with higher dimensionality [2—6].
Here an important example is given by semiconductor quantum dots (QD),
providing three-dimensional electron confinement and thus the full motional
quantization, which effectively decouples the electron spin from the orbital
motion [2-6]. This property in turn suppresses the spin decoherence rate
due to scattering processes (phonons, charge fluctuations) which couple to
the spin via the spin-orbit interaction. Thus quantum dot systems permit
accurate preparation on the nano-scale of quantum states with robust spin
properties.

Currently of great research interest is another important type of spin
states accessible on the nano-scale in semiconductors: spins of various nu-
clear isotopes [8-32]. Nuclei offer extended spin life-times and robust spin
coherence properties [9, 31]. A single quantum dot provides access to these
desirable properties through the nuclear spin interaction with accurately
prepared QD electron spin states [12-23], well-controlled by external mag-
netic and electric fields and optical excitation.

In ITI-V semiconductors all nuclei possess non-zero spin opening a range
of opportunities for addressing this quantum degree of freedom, both coher-
ently and incoherently, using resonant techniques such as nuclear magnetic
resonance (NMR), or through optical [12-23] or electrical [3-5, 25] pumping
of spin polarized electrons. It has also been found that, especially in III-Vs,
the collective state of the nuclear spin reservoir in a quantum dot strongly
influences the spin properties of the confined electrons, including the spin
life-time [21], tunneling probabilities in coupled dots [3-5, 25], spin polar-
ization degree [6, 22] etc. It has also been shown that the coherence of the
electron spin is reduced by fluctuations of the net nuclear spin [4, 5, 26-28].
This emphasises further the need for a complex approach to control of the
spin in III-V semiconductor nano-structures, including addressing of both
nuclear and electron spin.
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In this Chapter we present the observation of the strong non-linearities
arising due to interaction between an electron confined in a III-V self-
assembled dot and an ensemble of 10%* nuclei. The strong electron con-
finement results in enhanced interaction with the nuclei covered by the
electron wave-function. We show that by illuminating an InGaAs/GaAs
self-assembled quantum dot placed in magnetic field with circularly po-
larized light, the nuclei constituting the dot can be driven into a bistable
regime, in which either a threshold-like enhancement or reduction of the
local nuclear field by up to 3 Tesla can be generated by varying the inten-
sity of light. We show that such nuclear spin ’switch’ can be controlled by
both external magnetic and electric fields. The ’switch’ is shown to arise
from the strong feedback of the nuclear spin polarization on the dynamics
of spin transfer from electrons to the nuclei of the dot. Both experimental
results and theoretical calculations are presented.

3.2. Hyper-fine Electron-nuclear Spin Interaction

The hyperfine interaction in solids arises from the coupling between the
magnetic dipole moments of nuclear and electron spins [8, 9]. Two major
effects arising from the hyperfine interaction are (i) inelastic relaxation of
electron spin via the 'flip-flop’ process (Fig. 3.1) and (ii) the Overhauser
shift of the electron energy induced by the net magnetic field of the polarized
nuclei [8, 9].

The dominant contribution to the coupling between the electron- and
the nuclear-spin systems originates from the Fermi contact hyperfine in-
teraction. It is notable that the nuclei interact only with electrons, the
contact hyperfine interaction being negligible for holes due to the p-like
nature of the Bloch functions [9]. In first order perturbation theory the
electron-nuclear interaction in a dot can be expressed as:

Hyp = 5 Y Ab(R)PPS - T (3.1)

where vy is the volume of the InAs-crystal unit cell containing eight nuclei,
S is the dimensionless electron spin operator, ¥(r) is the electron envelope
wave function and I and R; are the spin and location of the i-th nucleus,
respectively. A; = % pogopnpiltu(Rs)|? is the hyperfine coupling constant,
which depends on the nuclear magnetic moment f;, the nuclear spin I*
and on the value of the electron Bloch function u(R;) at the nuclear site.
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wp is the Bohr magneton, go is the free electron g-factor and pg is the
permeability of free space. A; is of the order of 50 peV for all nuclei in our
InGaAs/GaAs dot system.

electron
spin-down

electron ‘;

spin-up #M I “ ,

Fig. 3.1. Schematic diagram of the electron-to-nuclei spin-transfer mechanism often
referred to as spin ”flip-flop”. The electron envelope wave-function ”covers” N = 10%
nuclei in a typical InGaAs dot. The electron-nuclear spin exchange process is described
by the dynamical part in Eq. 3.1. The spin from one electron can be transferred to a
single nucleus only.

S - T can be rewritten as 1/2(I1.S_ + I*.S;) + I'S, where I% and S
are the nuclear and electron spin raising and lowering operators, respec-
tively. Eq. 3.1 thus contains a dynamical part, 1/2(I{.S_ 4+ I" S, ) allowing
for electron-nuclear spin exchange and a static part, IS,, which simply
acts to modify the energies of the two spin systems. The dynamical part
is responsible for the transfer of angular momentum from spin-polarized
electrons, which can be excited optically on the dot, to the nuclear spin
reservoir of N ~ 10% nuclei in a typical InGaAs dot (see Fig. 3.1). The
static part can be considered as an effective magnetic field acting either on
electrons due to spin polarized nuclei (Overhauser field) [12, 14-20, 23] or
on the nuclei due to a spin polarized electron (Knight field [16]).

In the absence of electrons, nuclei in the dot are unpolarized even at very
low lattice temperatures and high magnetic fields. This is mainly caused by
very small nuclear magnetic moments and hence Zeeman splittings, leading
to negligible polarization due to thermalization. Indeed, in magnetic field
of 2 Tesla, the Zeeman splitting for Ga® nucleus is 70 neV only. Such
small splittings result also in suppression of the thermalization process due
to a very small probability of phonon scattering. On the other hand, rather
large fluctuations of the nuclear polarization are possible leading to the
fluctuations of the nuclear magnetic field, By, of order of A/(\/(N)gepp) =
30mT [28]. Such fluctuations exist even at very low temperatures and their
effect is further enhanced in a few nanometer dot due to a reduced number of
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nuclei. The fluctuations lead to decoherence and relaxation of the electron
spin [26-29] and are detrimental for possible electron spin applications in
quantum devices.

optical
excitation (w,)

Bior=BHBy
S

L

~

nuclear o;Q
depolarization ] Nuclei act back
(Wgep) J°on electron spin

” with B ~S
-

Fig. 3.2. Schematic diagram of the dynamical nuclear polarization in a quantum dot
containing 10 nuclei. Spin polarized electrons are introduced to the dot by optical
circularly polarized excitation with the rate wz. They then escape from the dot either
due to the radiative recombination with the holes or tunneling in the applied electric
field. The electrons transfer their spin to the nuclear system with the rate ws, which
competes with the nuclear spin dissipation due to the diffusion into the bulk with the
rate wy. The three rates define the magnitude of the effective nuclear magnetic field,
By, acting back on electrons and proportional to the steady state nuclear polarization,
S. Btiot is the total magnetic field seen by the electron spin, which depends on the sign
of the nuclear polarization and the external field B.

One of the possibilities to overcome the fluctuations of the nuclear field
is to artificially maintain very high degree of nuclear polarization [29], which
can be achieved by optical pumping. Eq. 3.1 predicts that a single electron
can transfer its spin to a single nucleus only (see Fig. 3.1), leading to a
necessity to excite a large number of electrons on the dot. Populating the
dot with a single electron at a time will allow flexibility and control of
the electron polarization: multi-charge population may lead to additional
polarization dissipation channels such as the formation of spin-singlets and
spin relaxation without spin transfer to the nuclei. Thus the requirement
is to provide a flow of spin polarized electrons through the dot, where the
electrons are introduced into the dot one-by-one.
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Fig. 3.2 shows the detailed procedure of the nuclear pumping in an
InGaAs dot used in our experiments carried out at low sample temperature
of 10-20K. The electrons and holes are excited using circularly polarized
light resonant with the wetting layer states (about 120 meV above the
ground state of the dot) for photoluminescence (PL) measurements. After
excitation at high energy the electrons relax to occupy the lowest energy
state. Such energy relaxation is accompanied with partial loss of the spin
polarization. Nevertheless, this excitation method leads to a high degree of
spin polarization of the electrons in the ground state of the dot and hence
results in efficient nuclear pumping.

Most of the electrons excited in the dot will escape from the dot either
via the radiative recombination or tunneling in applied electric field before
they transfer spin to the nuclei. However, if a high enough pumping rate
is established the nuclear polarization will build up. This is a dynamical
process: the nuclear spin pumping competes with the spin diffusion into
the bulk of the crystal. The electron pumping, spin transfer and spin
diffusion rates introduced in Fig. 3.2 will be explained in more detail below
in Sections 3.3 and 3.4 where we present the study of the electron-nuclear
interactions in individual InGaAs dots.

3.3. Nuclear Spin Bi-stability in External Magnetic Fields
up to 3T: Experimental Results

In this Section we focus on fundamental properties of the coupling between
the nuclear spin and the spin of a strongly localized electron. We show
that in a few nanometre-scale QD a large local magnetic field (up to 3T)
experienced by the spin of a single electron can be controllably switched
on/off by manipulating the nuclear spin configuration. The origin of the
threshold-like nuclear spin switching discussed in this Chapter is optically
induced bistability of the nuclear spin polarization. We show that it arises
due to a feedback between the optically induced Overhauser field By and
the dynamics of the spin transfer between the confined electron and nuclei.

Non-linearities in the nuclear spin system and in particular bi-stability
phenomenon, the first observation of which for optically active quantum
dots is described in this Chapter, is a rather general observation for I1I-V
semiconductors. Hysteretic behavior, characteristic for nuclear spin phe-
nomena and bi-stability, has been reported in optical pumping experiments
for a variety of systems including bulk GaAs [9] and GaAs/AlGaAs quan-
tum wells [38] and in transport measurements on a 2D electron gas in
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n-doped GaAs in the quantum Hall regime [33-37]. Most recently hints of
fast switching between several stable nuclear spin configurations has been
found in transport measurements on shallow double-dots, electrostatically
defined in a 2D electron gas in n-doped GaAs [3]. Oscillatory currents due
to the ambient nuclear magnetic field have been observed in quantum dot
structures based on vertical double dots lithographically fabricated from
a double Ing 05Gag.g9sAs/AlGaAs quantum well structure [39]. The origin
of non-linearities and bi-stability is usually in the dynamic nature of the
nuclear spin pumping and the occurrence of a feedback of the net nuclear
spin polarization on the efficiency of the electron-to-nuclei spin transfer.
The feedback is mainly based on the dynamic modification of the electron
energy spectrum occurring due to the Overhauser magnetic field acting on
the electron spin. This effect may result in either enhancement or suppres-
sion of the electron spin flip required for the spin transfer to the nuclear
system. In this Chapter we describe such feedback mechanisms in detail
for optically pumped InGaAs quantum dot system, where non-linear spin
effects in an isolated system of 10000 nuclei are observed. In this class of
self-assembled quantum dots the bi-stable behavior of the nuclear spin po-
larization is particularly pronounced and has now been reported by several
groups [18-20].

The nuclear spin switch has been observed in several different structures
containing self-assembled InGaAs/GaAs QD with ~3x20x20 nm size. Here
we present results obtained at a temperature of 15K for two GaAs/AlGaAs
Schottky diodes, where dots are grown in the intrinsic region of the device.
The p- and n-type structures investigated were grown using molecular beam
epitaxy on a semi-insulating GaAs substrate and are similar to those re-
ported in Ref. [41] and Ref. [40]. The bottom contact was provided by a
50nm thick doped layer (Si and Be for n and p-type sample, respectively).
The dots were then grown on top of a 25 nm tunneling GaAs barrier de-
posited on the doped layer. The structure was finished with deposition of
the following undoped layers: 125 nm GaAs, 75 nm Alg3Gag.7As, 5 nm
undoped GaAs cap. In both types of structures bias can be applied per-
mitting control of the vertical electric field, F'. For photoluminescence (PL)
experiments, individual dots are isolated using 400 and 800 nm apertures
in a gold shadow mask on the sample surface. In our experiments, sam-
ples containing InGaAs/GaAs self-assembled QDs are placed in an external
magnetic field of B = 1—5T and low electric field so that the non-radiative
carrier escape through tunneling is negligible from the ground state of the
dot. Spin-polarized electrons are introduced one-by-one into a single 20nm
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InGaAs dot at a rate w, (see Fig. 3.2) by the circularly polarized opti-
cal excitation of electron-hole pairs 120 meV above the lowest QD energy
states. The samples were placed on a cold finger in a continuous flow cryo-
stat at a temperature of 15K. PL from the dots was detected using a double
spectrometer and a CCD.

PL intensity

03 ‘ R ]LXo

[frer®

1.314 1.317 1.320
Photon energy (eV)

Fig. 3.3. Bias-dependent PL spectra recorded at T=15K and B=0T for a single dot
in an n-type Schottky diode. The combination of optical excitation and electrical field
tuning enables us to excite controllably the following configurations of the charges in
the dots (e and h denotes an electron and a hole, respectively): ehh (positively charged
exciton, XT), eh (neutral exciton, X?), eehh (bi-exciton, X X), eeh (negatively charged
exciton, X 7).

Fig. 3.3 shows time-averaged (60s) PL spectra measured at B = 0. It is
seen that by varying the bias applied to the sample it is possible to gradually
tune the e-h population of the dot [41]. Even for a relatively low excitation
power as in Fig. 3.3, at high reverse bias, just above the PL quenching
threshold, we observe a peak corresponding to the positively charged trion
X (ehh configuration, where e and h represent an electron and a hole on
the dot). This exciton complex is formed due to the slow tunneling of the
holes in the applied electric field caused by the asymmetry of the diode
structure and larger effective mass of the hole. The slow tunneling results
in a higher hole occupancy of the dot ground state as compared to that
of electrons. As seen in Fig. 3.3 as the bias is changed toward forward
direction, X° (eh configuration), X X (eehh) and finally X~ (eeh, formed
on the dot due to the electron tunneling from the n-contact) is observed.
At high bias, where X X peak is weak, the X T intensity grows quicker than



Nuclear Spin Bi-stability in Semiconductor Quantum Dots 61

that of X° with the increasing excitation intensity (not shown), leading to
domination of X at high bias and excitation.

Note, that in the time averaged spectra as in Fig. 3.3 the relative inten-
sities of the PL peaks represent probabilities to find the dot with a certain
e-h population forming a bright exciton complex. The identification of the
peaks in the measured spectra is usually performed following a standard
procedure for dots embedded in Schottky diodes of both types [41] and is
based on the bias- and power-dependence (not shown here) of their intensi-
ties and spectral positions. Note, that in the case of p-type structure, X,
X and X X will dominate the emission spectrum, while X ~ is unlikely to
be observed. In what follows, for both types of diode structures we will
focus mainly on the regime where X+, X% and X X states dominate.

B=2T E_(c+)
8 T=15k | _, . "
g Elo7)
S c
EQ
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Energy (eV)

Fig. 3.4. X0 photoluminescence spectra recorded for an individual InGaAs QD in an
external magnetic field B = 2T at T = 15K. The spectrum excited with ot (o) light
resonant with the wetting layer is plotted in gray (black). The horizontal arrows show
the corresponding exciton Zeeman splittings.

Fig. 3.4 shows a time-averaged (60s) PL spectra recorded for a single
QD in the n-type diode at a bias of -0.4V. The spectra are measured at an
external magnetic field of 2T. Circularly polarized laser excitation in the low
energy tail of the wetting layer (at 1.425eV) is employed and unpolarized
PL is detected. This excitation/detection configuration is used for all data
presented here. The portions of the spectra with peaks corresponding to the
neutral exciton (X or eh) PL are shown. For each excitation polarization
the spectrum consists of an exciton Zeeman doublet, with the high (low)
energy component dominating when o (07) polarized excitation is used.

A strong dependence of the exciton Zeeman splitting (E,z) on the po-
larization of the excitation is observed in Fig. 3.4: E,z(0") = 260ueV and
E.z(07) = 150ueV. Such a dependence is a signature of dynamic nuclear
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polarization [12-20, 23], which gives rise to a nuclear field By aligned
parallel or anti-parallel to B for o or 0~ excitation, respectively. The dif-
ference between E,z(c7) and E,z(c™) is usually referred to as the Over-
hauser shift and is given by Eoun = |ge|pp(Bny(67)+ Bx(07)), where g, is
the electron g-factor, pup is the Bohr magneton, and By (o) and By (07)
are the nuclear fields for the two excitation polarizations. It is notable that
in effect the shift is due to modification of the electron Zeeman splitting
€z [9]

We now investigate the dependence of By (c®) on the pumping power
(or wy). The grey-scale plot in Fig. 3.5a presents PL spectra at B = 2.5T
for a neutral exciton as a function of the power of o~ excitation. At low
power the Zeeman splitting E,z = 310ueV. As the power increases an
abrupt decrease of the Zeeman splitting to E,z = 225ueV is observed,
indicating the sudden appearance of a large nuclear field. Below we will
refer to this effect as the nuclear spin switch.

E.z power dependences measured at B = 2T for both o™ and o~
excitation polarizations are shown in Fig. 3.5b. For o~ excitation even
below the switch, the magnitude of E,, decreases gradually, whereas above
the threshold a very weak power dependence is observed. Very different
behavior is observed for o1 excitation, with a weak monotonic increase of
E,z found similar to that previously reported [13]. The Zeeman splitting
dependence in Fig. 3.5 reflects the variation of the nuclear field By. At
low excitation By ~ 0 and E,z = |ge + gn|usB. As the excitation power
is increased and non-zero By is generated, E,z(c%) = |ge + gn|lupB +
|gelpn By (0F).

In order to present this in terms of the degree of nuclear polariza-
tion we will refer to Eq. 3.1. Assuming a homogeneous electron wave
function 9(r) o /8/voN which is constant within the QD volume and
zero outside, we will obtain for the shift of the exciton Zeeman splitting:
AE,7z = 2X,2,{I%)A*. Here z, is the fraction of a given nuclear isotope
in the composition of the dot, and I and A are the nuclear spin and hy-
perfine constant introduced in Section 3.2. Assuming further a typical dot
composition of Ing 3Gag.2As, we will obtain the maximum change of F,z
(or, in fact, €.z) of ~ 245ueV. Such shift would be obtained when 100%
nuclear spins in the dot are polarized.

We thus can estimate the degree of the pumped nuclear polarization
above the threshold as shown in Fig. 3.5: it is 35% and 32% in Fig. 3.5a
and Fig. 3.5b, respectively. The dependence of the nuclear polarization on
the external magnetic field is notable. This trend is more evident in Fig. 3.6,
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Fig. 3.5. (a) Grey-scale plot showing exciton PL spectra recorded for an individual
InGaAs dot. The spectra are recorded at B=2.5T using unpolarized detection and
o~ excitation into the wetting layer at 1.425 eV. The spectra are displaced along the
vertical axis according to the excitation power at which they are measured. (b) E,z
power dependences measured at B = 2T for o1 and ¢~ excitation polarizations.

where data of the type shown in Fig. 3.5 is presented as a function of B.
The E,.z data are divided into two regimes, below threshold (low power)
and above threshold (high power). At all fields in Fig. 3.6 the nuclear spin
switch occurs, and there is a weak E,z power dependence above threshold
(as in Fig. 3.5), motivating the division of the power dependence into two
regimes with By = 0 at low power and a high By above the threshold.

The nuclear field (and the degree of the nuclear polarization) generated
as a result of the spin switch is in its turn dependent on B. The difference
between the low and high power dependences AEy = |ge|ppBn(c7) is
shown by solid circles in Fig. 3.6. AFEy increases linearly with B at low
fields and then saturates at B = 2.5 — 3T. The inset in Fig. 3.6 shows that
the threshold-power for the switch increases nearly linearly with B. No
switch could be observed at B > 3T in the range of powers employed in our
studies. The corresponding range of the nuclear polarization is shown on the
right axis. The polarization changes from 20% to 40% as B is varied from 1
to 3 T. This estimate of the polarization degree shows that a majority of the
nuclear spins on the dot are not sensitive to the optical pumping. This may
be due to the fast nuclear spin diffusion from the dot into the bulk. This
also raises the question about the involvement of different nuclear isotopes
in the polarization process, which can only be answered from experiments
employing resonant techniques such as NMR [12].
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Fig. 3.6. Dependence of the QD exciton Zeeman splitting E,z(c~) on the external
magnetic field. Squares and open circles show high and low power data, respectively, and
solid circles show their difference, AE N, which is proportional to the nuclear magnetic
field By . For all B shown in the figure the nuclear switch threshold was observed with
the threshold power shown in the inset as a function of B.

For B < 3T, when the excitation power was gradually reduced from
powers above the switching threshold, F,z was found to vary weakly with
power until another threshold was reached, where the magnitude of the
exciton Zeeman splitting abruptly increased, as shown in Fig. 3.7. This in-
crease of F,z corresponds to depolarization of the nuclei and hence reduc-
tion of By. The observed hysteresis of the nuclear polarization shows that
two significantly different and stable nuclear spin configurations can exist
for the same external parameters of magnetic field and excitation power.
We find that high nuclear polarization persists at low excitation powers for
more than 15 min, this time most likely being determined by the stability
of the experimental set-up. In what follows we will distinguish two thresh-
olds at which (i) By increases (E,z decreases) and (ii) By decreases (E,z
increases) with threshold powers P, and Py, respectively.

We also show in Figs.3.7a, b that the size of the hysteresis loop can be
varied by changing either external magnetic or electric fields (the electric
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Fig. 3.7. (a) Power dependence of E,z(c~) measured at B = 2T and 1.15T. The
arrows show the direction in which the hysteresis loop is measured with two thresholds
Pup and Pyoyn at which Epz(07) abruptly decreases and increases, respectively. (b)
E,z(0c7) power dependence measured at B = 2.0T for a p-type Schottky diode. The
two hysteresis loops are measured at -0.4 and -0.8V applied bias. The inset shows the
Pyp dependence on the bias applied to the diode.

field is given by F = (—=V + 0.7)/d, where V is the applied bias and d =
230nm is the width of the undoped region of the device). The inset in
Fig. 3.7b shows the P,, bias-dependence for a p-type diode. In general,
both P, and Pyowr increase with B and reverse bias, but also the difference
between the two thresholds increases, leading to a greater range of incident
powers in which the bistability is observed. The strong dependence of P,
and Pj,wn, on both B and F' and, importantly, the dependence of By on
B (as in Fig. 3.6) provides a flexible way to control precisely the degree of
polarization of the nuclei in the dot.

In order to demonstrate that further, we show in Fig. 3.8a the bias-
dependence of the X Zeeman splitting measured for a single dot in an
n-type Schottky diode for B = 1.5T. The dot is excited with ¢~ polarized
light of high intensity, which corresponds to the power above the nuclear
spin switch threshold measured in Fig. 3.5b. During the bias scan the
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Fig. 3.8. (a) Positively charged exciton (X1) Zeeman splitting measured for a single
dot in an n-type Schottky diode as a function of applied bias. The measurement is carried
out at B = 1.5T under o~ polarized excitation of high power. The bias is scanned from
forward to reverse for the curve shown with gray circles and in the opposite direction
for the curve shown with black symbols. (b) Bias dependence of the degree of circular
polarization of the X+ and X?© lines.

excitation power is kept constant. Similar bias-dependences are observed
for all PL peaks belonging to this particular dot. We will first discuss
the dependence where the bias is scanned from forward to reverse (gray
symbols). For positive biases, where a high probability of the eeh (X ™)
and eehh (X X) configurations of the dot population is observed, the exciton
Zeeman splitting is large (170 peV) and is practically not affected by the
nuclear polarization accumulated in the dot, i.e. the nuclear spin pumping
is inefficient. As the bias is decreased towards the reverse regime, where
Xt and X° dominate the spectrum, an abrupt decrease of the Zeeman
splitting to 113 peV is observed at -0.3V. The switch corresponds to the
abrupt increase of the nuclear polarization by 23%. After the threshold-like
change, the splitting remains nearly constant in the whole range of biases
where PL is observed. If now the bias is tuned from reverse to forward
regime (black symbols), the Zeeman splitting is small initially and then
switches to a higher magnitude of 170 peV at -0.23V. As seen from Fig. 3.8,
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the thresholds for the Zeeman splitting switching are observed at slightly
different magnitudes of the bias for the bias scans in opposite directions
and thus a hysteresis loop is formed, corresponding to the hysteresis in the
large nuclear polarization switched on/off at the thresholds.

The observed bias-tuning represents an interesting tool for controllable
aligning of the nuclear spins. A possible origin of the effect is in the in-
creasing average electron spin on the dot, when the bias is tuned away from
the regime where the ground state of the dot is occupied with two electrons
with opposite spins (X X and X~ regime) and nuclear spin pumping is sup-
pressed. Indeed, this is observed in Fig. 3.8b where the bias-dependences of
the polarization degrees of X+ and X° PL are shown. Both increase from
0.25 to 0.6 when the bias is tuned from 0.1 to -0.45. At high reverse bias,
the electron population in the X and X° complexes is most likely due to
the direct relaxation of optically generated electron, possessing a relatively
high polarization degree. Note, that electrons and holes are captured in the
dot independently. This results in a more complex dynamics at low bias
(see the theory part below), where various paths are possible for generation
of a state with a single electron (X? and X ) including initial generation of
an electron left after XX and X~ recombination. In the latter case, there
is a probability that the information about the initial dominating electron
spin polarization excited in the wetting layer will be completely lost.

Note, that as seen from the inset to Fig. 3.7 for the p-type diode, the
spin switch threshold power increases with reverse bias, the opposite trend
to what is in effect observed for the n-type structure in Fig. 3.8. The
difference arises from the opposite bias-dependence of the dot charge state
in the two devices. Indeed, for both of them the nuclear spin pumping is
most efficient when X+ and X© are excited on the dot, which is possible
for high reverse biases in the n-type structure and for forward biases in the
p-type diode.

Before presenting an accurate model of the optical nuclear spin pump-
ing in the next section, we will first consider semi-qualitative explanation
of the observed effects. In order to explain the nuclear switching and the
bistability, we employ a model based on spin-flip assisted electron-hole ra-
diative recombination. We will consider that the nuclear spin is pumped
due to the spin flip-flop in which a single electron and nucleus exchange
spins. In external magnetic field, B, this process is prohibited due to the
energy conservation requirement. We thus consider a process where the
electron virtually occupies an optically active state with the opposite spin
and the same energy and then recombines with a spin :I:% heavy hole. The
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rate of this process involving a single nucleus [26] is,
ws = [ul*w: /(€27 + 37%)- (3.2)

Here u is a typical energy of the hyperfine interaction with a single nucleus,
v is broadening of the electron energy level, and w, is the rate at which
the bright exciton recombines on the dot. €.z = |ge|up[B + By (07)] is the
electron Zeeman splitting, modified due to the Overhauser field By. The
form of the equation 3.2 implies a feedback due to the dependence of w
on By. As shown below this feedback is key to the nuclear spin switching
behavior, a manifestation of the nuclear spin bistability.

For the sake of simplicity, we will first describe the situation where
the electron spin is 100% preserved during the energy relaxation and in
addition, only one electron and one hole can be generated on the dot. This
approach will well describe the general trends observed in our experiments,
whereas the accurate theory presented in the next Section will describe a
more general case with various charge and spin populations of the dot. As
briefly described above, circularly polarized excitation generates e-h pairs
with a well defined spin. The spin of the hole is partially randomized
during energy relaxation, whereas the electron has a high probability of
retaining its initial spin orientation due to its weaker spin-orbit coupling
to the lattice. Both dark and bright excitons can be formed on the dot
with rates aw, and (1 — a)w,, respectively. A bright exciton recombines
at a rate w, without spin transfer to the nuclei. In contrast, a dark exciton
can recombine with the electron simultaneously flipping its spin due to the
hyperfine interaction: the electron virtually occupies an optically active
state with the opposite spin and the same energy and then recombines
with the hole. In this process, the probability of which is described by
Eq. 3.2 [26], spin will be transferred to a nucleus.

The spin pumping rate w, < awzws, is thus dependent on the dark
exciton generation rate, and will compete with the nuclear depolarization
rate wg ~ 1 — 10 sec™! [11] due to spin diffusion away from the dot into
the surrounding GaAs (see Fig. 3.2). At the same time, Eq. 3.2 shows
that ws varies with the electron Zeeman splitting €.z, given by a linear
function of By o S, the degree of nuclear polarization. For the case of o~
excitation, polarization of the nuclei leads to a decrease of €.z, and thus
positive feedback and speeding up of the spin transfer process: the more
spin is transferred to the nuclear system the faster becomes the spin transfer
rate. By contrast for o1 excitation, spin transfer leads to an increase of
€ez, leading to a saturation of S (and By) at high power.
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For o~ excitation the spin-pumping rate at high w, may exceed the
depolarization rate wg, and thus triggers a stimulated polarization process
leading to an abrupt increase of the nuclear spin at the threshold P,,. The
stimulation stops when either (i) €.z starts increasing again since By > B,
causing reduction of wy or (ii) the maximum achievable By=B%*" in the
given dot is reached. This explains the dependence in Fig. 3.6, where
AFEy, and hence the nuclear field, increases at low B and saturates at
high fields, from which B{}** ~2.5-3T can be estimated. Note that a very
similar magnitude of By is deduced from the dependence of AEy (B) using
lge| =~ 0.5.

When reducing the power from beyond the P,, threshold, the spin
pumping rate w, first falls due to the decrease of the excitation rate,
although wy remains high. When the condition w, < wq is reached at
sufficiently low w,, strong negative feedback is expected: further nuclear
depolarization will lead to even lower w,, due to the increase in the electron
Zeeman energy €.z. Thus, an abrupt nuclear depolarization will take place
(at the threshold Pyown). This explains the observed hysteresis behavior
in Fig. 3.7, and also accounts for the existence of a bistable state in the
nuclear polarization at intermediate powers, Pyown < P < Pyp.

3.4. Theory of Nuclear Spin Bi-stability in Semiconductor
Quantum Dots

In this section we develop a general theory of the nuclear spin bistability
in QDs in the regime of the non-resonant optical pumping. We consider
only the spin and population dynamics of the lowest states of the dot. In
this case the maximum charge population on the dot is two electrons and
two holes. We study the dynamics of nuclear spins in a dot populated by
electrons (el) and holes (h) arriving to the ground state of the dot with the
independent rates w (el) and @ (h) and polarization degrees o (el) and &
(h). The theory considers a general case which also includes a special case
of w=w, 0 =1 and 6 = 0 presented in the qualitative description of the
phenomenon in the previous section. Now, by employing a comprehensive
theory, we demonstrate that bistability observed in experiments on self-
assembled InGaAs dots [18-20] is indeed a general phenomenon possible in
a wide range of experimental conditions. Importantly, the current theory
also predicts a new phenomenon arising due to the bistable behavior of the
nuclear polarization: the bistability of the average charge on the dot.
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Similar to the semi-qualitative description in Section3.3, we employ a
model based on spin-flip assisted electron-hole radiative recombination, i.e.
a process where the electron virtually occupies an optically active state
with the opposite spin and the same energy and then recombines with
a heavy hole. The core element of this process is described by the spin
transfer rate, ws, in Eq. 3.2. However, in this Section we will consider other
possibilities for the spin-flip assisted recombination, which in addition to
dark neutral excitons will also involve all spin states of positively charged
excitons. The kinetic model describing the carrier population in the ground
state of the dot is based on the analysis of the probabilities of its 16 allowed
configurations constructed from the two electron and two hole spin states.
We solve the rate equations for the populations of these states and find the
steady-state magnitude of the nuclear spin polarization S.

Below we denote the probability that the dot is empty by n, and use n,
(n*) for the probabilities of the dot occupation by a single electron (hole),
with the index u = +/— representing the spin state of the particle. We refer
to these states as D, D,, and D*, respectively. The probabilities for the dot
to be occupied with two electrons or two holes (states D, and D1™) are
ny— and n*~. The probability to find the dot in a dark exciton state (X/)
is nf}, and in a bright exciton state (X, *#) is n;#. The probability to find
the dot in a negative (positive) trion state labelled as XK (XF7)isnlf_
(nf~) and, finally, n7~ represents the dot in the biexciton state, X .

We now present the balance equations for the dot population. The two
equations below describe the probability of the dot occupation by a single
carrier.

(1 + po)wn +wynkf _ — (1 = po)w] ny;
(14 po)wn 4+ wynl~ + ( MS)Nanf;
— [w+ 31 — po)w] n*. (3.3)

N[= N
[\)I)ﬂ .—|

Both include gains due to the arrivals of an electron/hole into the empty
dot and the recombination of a charged bright exciton, and losses due
to the arrival of an electron or a hole. The second equation also has a
gain due to a possible spin-flip-assisted recombination from a positive trion
(Xf[’ — D™H) in which the spin is transferred to a nucleus. The process is
impossible for a negative trion since in the lowest orbital state the flip-flop
is blocked by the presence of the second electron. The probability for an e-h
pair to recombine via spin-flip depends on the number of nuclei available
(maximum 10000 in a typical InGaAs/GaAs dot), which leads to a factor
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1+ MS)Nwsnf; in Eq. 3.2, where S is the degree of nuclear polarization
and N is the total number of nuclei covered by the electron wave function.
The following two equations describe the dynamics of Dy and DV :

Ny_ = %Z(l — po)wn, — Wn4_;
I

AT =1 (1 — pe)int —wnt (3.4)
n

The dynamics of the exciton states X}, and X # are described by
n = (1 + po)in, + 5(1 + po)wn®
3 [(1 = pS)Nws + (1 — po)w + (1 — p&)w] nk;
n,t = (1 — po)in, + 5(1 + po)wn™* + wni”
— [wy + (1 = po)w + (1 + po)w] n, k. (3.5)

Both neutral bright and dark exciton populations decrease when more
carriers arrive onto the dot. The neutral bright exciton can also be created
and removed due to the e-h pair recombination in the processes Xj: —
X, " and X # — D, respectively. The dark exciton can decay due to the
spin-flip-assisted recombination (X} — D) leading to spin transfer to a
nucleus.

The occupation of the trion states X% and X~ is described by

nf_ = 31+ pé)ing— + 1 Z (1 —vo)wnt

v==%
—[wr+l(1—u5) W] nl_; (3.6)
Sb— 1 L1 _
it~ = 3(1+ po)wn™ Z 1—vo)w

— [w, + (1= ,uS)NwS +2(1 — po)w) nt.

Both trion populations decrease due to the recombination (X ;[ - -
Dr X% _ — D,) or the arrival of a single additional charge (the ground
states of the dot permit maximum four carriers). The positive trions can
also recombine in the spin-flip-assisted process (X :[ -~ — X#), forbidden
for the negative trions. Finally, the biexciton state Xjf: does not con-
tribute to the nuclear spin pumping since it decays without the spin-flip
(XIZ - X1, XT):

ni- = 22 (1 —pa)ont _ + (1 — po)wn;t~]

—2wrni: (3.7)
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The 15 equations above are complemented by the normalization condi-
tion 1=n+ny_ +nt" + 07+ 3 ny+nk +nl+n 4k + b
We write these equations in the form M7 = (1,0, ..., O)T, where the com-
ponents of 7 are the occupation numbers and M is a 16 x 16 matrix with
elements determined by the coefficients in Egs. (3.3-3.7) and the normaliza-
tion condition. The solutions for components of 7 are given by C; 1/detM
where C; 1 is the relevant cofactor of M.

For simplicity, we consider spin :l:% nuclei, since higher spins will result
only in re-parameterization of V. Combining the balanced equations for
the occupation numbers of the nuclei with spin up (fy) and down (fy) we
will obtain the steady-state value for the nuclear polarization S (defined as

S=fy— fu)

S=1I= Zu (1 —pS) (nli +nf ™) wy — 2Swq. (3.8)
m

Eq. 3.8 summarizes the processes leading to the nuclear spin pumping: S
(as defined above) is increased as a result of the spin-flip-assisted recombi-
nation of X and X}~ and reduced due to a similar recombination process
involving X~ and X*~. Thus the balance between the populations of X jrr
and X i_ on one hand and X~ and X'~ on the other will eventually define
the sign of the net nuclear polarization. However, an additional important
contribution to the depolarization of the nuclei has to be taken into account.
It arises from their mutual dipole-dipole interaction effectively leading to
the nuclear spin diffusion from the dot into the bulk semiconductor, de-
scribed in our model by the rate wy (last term in Eq. 3.8) [11]. For a dot
with radius r ~ 5nm, we approximate wq ~ Dy/r? ~ 1 — 105!, where
Dy =~ p2 /ha is the coefficient of polarization diffusion due to the dipole-
dipole interaction between magnetic moments p, of neighbouring nuclei
and a = 0.56nm is the lattice constant.

We now present the analysis of the above equations, where the following
important parameters will be employed:
B s=oN2®d p_ Y (3.9)

= b)
Bje Wy 2Wy

X

Here B3*® is defined through the Overhauser field By as By = By**S.
Now Eq. 3.2 can be presented in the form:
wy

Wy = , 3.10
NQ(JJ—S)Q—F%QQ ( )
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where o = v/geptp B**. For InGaAs quantum dots used in Refs. [16-22],
wy A~ 109571 N &~ 10%, BRp*® ~ 2.5 — 3T, o ~ 0.01.

The steady-state values of S are given by the solutions of the equation
I(S) = 0, satisfying the condition % < 0 (solutions with g—é > 0 are
unstable). Figure 3.9 demonstrates that for a fixed external magnetic field
the number of stable solutions for the nuclear spin polarization varies: it
can be one or two depending on the incident power and other experimental
parameters such as wq,0,5 and the ratio w/w. At small powers only a
single low value of S is possible. At high powers when two stable solutions
become possible, including one with a large S, the dot enters the regime of

the nuclear spin bistability.

Stable Roots .. High Power

During Bistable
7" Behaviour

I(S)

Fig. 3.9. The function I(S) for the situation where w = w,0 = 0.9,6 = —0.2,2 = 0.6
and z = 8 for three different powers: P = 0.0001, 0.0003, 0.0005. Stable roots correspond
to the solutions of I(S) = 0 where % < 0.

The bottom parts of Figs. 3.10(a) and (b) show the calculated evolution
of the nuclear polarization in a dot for realistic magnitudes of z in the regime
where electrons have a high degree of spin memory and arrive with the same
rate as the holes. Fig. 3.10(a) contains a large hysteresis loop in the power
dependence of S for a fixed magnetic field (we consider = 0.6), similar to
those observed in experiment [18, 19]. The bistable behavior occurs for a
wide range of z: 5 < z < 14. Experimentally, the evolution of S with power
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Fig. 3.10. Evolution of nuclear polarization (S) and the average charging state of the
dot (Q) for w = w,o0 = 0.9 and 6 = —0.2: (a) as a function of power for x = 0.6 and
various values of z, with the arrows indicating a forwards or backwards sweep. Although
not shown in the figure, at high powers P =~ 1, both @ and S start to decrease due to
the dot being dominated by the biexciton (for which the spin-flip process is blocked);
(b) as a function of magnetic field for z = 8 and various power values.

can be detected in polarization-resolved PL experiments on individual self-
assembled InGaAS/GaAs quantum dots, where S can be deduced from the
measured exciton Zeeman splitting.

We also find that the bistability in .S leads to a novel phenomenon: a
nuclear-spin induced hysteresis in the average dot charge, @) (see top parts
of Fig. 3.10a,b). This occurs in the case when the electrons arriving to
the dot have a high degree of spin polarization, permitting their recombi-
nation with one spin orientation of weakly polarized holes only. Thus an
extra hole with the opposite spin is likely to remain on the dot, leading to
on average positive dot charge. The enhancement of the spin-flip-assisted
recombination for large S, removing such holes, will result in reduction of
the charge. Therefore the hysteresis in S will be reflected as a hysteresis in
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the average dot charge. A similar bistable behaviour in both S and @ can
also be found if the external magnetic field is varied [20] at a fixed optical
pump power, as shown in Fig. 3.10(b) for z = 8.
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Fig. 3.11. Evolution of S with P in the regime where @w = 10w for z = 0.05,0.4 and
different polarizations of arriving electrons/holes. (a) o = 0.9,6 = —0.2. The inset
shows the evolution of the charging state of the dot for z = 0.4 (with a very small
hysteresis loop). (b) Same for ¢ = 0.45,6 = —0.1, showing that bistability in the
nuclear polarization can occur even in unfavourable regimes.

Figure 3.11 illustrates that the range of parameters for which the bista-
bility can occur strongly depends on the ratio between the arrival rates of
electrons and holes, w and w, as well as on their polarizations, ¢ and &.
In experiment the ratio w/w can be varied by applying electric field in a
diode containing QDs in the intrinsic region [16-20]: Because of a light
effective mass, electrons can tunnel to the contacts before relaxing to the
dot ground state, which in effect reduces their arrival rate as compared to
that of the holes. Fig. 3.11(a) shows the evolution of S(P) for w = 0.1w.
The dot is dominated by the state DT~ so that the average charge of the
dot is large (= +1.8) and exhibits a weak power-dependence with a neg-
ligible hysteresis loop (see inset), despite a pronounced hysteresis loop in
the nuclear polarization. As seen from the figure, for such low values of
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w/®W higher powers are required to pump a significant nuclear polarization
and the spin bistability is observed for smaller values of z (0.05 < z < 0.5).
Figure 3.11(b) illustrates that when the polarizations of both electrons and
holes is reduced by 50% the bistability can still be observed but in a smaller
range of parameter z 0.01 < z < 0.05.

3.5. Conclusions

To summarize, we have observed a strong optically induced bistability of the
nuclear spin polarization in self-assembled InGaAs QDs and have developed
a general theory for this bistability phenomenon in optically active quan-
tum dots. In our experiments, the nuclear spin bistability has been observed
for optically pumped InGaAs/GaAs QDs at temperatures T = 15 — 30K
and external magnetic fields B = 1 = 3T. The phenomenon leads to a
characteristic threshold-like switching of the nuclear spin polarization in a
dot pumped with circularly polarized light, which can be described as an
abrupt change of up to 3T of the local magnetic field seen by the confined
electron. The effect arises due to the strong feedback of the nuclear spin
polarization on the dynamics of the electron-nuclear spin transfer accom-
panying the radiative recombination process, which is accelerated when the
Overhauser and external magnetic fields cancel each other. We show that
nuclear magnetic fields of a few Tesla can be switched on and off in individ-
ual dots by varying one of three external controlling parameters: electric
and magnetic fields and intensity of circularly polarized excitation. The
presented theory predicts that such bistable nuclear spin behavior can be
observed in non-resonantly optically pumped semiconductor quantum dots
with a wide range of dot properties, including the number of nuclei, e-h
radiative recombination life-time and nuclear spin diffusion rate. We there-
fore suggest that the nuclear spin bistability is a general phenomenon for
dots pumped with circularly polarized light. In addition, we find that the
nuclear spin polarization can also strongly influence the charge dynamics
in the dot leading to bistability of the average dot charge.
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Chapter 4

Nonequilibrium Optical Spin Cooling in Charged
Quantum Dots

I. A. Akimov, D. H. Feng, and F. Henneberger

Institut fiir Physik, Humboldt Universitit zu Berlin,
Newtonstr.15, 12489 Berlin, Germany

Optical spin pumping and the hyperfine dynamics is investigated in the
situation where the spin of a localized electron interacts only with a
few hundred nuclear moments in the surrounding lattice. Both pumping
and read-out of the spin state is accomplished via the trion feature. The
formation of a dynamical nuclear polarization as well as its subsequent
decay by the dipole-dipole interaction is directly resolved in time. Be-
cause not limited by intrinsic nonlinearities, polarization degrees as large
as 50 % are achieved, even at elevated temperatures. The data signify
a nonequilibrium mode of nuclear polarization, distinctly different from
the standard spin temperature concept.
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4.1. Introduction

The electron spin is a fundamental digital unit that can be utilized to
store and to process information. Practical applications require large spin
polarizations without the need of strong external magnetic fields and at
temperatures as high as possible. This demands concepts that work far from
thermal equilibrium, generally summarized under the term ”spin cooling”.

In this context, a resident electron in a charged quantum dot (QD) is a
promising candidate. Since largely isolated from the environment, processes
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that limit the electron spin life-time in bulk semiconductors are strongly
suppressed. Moreover, a QD can be selectively addressed by optical or
electrical injection, allowing thus for spin manipulation on the nanometer
length scale. The electron spin is coupled by the contact hyperfine inter-
action to the nuclear moments of the lattice atoms. This coupling has
been extensively studied many years ago on bulk semiconductors [1, 2].
A prominent effect is the formation of a dynamical nuclear polarization
(DNP). Strongly polarized nuclei increase the electron spin life-time. In
addition, the hyperfine interaction offers the possibility to manipulate the
state of the nuclear ensemble and to use it as a long-lived quantum memory
as well.

Table 4.1. Hyperfine parameters of CdSe and InAs/GaAs QD
structures. I, nuclear spin quantum number; a, isotope abundance;
wr, nuclear magnetic moments in units of nuclear magneton un;
A, hyperfine coupling constant; Nz, number of lattice atom.

I | a(%) pr | A(ueV) N,

Cd | 1/2 | 25.01 | -0.608
CdSe ~ —10 103
Se | 1/2 | 7.58 | 0.534

In | 9/2 100 5.533

InAs

GaAs ~ 100 10% — 106

As | 3/2 100 1.439
Ga | 3/2 100 2.232

The hyperfine interaction is controlled by the coupling constant A of
the unit cell, the number of lattice atoms Ny, seen by the electron, and
the isotope abundance a [2]. Regarding these parameters, prototype II-
VI QD structures stand for a situation quite different from their III-V
counterparts (see Table 4.1). Weaker coupling, a 1/2 spin of the dominant
isotope, low abundance, and, in particular, an orders of magnitude smaller
number of atoms per dot create a specific scenario that is the subject of
this contribution.

Optical excitation of charged QDs generates three-particle states called
trions, consisting of two electrons and one hole. Their electronic structure
is essential for optical spin control and will be thus considered in some de-
tail first. Based on this knowledge, optical pumping of the resident electron
spin by circular excitation photons is addressed next. Finally, the dynam-
ics of the hyperfine interaction is summarized. The formation of a DNP
as well as its subsequent decay by the dipole-dipole interaction is directly
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resolved in time. Because not limited by intrinsic nonlinearities related to
the Overhauser field, large nuclear polarizations are achieved, even at ele-
vated lattice temperatures. The data demonstrate a nonequilibrium mode
of DNP, distinctly different from the standard spin temperature concept
exploited on bulk semiconductors.

4.2. Optical Excitations in Charged Quantum Dots

The CdSe/ZnSe QD structures are grown by molecular beam epitaxy [3].
Making use of the native n-type of these materials, dots charged with a
resident electron are formed under appropriate stoichiometry conditions.
The dot height is below 2 nm and the lateral extension < 10 nm [4]. In
ensemble measurements, finestructures of the optical features are generally
hidden by the inhomogeneous broadening resulting from size, shape, com-
position, and strain fluctuations. The number of QDs under study can be
systematically reduced down to a single-dot level by fabricating mesa struc-
tures of different sizes (2 pm - 100 nm) addressed optically in a confocal
arrangement. The propagation direction of both excitation and detected
photons is always along the growth direction of the structure, for more
experimental details see, e.g., Ref. 5.

The fundamental excitation of a charged QD is the trion. Unlike the
exciton, the trion has half integer spin. According to the Kramers theorem,
its eigenstates are degenerate with respect to the sign of the spin projection.
The energy states and optical transitions of relevance in the present context
are schematized in Fig. 4.1. The photoluminescence (PL) emerges form the
singlet-type trion ground-state consisting of two electrons with anti-parallel
spins in the lowest electron shell and one hole in the lowest heavy-hole shell.
The total spin projection F, is thus defined by the hole with J, = £3/2.
In the radiative recombination, a single electron with spin S, = +£1/2 is
left behind. Out of the four possibilities, only the two transitions |3/2) —
ot +|1/2) and | —3/2) — o~ +|—1/2) are allowed by angular momentum
conservation where % denotes the circular polarization orientation of the
photons emitted.

Fig. 4.2 depicts typical single-dot trion PL spectra, also in presence of
an external magnetic field. The exciton state in uncharged QDs exhibits
a characteristic finestructure generated by the electron-hole (eh) exchange
interaction. It shows most prominently up by a zero-field splitting of the
emission feature. In contrast, such splitting is absent for the trion PL which
appears as a single line labeled by X~. The exchange of the hole with each
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Fig. 4.1. Schematics of energy levels and optical transitions in a QD charged with a
single electron. For explanations see text.

of the two electrons compensates to zero because of their opposite spin
projections. The p-character of the hole states imposes a spin quantization
axis oriented along the [001] growth direction of the QD structures. A lon-
gitudinal magnetic field (Faraday geometry) reveals the two recombination
pathways of the trion degenerate at zero field and their opposite circular
polarization. A transverse magnetic field (Voigt geometry) creates mixtures
of the pure spin states so that all four possible transitions become visible.
The smaller splitting within each of the two main PL components signifies
a noticeable in-plane g factor of the hole, the origin of which is addressed
below.

Excited trion states are built-up by holes and/or electrons occupying
energetically higher single-particle shells. In view of the larger hole mass,
states with an excited hole appear next to the ground-state. Their spin
is again defined by the hole. In case of electron excitation, new spin con-
figurations are formed. The electron-electron exchange interaction with
typical energies in the 10-meV range splits the excited-electron trion into
a singlet state with total electron spin Sios = 0 and a triplet state Sior =
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Fig. 4.2. Single-dot PL of the trion (X~). The data are taken under non-resonant
excitation at a temperature T = 2 K.

1 (St = 0,+1) situated at lower energies [6]. Accounting for the hole,
the triplet state comprises the spin configurations F, = +1/2,4£3/2, £5/2.
While absent in the ground-state, the eh exchange creates a finestructure
of the triplet state [7, 8]. The isotropic part is diagonal in F), and splits the
three doublets equidistantly apart by an energy Ag.

The emission from the charged biexciton state appearing at higher ex-
citation levels directly reflects the finestructure of the triplet state. In the
ground-state of this five-particle complex, the third electron must occupy
the second shell to comply with the Pauli principle. The spins of the two
other electrons as well as the two holes are compensated so that the total
spin of the charged biexciton is defined by the extra electron and has thus
the projections £1/2. The most probable optical transition is recombina-
tion of an electron and a hole from the lowest shells, i.e., the trion triplet
state is the final state of the charged biexciton recombination. Angular
momentum conservation can be only fulfilled for F, = £1/2,4+3/2. Note
that the trion transitions themselves obey the same selection rules, since
the final-state electron has also 1/2 spin. Indeed, as shown in the left part
of Fig. 4.3, a double feature XX] and XX emerges energetically below
X~ [5]. The separation of about 2 meV compares well with the isotropic
exchange energy of the exciton in uncharged QDs [9].
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Fig. 4.3. Left: Emergence of the charged biexciton emission XX and XX, at higher
excitation density. Right: Excitation spectra of the trion (blue) and charged biexciton
(red) PL. The position of X~ is taken as origin of the energy scale. The horizontal bars
indicate the separation of XX and XX in PL. All data are single-dot.

Optical spin pumping requires knowledge of the absolute energy posi-
tions of the states addressed. This goal can be achieved by photolumines-
cence excitation (PLE) spectroscopy. The right part of Fig. 4.3 depicts PLE
spectra recorded at the position of the trion (X~) and the charged biexciton
(XX3 ). The trion spectrum is rich in structure. Broad features related to
acoustic phonons in close proximity of the PL as well as to LO-phonons are
present. These combined trion-phonon states allow for selective excitation
of a particular QD with minimum excess energy. This type of excitation is
preferentially used in the spin pumping measurements and will be denoted
by ”quasi-resonant”. The narrow peak labeled ”2h” is associated with the
first excited hole state. At higher energy, the spectrum becomes increas-
ingly complex, making a reliable assignment difficult. The PLE spectra
taken at the charged biexciton features XX] and XX are virtually iden-
tical. There is a marked energy gap with practically no absorption. The
first distinct peak results from cascaded two-photon absorption [10]: The
first photon creates an excited trion that rapidly relaxes into the ground-
state where the second photon is resonantly absorbed generating a charged
biexciton. The next higher peak is due to an excited two-exciton state.
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The charged biexciton PL is low-energy shifted from the trion ground-
state PL line by W = Wxx- —Wg_ —WZ comprising the Coulomb energies
of the eh complexes involved in the transitions (Wxx-: charged biexciton,
Wg_: trion triplet, Wg_: trion ground-state). The trion triplet state is
high-energy shifted by the same W with respect to first peak of the charged
biexciton PLE [10, 11]. Indeed, two weak but clearly resolvable peaks with
the energy separation of XX| and XX are present at this position in the
trion PLE spectrum of Fig. 4.3. The data uncover hence a singlet-triplet
separation of about 80 meV. The oscillator strength of the direct triplet
transition is small as electron and hole are excited in shells of different
parity.

A further point important for optical spin pumping is the circular po-
larization selectivity of the excitation. The strict circular selection rules
described so far are undermined by in-plane size and strain anisotropies in
the QD structures reducing the symmetry from Dog to Co, or even below.
In this case, the anisotropic eh exchange comes into play. It couples the
radiative triplet states according to AF, = +2 providing mixed states of
the type a|£3)+b|F3) [7, 8]. The mixing gives rise to elliptically polarized
transitions with a linear degree p; determined by the weights a and b. The
charged biexciton lines XX and XX exhibit indeed considerable linear
polarization (Fig. 4.4a). The weights are functions of the ratio A;/Aq
where A, is the anisotropic eh exchange energy. A fit to the data yields
Ay ~ 300-600 peV. The anisotropic exchange coupling is equivalent to a
combined eh spin flip in the trion state and, as will be discussed below,
essentially determines the relaxation pathway of optically excited eh pairs
in charged QDs.

A further consequence of the in-plane anisotropy is an enhanced heavy-
light hole coupling [12]. This coupling is responsible for the transverse
hole g factor seen in Fig. 4.2. It produces mixed spin states | £ 3/2) +
(yE/AEL)| ¥ 1/2) where 4% is the complex coupling parameter and F),
the energy separation between the heavy and light hole shell. In this way,
trion transitions below the triplet energy become also partially linearly
polarized. Again, this is observed experimentally. The linear degree of the
trion ground-state can become as large as 0.4, but scatters considerably
across the ensemble. In Fig. 4.4a, a QD with a low degree of only 0.05 is
selected. The linear polarization of the first excited hole state is generally
more pronounced and can come close to pj = 1. Even for the weakly
anisotropic QD of Fig. 4.4a, it reaches a value of 0.4. The polarization axes
are not identical with those of the charged biexciton PL demonstrating that
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Fig. 4.4. Polarization properties of the PL features of charged QDs. (a) Linear degree
p1 = [I(a) = I(a+90°)]/[I(axr) + I(ax+90°)], « is the angle between the polarization axis
probed and the [110] direction. Black open symbols: Charged biexciton components,
blue triangles: trion ground-state, red dots: excited 2h trion state. In the last case,
a is related to the excitation polarization, while it refers to detection otherwise. (b)
Circular polarization. The spectra are taken in ot (blue) o~ (red) detection under
ot excitation. Top: Quasi-resonant excitation in the trion-LO-phonon state (p. =
0.3). Bottom: Excitation at higher energies (about 65 meV above X ~) in the biexciton
resonance.

the origin of the linear polarization is indeed different.

The circular polarization degree of the PL directly reflects the pop-
ulations of the trion spin states and is thus of immediate relevance for
the spin pumping. It is defined by p. = (I4 — I_)/(I+ + I_) where Iy
refers to the line intensity in o polarization. Fig. 4.4b shows that p.
can be both positive and negative with respect to the circular excitation
polarization depending on the excitation photon energy. Pumping with o™
polarization via the 1-LO feature clearly below the triplet states, it holds
Iy > 1I_or p. > 0. At higher excitation energies, when the trion triplet
becomes involved, p. changes sign. The role of the triplet states in the
formation of a negative circular polarization has been addressed in various
studies [14-16]. An interesting finding in this regard is that direct exci-
tation of the charged biexciton by cascaded two-photon absorption (Fig.
4.4b) provides also p. < 0 at the trion PL. Excitation by ¥ photons cre-
ates selectively a spin-down biexciton state which decays subsequently in
the -3/2 or 1/2 triplet state by the emission of a ¢~ or ¢* photon, respec-
tively. Exactly these polarizations are observed for XX and XX; .
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Fig. 4.5. Decay of circular polarization degree after short-pulse quasi-resonant ¢t ex-
citation of X~ at various temperatures. The solid lines are exponential fits to deduce
the longitudinal hole spin life-time Tsh. (b) Temperature dependence of the spin-flip rate
1/7h. Solid curve is a fit with [0.1 + 84 - exp(AE/kpT)] ns~ 1.

The spin dynamics of the hole in the trion ground-state can be directly
pursued by time-resolving the circular-polarization degree after short pulse
excitation [17]. Quasi-resonant excitation ensures a sufficiently large initial
degree. As seen from Fig. 4.5, almost no decay of p. is observed at low
temperature. The longitudinal life-time of the hole spin is beyond the
detection window where a processible PL signal can be observed and thus
longer than 10 ns. Data recorded in a longitudinal magnetic field confirm
this result. Increasing temperature causes the spin-flip rate to grow with an
activation energy corresponding to the energy of the LO-phonon. Already
at 70 K, the spin life-time is as short as 400 ps. The hole spin-flip in
the LO-phonon-trion state is obviously fast, probably a result of its large
disorder-induced broadening (8 meV), see Ref. 17.

4.3. Optical Electron Spin Pumping

The finestructure and polarization properties of the trion states reviewed
above make it possible to orient the spin of the resident electron by optical
excitation. The transition scheme underlying the spin pumping is depicted
in Fig. 4.6. Unlike the V-type exciton transition starting from a common
ground-state, it consists of two arms corresponding to the two possible spin
projections of the electron.

We neglect heavy-light hole coupling and ignore momentarily the hyper-
fine interaction. The elements of the spin density matrix are denoted by o4,
where the indices refer to the projections of either the electron (|, T) or the
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Fig. 4.6. Schematics of optical spin pumping of a negatively charged QD. For explana-
tions see text.

hole ({,1) in the trion ground-state, respectively. The master equations
for the electron spin populations read as

- ot 011 — 01}

= o _en el 4.1
o == —gren o7 (4.1)
. o 011 — 01}

== - TR
011 =" g0 =

Here, g; is the rate at which the electron spin level j is depopulated by
optical excitation, 7 the radiative life-time of the trion, and 7$ summarizes
all spin relaxation processes of the electron aside from the hyperfine inter-
action. The populations gy and gy depend on the relaxation processes
taking the trion from the state of excitation labeled by "exc” in Fig. 4.6
down to its ground-state. If these processes are sufficiently fast, one can
condense the whole relaxation in two parameters ¢; and ¢ which are the
probabilities that the trion arrives at the ground-state of the same arm, f}
or |}, where the electron was de-excited, while (1 —g7) and (1 — q|) are the
probabilities of cross-relaxation. It follows then

) ont o — Oyl
om = qrgren + (L —qp)grop) — T o (4.2)
S

. [N o — Ouy
opy = (L—ap)gren +aigien — ==+ 55—
S

where 7' stands for the hole spin-flip time. The radiative life-time of 7 ~
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500 ps is, as will be seen below, much shorter than the time-scale of the
electron spin dynamics. It is thus justified to treat the trion populations
adiabatically, i.e., they follow instantaneous the slow change of the electron
spin populations so that always oy = ¢yy = 0. For weak excitation,
inversion of the electron-trion transition can be neglected ( opq + 0yy <
o11+01; = 1). The equation of motion of the electron spin defined through

S =(er1 — 011)/2 is then

. S
S=P—— (4.3)
R
with the total spin pumping and relaxation rate
1
P=7[-1=Q)g +1-Q)al, (4.4)
1 1 1

—= T_§+§[(1—QT)9¢+(1—Q1)91L

respectively. The relaxation rate is intrinsically excitation-dependent, as
the pumping process itself limits the electron life-time. The new parameters
Q; = (2¢; — I)Q: include the final degree of the hole spin relaxation Q: =
70 /(1 4+ 1) reached in the trion ground-state prior to recombination. The
PL signal is proportional to the trion population and strictly circularly
polarized, namely I, o< o4 and I_ o< gyy. Choosing the unimportant
factor appropriately, one finds from the steady-state solutions of Eqgs. (4.1)
and (4.2)

I = (1£Q)g1(1/2+9) + (15 Qg (1/2 - 9). (4.5)
That is, the optically induced electron spin can be directly read-out by the
secondary emission of the QD. Next, we discuss two limiting cases.

(i) Resonant excitation: When the trion ground-state is directly ac-
cessed, excitation with circular polarization is fully arm-selective, i.e.,
g1 =9, g, =0 for ot and gy = 0, g, = g for o, with a single relax-
ation parameter Q1/; = Qz Denoting by p = £+ and d = =+ the helicities
of pumping and detection, respectively, it follows

P=pi(1-Qlg —=—+3(1-Qs. (16)
TR TS
and
15 = (14 pd Q.)(1/2 - |9])g. (4.7)

Excitation, say with ¢ photons, removes selectively a spin-up electron.
When the hole spin-flips, a spin-down electron is left behind and an average
spin S < 0 just opposite to the excitation photon momentum is formed.
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(i) Continuum excitation: Circular selectivity is lost when excited elec-
tron shells become involved. E.g., the triplet states can be excited along
both arms for a given circular polarization. Eventually, for sufficiently large
photon energies, it holds g1 = g; = g regardless of o or o~ excitation pro-
viding

P=1@-Qo —=+3@2-Q-Qa (43
and
L =[1% (@) - Q)/2 (@ +Q))Sls (19)

Orientation of the electron spin is only possible when the relaxation is arm-
selective (g1 # ¢;). This can indeed happen through the finestructure of
the triplet state. A o photon creates an eh pair (|,1{). It is reasonable
to assume that the hole spin very quickly randomizes in the continuum
[15]. Then, effectively, pairs ([,f) and (],}) are generated with equal
probability. The resultant configurations (7, |, ) and (T, |, {}) excited along
the spin-up arm can can relax without any spin-flip directly to the 3/2 and
-3/2 trion ground-state, respectively. From the states (|, |, 1) and (], |, {)
created along the spin-down arm, the first one can reach the 1/2 triplet state
without spin-flip. Cross-relaxation down to the 3/2 ground-state requires
a single-electron spin-flip which is very unlikely. The combined eh spin-
flip mediated by the anisotropic exchange (Section 2) serves as shortcut,
leading to the -3/2 triplet state followed by further relaxation along the
spin-down arm. The second configuration returns also predominantly along
this arm though an electron spin-flip has to occur after it has reached the
-5/2 triplet state. Therefore, ¢y ~ 1/2,q; ~ 1 or Q@ ~ 0,q ~ Q: and, as
a consequence, the electron spin is oriented downwards.

While both pumping mechanisms provide a spin polarization in the
same direction, there are specific differences. Under resonant excitation,
the electron spin is probed in absorption. The depletion of the electron spin
population in the arm selected by the incident photon polarization decreases
the excitation rate so that the total PL signal disappears like I +1_ = g(1—
2|S]). The circular polarization degree p. = pQ: is constant and the spin
pumping rate P proportional to (1 — p.). That is, the smaller the circular
degree, the more efficient is the pumping. Complete spin polarization (S =
—p/2) is approached at sufficiently high excitation rate g. In contrast, the
total PL signal is independent on S for off-resonant excitation (I4 + I_ =
2g). Here, the electron spin is probed by the circular emission degree p. ~
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—pQ:(l /2 + |S]). There is no spin pumping for p. = 0 and the saturation
spin is only § = —pQ. /2(2 — Q,).

The presence of a negative circular polarization does not necessarily
imply that orientation of the electron spin is indeed accomplished. The
most simple example is excitation of a pure light-hole state. A o+ photon
removes then a spin-down electron and creates a 1/2-hole trion state which
relaxes preferably in the -3/2 trion ground-state, since parity breaking is not
required in this channel. Here, a ¢~ photon is emitted, however, the spin-
down electron is recovered. Another source of negative circular polarization
is the charged biexciton. As already argued, after selective excitation of a
spin-down state, the subsequent radiative decay addresses directly the trion
triplet states 1/2 and -3/2. A combined eh spin flip transforms 1/2 to -
3/2 so that the relaxation runs along the spin-down arm leading finally to
the emission of a 0~ photon. The data in Fig. 4.4 where the biexciton is
resonantly excited by cascaded two-photon absorption confirm hence the
presence of the exchange-induced eh spin-flip. Whether a at least partial
spin selection is maintained under nonresonant excitation of the biexciton
and whether this might be used to improve spin pumping deserve further
investigation.

In order to study experimentally the sole electron-spin pumping sce-
nario, a longitudinal external field of 100 mT is applied which is sufficient
to suppress the influence of the hyperfine interaction on the electron spin
dynamics. The polarization of the excitation is periodically switched be-
tween o and o~ providing rectangular pulses in a given polarization with
duration t,, that can be varied over orders of magnitude. Fig. 4.7 sum-
marizes single-dot PL transients generated for different photon-energies in
excess to the trion ground-state. A QD with negligible heavy-light hole
mixing in X~ is selected.

Resonant excitation of the trion ground-state is faced with invincible
stray light problems. The energetically lowest excitation is thus quasi-
resonant to the 1-LO phonon feature (Fig. 4.3b). The polaron-like state has
the same spin structure as the trion ground-state and obeys hence the same
optical selection rules. In the context of spin pumping, such excitation has
even the advantage that the hole spin-flip in this state is faster than in the
ground-state (Fig. 4.5b). Denoting by 7/»I© the respective time constant
and by 71,0 the life-time of the polaron state related to its relaxation in the
ground-state, it is easy to show that Q;,, = T®FO7h /(74 71) (71,0 +710).
The experimental transients follow entirely the above predictions. At the
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Fig. 4.7. (a)-(c) Single-dot electron spin pumping transients at different excitation pho-
ton energy (T = 5 K, B = 100 mT, Texc = 200 W/cm?). The excitation is o+ — o~
modulated at a rate of 333 kHz using a Pockels cell with a rise time of 20 ns. Detection
is in o7 mode. Detection in ¢~ provides identical results, only with the role of o and
o~ in excitation reversed. (d) Total PL signal (Ijr' + I7). The excess energies AE are
given relative to the PL position of X~. Note the different vertical scales of the panels.

beginning of the o+ excitation period (¢ = 0), the electron starts with the
steady-state spin Syt = P1r > 0 built-up within the preceding ¢~ period
and reaches finally the opposite value — Sy at ¢t = t,,. The amplitude of the
transients measures thus the spin polarization 2S5 generated and the relax-
ation time 7R is given by the 1/e point of the curves. In counter-polarized
excitation-detection mode, the overall signal level is weak, indicating that
Q: is noticeably larger than 0.5 at low temperature so that the spin switch-
ing is hardly seen on the intensity scale of Fig. 4.7. The absolute spin
polarization can be directly extracted from the experimental data. Using
Eq. (4.7) it follows

IF(0) = I7(0) = I (ton) + I3 (ton)
I_—,:'__(O) — I_: (0) + Ij__ (ton) - IJ,_- (ton)

where the unknown proportionality factor drops out. This yields a polar-
ization as large as 2S5 = 0.5 for the transient in Fig. 4.7a.

At higher photon energies, the shape of the transients depend sensi-
tively of the specific state addressed by the excitation. Fig. 4.7b shows
an example where circular degree is clearly negative. However, the shape
is indicative of a light-hole state. The fact that the same time constants
occur as for quasi-resonant excitation assures that spin pumping is indeed

2Sst =

, (4.10)
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involved. The total signal represented in Fig. 4.7d demonstrates that the
circular excitation selectivity indeed increasingly desappears. In view of the
number of unknown parameters, extraction of 25 is not straightforward in
such cases. The circular degree declines when the excitation is shifted to
still higher energies and is only p. = 0.04 for the data in Fig. 4.7c. Obvi-
ously, @ and @ are not much different under real conditions. The spin
generated is thus much smaller than for quasi-resonant excitation. A gen-
eral disadvantage of spin pumping without circular excitation selectivity,
as can be easily seen from Eq. (4.8), is a very low saturation spin if one is
not close the idealized situation Q| = —Q1.

The same type of spin transients is observed in ensemble measurements
(Fig. 4.8). While the amplitude of the transients provides now only a rela-
tive measure of the electron spin, the relaxation time 7R is scarcely affected
by the average. Consequently, the spin dynamics can be also studied on QD
ensembles with considerably shorter integration times and better signal-to-
noise ratio. In addition, excitation more closely to the trion ground-state
via acoustic phonons (Fig. 4.8, bottom left) with only a few meV in excess
becomes possible here. The observation of virtually identical transients in
this case signifies that lattice heating is of no relevance in the spin pumping
process.

A characteristic feature of the spin relaxation rate under optical pump-
ing is its power dependence [see Eq. (4.6)]. Indeed, 1/7R is over two orders
of magnitude an almost linear function of the excitation intensity in the
experiment (Fig. 4.9). However, as most clearly seen from single-dot data,
the electron spin generated stays practically constant at about S = 0.25.
The intrinsic life-time 7¢ is thus also power-dependent. This conclusion
reveals a characteristic spin-relaxation scenario where the QD captures an
extra charge created in its environment as a concomitant of direct optical
excitation. E.g., capture of a hole produces an exciton that radiatively re-
combines followed by recapture of another electron. Recharging processes
of that type have been also exposed by photon-bunching studies [18]. They
limit the life-time of the single-electron state itself, but also randomize
the spin as the latter is undetermined when the QD recovers to single-
electron occupation. The data in Fig. 4.9 provide 1/mg = 2(P + nP7),
n~ 1, v = 0.8, combining both the intrinsic and recharging contribution.
Decreasing the excitation rate down to a level at which the PL signal dis-
appears in the noise floor, relaxation times as long as 10 us are found.
However, 7r does not approach an off-set value, demonstrating that the in-
trinsic spin-flip time due to spin-orbit coupling is significantly longer than
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Fig. 4.8. Ensemble electron spin pumping transients. As depicted in the upper left
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by the detection energy (Fge;) and excited with well-defined excess energy AFE. The
inset demonstrates spectral selectivity for 1-LO excitation (T'=5 K, B = 100 mT, Texc
= 500 W/cm?). Detection is in o1 polarization.

10 ps.

At higher temperature, a spin amplitude becomes also visible in counter-
polarized excitation-detection mode indicating, consistent with the data of
Fig. 4.5b, speed-up of the hole spin-flip so that the relaxation parameter Q"
decreases. The temperature dependence of S, g, and Q! are summarized
in Fig. 4.10. Though a shorter hole spin-flip results in a larger pumping
rate P at given optical power, the spin amplitude declines with increasing
temperature. The reason is that 7 and thus 1/7¢ shorten in parallel, most
probably caused by thermal activation of the recharging rate n. However,
even up to 100 K, a residual spin amplitude survives.

In the absence of the external magnetic field, the hyperfine interaction
comes into play. Modulation of the excitation at sufficiently high rates
avoids formation of a DNP studied in the next Section. In this regime, the
electron spin interacts with the randomly fluctuating nuclear field. This
opens an extra channel through which a part of the spin decays on a time-
scale defined by 75 ~ v/aNph/(aA) [19]. This time is about 5 ns for the
present QD structures and below the resolution of the setup used for record-
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ing the transients. Fig.4.11 depicts the disappearance of the spin ampli-
tude with decreasing magnetic field strength. However, the spin pumping
relaxation rate 1/7g is independent of B demonstrating that the spin part
surviving the initial rapid drop within 75 follows the scenario described
above.
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4.4. Hyperfine Nuclear-electron Spin Dynamics

After elaboration of the sole spin pumping scenario, the coupling of the
electron to the nuclear moments by the hyperfine interaction is now being
discussed. Fig. 4.12 represents spin transients recorded without external
field and for much longer pumping periods than in the previous Section.
While their shape is fully analog to the short transients, the spin response
is now much slower, though one expects just the opposite: A shorter spin
life-time in the absence of a longitudinal field. However, the transients are
no longer related to the single electron spin life-time 7R, but reflect the
formation of a DNP under continuous spin pumping.

In what follows, we concentrate on the measurements with quasi-
resonant excitation as the spin pumping is here most effective. The trans-
verse part of the hyperfine interaction induces flip-flop processes by which
the spin is exchanged between the electron and the nuclear system [20]. If
one ignores inhomogeneity of the hyperfine coupling as well as collective nu-
clear excitations [21], the flip-flop processes are accounted for by extending
Eq. (4.3) according to

ﬁziP—§+N‘]_S, (4.11)
de Te Thf

& _5-J J

dt Th Td-d'

When only the hyperfine contribution, characterized by a single time con-
stant 7y¢, is considered, these equations ensure total spin conservation
S+ NJ =0. N = aNp is the number of nuclear moments interacting



Noneguilibrium Optical Spin Cooling in Charged Quantum Dots 99

single-dot ensemble
2.0} AE = 25 meV 45¢ AE =1 meV
ol WWMW E,.= 2409 eV

0 50 100 150 200 250 300 0 200 400

—~ 15

S C

p AE = 85 meV 24 AE =30 meV
z m 221 MWMMM By=2:38 6V
> 10 + R det

= G ~ N\J c

= _

c c 10} LNMWWWM
Q L L L L

< 05 . . .

c 0 50 100 150 200 0 100 200 300

1.04

10 AE =156 meV 100l
+ -
c 0.96]
0.9} °
092

0 50 100 150 200 250 300 088 100
Time (us) Time (us)

o
AE =161 meV
E,=238eV

200

Fig. 4.12. Nuclear spin cooling transients. Left panel: Single-dot, X~ = 2.385 eV. Right
panel: Ensemble. Same polarization configurations as in Fig. 4.7 and Fig. 4.8. AE:
excitation photon energy in excess, Fqe: detection energy. Note the enlarged time-scale
(T=5K, B=0, Iexc = 2 kW/cm?).

with the electron. The electron wavefunction ¢, obtained by calculat-
ing the energy position of the ensemble PL provides an average number
N, =8/(vy [ dVpi(r)) ~ 1600 (vo: volume of unit cell) [22, 23]. Account-
ing for only the major contribution from the 1*13Cd isotopes (a = 0.125),
it follows N = 200. The nuclear spin J per isotope is defined (analog to
S) through the diagonal elements of the nuclear spin density matrix. Dur-
ing spin pumping, the electron time 7, is given by 7r, while it equals the
orders of magnitude longer spin-orbit time in the absence of optical exci-
tation. 7q_q is the dipole-dipole time governing the decay of the DNP by
the interaction between different nuclei. For the 1/2 isospin, a quadrupole
contribution is absent [24]. The linear system is easily solved analytically
yielding for N > 1 two time constants

1 11 N 1 1 N 1 \?> 4 1 1
— =+ — (=) = [—-=
Tiy2 2 |Te Thf Ta-d Te  Thf Td—d Thf \Td—d Te

(4.12)
by which the steady-state values
Te(Thnt + Tda-d) Td-d
Sst = £P , Jst = Sgp——— 4.13
t 2(Tht + Td-a + N7e) * “The + Tdd ( )

are approached.
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Spin pumping: At the typical excitation levels used 7o ~ 100 ns. The
dipole-dipole time is determined by the interaction energy of neighbored
nuclei and estimates from NMR linewidths provide a time-scale of 10~ s
[25]. It holds thus 7 < T4.q which produces in lowest order 71 = ToTht/(The+
N7e) and 79 = (The + N7e)/(1 + The/Ta-a + NTe/Tda-a). The meaning of these
two times is more clearly seen from the time-dependent solutions. In terms
of the deviations 6§ = S — Sg; and §.J = J — Jg, those read as

6S(t) = 6Spe ™ — §JgK (et — et 5(t) = 6Jge T2, (4.14)

Therefore, 7, describes the direct response of the electron spin on optical
pumping and is too short to be resolved in Fig. 4.12, whereas 7o represents
the formation time 77 of the DNP. If the dipole-dipole decay can be ne-
glected (74.4 — 00), T = T+ N7 expressing that the electron spin has to
be N times oriented in order to polarize the nuclei. K = N7./(mus + N7e)
measures the degree by which the presence of the DNP increases the elec-
tron spin polarization. It is this quantity which makes it possible to pursue
experimentally the nuclear dynamics by PL measurements. The formation
time 7p ~ 10 us revealed by the transients in Fig. 4.12 is orders of mag-
nitude shorter than in bulk semiconductor where it lies in the second or
even hour range [2]. We further find from fits to the data 7,y = 25 us
and K = 0.3, i.e, hyperfine flip-flop and electron life-time (N7, =~ 10 us)
contribute about equally to 7r.

Spin relazation: Without pumping (P, Sgt, Jst = 0), the single-spin flip-
flop defines the shortest time-scale (Th¢/N < Thf, Td.d, Te) providing 7 =
Tht/N, T2 = Ta.a, and K = 1. The short 7; enforces S ~ J, while both spin
polarizations decay slowly by the dipole-dipole time.

In order to uncover the spin decay, a dark period of duration ¢ga,x
is introduced between the excitation pulses, again either co- or counter-
polarized. A difficulty of such measurements is an increasing number of
dark counts when 4,k exceeds considerably t,,. The data presented below
are selectively verified on a single-dot level, systematic studies at reasonable
integration times are made on ensembles.

Application of periodic boundary conditions results in DNP-related
spin amplitudes AS = AS[1 £ exp(—tdark/7a.a)] for alternating and co-
polarization mode, respectively, where ASs = —KJg (ton > 7r). The
experimental data in Fig. 4.13c follow closely this prediction yielding
Ta-d = 250 ps. The formation time of the DNP is hence about one or-
der of magnitude shorter than its decay by the dipole-dipole interaction.
In marked contrast, just the opposite holds for bulk semiconductors because
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mode (top) as well as PL transients (main panel) recorded at T' = 60 K. (b) DNP
formation time and (c) DNP related spin amplitude (Ion — Iog) as functions of the dark
time in both polarization modes (B = 0, Iexc = 2 kW/cm?). The dashed curves are
single-exponential fits with a time constant of 250 us. Excitation is quasi-resonant to
the 1-LO-phonon state, detection in ot polarization. For more experimental details see
Ref. 27.

of the huge number of nuclei seen by the electron. Here, spin temperature
cooling in an external magnetic field can produce an equilibrium DNP. The
field Zeeman-splits the nuclear states sufficiently up and selectively pump-
ing one of the populations via the flip-flop process creates a nuclear spin
temperature different to that of the lattice [1]. The decay of the equilibrium
DNP requires dissipation of the Zeeman energy by spin-lattice interaction
which takes place on time-scales of a second and beyond [2].

The linewidth broadening of the electron spin levels is determined by the
life-time of the off-diagonal density matrix elements o1). Denoting this time
by 7. and assuming (A/Np,)7. < 1 leads to the standard expression [26]

1/mue = 1/Tie = (A/NL)*7e/ (1 + Awg7?) (4.15)

where Awp = gopup B+aAJ represents the electron Zeeman splitting caused
by the external field (B) as well as the Overhauser field (By) associated
with the DNP. The much smaller splitting of the nuclear levels can be ne-
glected. The increase of the DNP formation time and the disappearance of
the DNP-related spin amplitude anticipated from Eq. (4.15) are depicted
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in Fig. 4.14. The electron g factor g, = 1.1 [12] provides for the external
contribution Awg = 9 ns~!B/100 mT with which the estimate 7. ~ 1 ns
follows for the coherence time. There is also a weak, but clearly experimen-
tally resolvable asymmetry regarding the directions of the external field
and the electron spin. Switching the excitation from o~ to o™, as used to
record the data in Fig. 4.14, orients the electron spin quickly down, while
the nuclear spin is initially still up. The nuclear magnetic moment of the
Cd isotopes is negative (u$¢ = -0.6) and the Overhauser field points thus
always in the direction opposite to J. That is, B and By partially compen-
sate if the external field is applied in positive direction, while they add for
B < 0 to a larger effective field making the decline of the spin amplitude
stronger. Exactly this behavior is seen in the experiment. In view of the
ensemble average, calculations based on Egs. (4.11) and (4.15) reproduce
the experimental data reasonably well. The estimate of the Overhauser
field |Bx| = ahAJ/gepn ~ 3 mT is consistent with the hyperfine coupling
constant hA = —6ueV [28].

For no external field, the Overhauser field introduces nonlinearities in
the dynamics which limit the nuclear spin polarization by increasing the
formation time. For III-V QDs, where By can reach the 1-Tesla range,
strong nonlinearities have been described by various groups [29-31]. The
DNP is here directly displayed by a zero-field splitting of the dot emission,
but formation times estimated from indirect measurements are 7p ~ 1 s and
longer [29, 32]. Contrary, the Overhauser feedback is weak in the present
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CdSe/ZnSe QD structures defining a regime where the DNP-induced spin
splitting does not exceed markedly the broadening of the Zeeman levels
(aA7. ~ 1). This fact is corroborated by the dark-time dependence of the
DNP formation time (Fig. 4.13b). Indeed, 7f is longer for smaller ¢4.,x be-
cause of a stronger initial DNP, but the overall change is only about 30 %.
Spin transients computed with the appropriate hyperfine parameters pre-
dict virtually the same nuclear and electron spin polarizations (Fig. 4.15).
Indeed, single-dot measurements provide direct experimental evidence for
an almost complete closing of the hyperfine flip-flop rate (S ~ J). The slow
DNP-related transients approach the same final level as the sole electron
spin pumping transients at B = 100 mT (Fig. 4.16). Accordingly, the same
electron spin polarization | Sy |= P7e is created in both situations. It may
hence be concluded that the nuclear spin polarization becomes also close
to 2J =~ 0.5.
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Fig. 4.15. Calculated electron and nuclear spin transients from Eqgs. (4.11) and (4.15)
(N =200, 7 = 50 ns, hRA = —6 peV, 7c = 1.2 ns, 74.9 = 250 us).

The DNP formation time shortens monotonically with temperature,
while the spin amplitude initially slightly increases reaching a maximum
at about 50 K before it starts to decline (Fig. 4.17). A shorter 7¢ at higher
temperature is expected from the shortening of the electron life-time. A
temperature increase of K is indicative of a shortening of 7,¢. This is reason-
able since the shorter coherence time 7. at higher temperature reduces the
Overhauser contribution in the denominator of 7,5. At higher temperature,
the shortening of the electron life-time takes over. Single-dot measurements
where contributions of nontrionic origin can be excluded confirm these ten-
dencies. Note, however, that the ensemble data, neither of Fig. 4.10 nor
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Fig. 4.17, allow for conclusions about the absolute spin polarizations.

The 250 ps dipole-dipole decay time is in accord with the interaction
energy of 107° pueV of neighboring nuclei. Standard spin cooling is de-
scribed by a depolarization time oc B2/ BI% where By, is the effective local
dipole field [33]. The hyperfine interaction can be also viewed as a so-called
Knight field produced by the electron and seen by the nuclear spins. It has
been argued that an external field is not required for QDs, as the hyperfine
Knight field is strong enough to ensure spin cooling conditions [32, 34]. A
substantial Knight field B, &« S added to B would show up by an asym-
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metry of the decay transients with respect to the directions of electron
spin and external field. No such asymmetry is found beyond the experi-
mental resolution. The magnetic-field dependence of the dipole-dipole time
is depicted in Fig. 4.18a. It increases about one order of magnitude for
modest field strength (B = 5 mT), clearly demonstrating the opening of
a nuclear spin splitting suppressing dipole-dipole-mediated transitions be-
tween different nuclei. The zero-field time decreases only smoothly with
temperature (Fig. 4.18b) so that the relation 77 < 7q.4 is maintained up
to 100 K. Measurements on an extended time-scale (Fig. 4.18¢) uncover
in addition to the 100 pus component a second, clearly smaller part which
persists up to the millisecond range. This part becomes increasingly visible
at higher temperature and makes up a 0.2 portion of the total amplitude at
60 K. The origin of the long persisting DNP needs further investigations.
It might be due to the Se isotopes with lower abundance or spin diffusion
between different dots.
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4.5. Conclusions

Optical spin cooling without the need of an external magnetic field can
be efficiently accomplished by quasi-resonantly exciting the trion transition
of charged QDs. Single-dot measurements demonstrate a spin orientation
degree of about 50 % for both the electron as well as the nuclear system.
The scenario uncovered by our experimental and theoretical analysis relies
on two specific features realized by the CdSe/ZnSe QD structures under
study. First, the splitting induced by the Overhauser field stays within
the homogeneous width of the electron spin states avoiding nonlinearities
that limit the available spin polarization. Note that the definition of a spin
temperature is not meaningful in such case. Second, the number of nuclear
spins per QD is small, i.e., in the 100-range. This leads to a situation where
the formation of the nuclear polarization is an order of magnitude faster
than its decay by the dipole-dipole coupling (7p < 74.q4). Unlike the vast
amount of previous work on semiconductors, this allows for the formation
of a strong nonequilibrium DNP.

The spin polarizations are limited by a type of parasitic process where
the electron disappears from the QD through recharging by carriers created
in the background. Suppression of this loss channel by improving structure
perfection may lead to higher polarizations. Theoretical work has shown
that collective dark states in the nuclear system can impose quite strong
restrictions for the spin cooling [21]. The present measurements suggest a
very short electron spin coherence time 7. ~ 1 ns under optical excitation.
Even shorter times (7. = 25 ps) have been observed for electrons localized
on very diluted donors in ultra-pure GaAs and assigned to spin exchange
processes with carriers in the environment [35]. Such processes seem to
play a role also in Stranski-Krastanov QD structures. We conjecture that
the fast spin decoherence of the electron during spin pumping is imprinted
in the nuclear system so that the nuclei interact indeed independently with
the electron. Signatures of a DNP formation are seen up to a lattice tem-
perature of about 100 K. At those temperatures, the optical spin pumping
and read-out via the trion features brake down. Whether or not a DNP
can be established at still higher temperatures can not be decided by the
current experiments.
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Chapter 5

Electron Spin Quantum Bits in Quantum Dots:
Initialization, Decoherence, and Control

A. Greilich, D. R. Yakovlev and M. Bayer
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Germany
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Electron spins confined in semiconductor quantum dots have been con-
sidered as promising quantum bit candidates. This proposal is based
mostly on longitudinal spin relaxation times in the milliseconds range at
cryogenic temperatures. Here we substantiate the prospective properties
of such quantum bits by addressing both the static and dynamic proper-
ties of electron spins in (In,Ga)As/GaAs self-assembled quantum dots.
In particular we discuss first the g-factor tensor and turn then to the
creation of spin coherence by optical laser pulses. We also discuss the
times during which the spin coherence is maintained, and how the spin
coherence can be tailored by the details of the laser excitation protocol.
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5.1. Introduction

Recently the coherent dynamics of elementary excitations in semiconduc-
tor heterostructures has attracted considerable interest for applications in
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quantum information processing such as cryptography or computing [1]. In
the fields of atom quantum optics and nuclei magnetic resonance it is rather
easy to identify well defined two-level systems which can be used as car-
riers of quantum information (quantum bits) and are well separated from
the environment. Therefore the quantum information activities started to
flourish in these fields due to the superior coherence properties of the ele-
mentary excitations. Quite a few proof-of-principle experiments have been
demonstrated, such as few qu-bit entanglement, quantum gate operation
and design of simple quantum processors [1]. However, currently these ap-
proaches appear to be limited due to the lack of scalability towards large
numbers of involved qu-bits, which is less a problem for quantum commu-
nication but which is indispensable for quantum computing.

The potential to reach this goal has been attributed to solid state and
in particular semiconductor systems [1], due to the proven level of system
integration in conventional electronics. Therefore the quantum information
ideas and concepts have been transferred to semiconductors, even though
it was clear, for example that it is much more complicated to identify well
isolated two-level systems, by which coherence and therefore quantum in-
formation can be retained for long enough times. This has consequently
directed interest toward semiconductor quantum dots because of their dis-
crete energy level structure, due to which they bear some resemblance to
atoms found in nature. The limitations of this analogy have been, however,
clearly worked out in the meantime.

The ’artificial atom’ analogy has been studied a lot by optical spec-
troscopy, for which self-assembled quantum dot structures are very well
suited due to their high quantum efficiency. For example, at cryogenic
temperatures the linewidth of the radiative decay of electron-hole pairs (ex-
citons) confined in quantum dots is limited by the radiative decay time 7%,
corresponding to widths of a few eV [2]. But at elevated temperatures the
interaction with higher lying confined states in the dots and with contin-
uum states of the dot environment becomes so important that the linewidth
reaches a few meV [3]. Further, recent studies have also shown that the
simple exponential decay laws which give a perfect description of radiative
decays in atomic physics can typically not be applied for quantum dots.
Only for strictly resonant excitation of the transition between the valence
and conduction band ground states at low temperatures a two-level-scheme
may be appropriate [4].

On the other hand, from ultrafast spectroscopy it is well established that
coherent manipulation of excitons created by optical excitation can be done
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on a sub-picoseconds time scale, and therefore attraction was caught first
by charge excitations. The manipulation time scale has to be compared,
however, to the coherence time 7. Long coherence times are required for
performing a sufficient number of quantum manipulations before destruc-
tion of coherence occurs. The decoherence of charges such as electron and
hole typically occurs very fast in semiconductors, but charge neutral com-
plexes such as excitons show longer coherence. Non-linear optical studies
on quantum dot excitons have rendered T5*-values in the ns-range, which
are ultimately limited by the radiative lifetime [5]. This time might be ex-
tended, for example, by suppression of spontaneous emission which would
require a tailoring of the photonic environment in which the quantum dots
are located. This could be achieved by a photonic crystal, for example, re-
quiring sophisticated nanopatterning technology [6]. Imperfections in this
patterning could be, however, a source of decoherence. Alternately, by ap-
plication of an electric field the electron-hole overlap may be reduced, but
it is not clear yet, whether the required field variation can be done adia-
batically. In any case it seems hard to increase the T7* and T -times by
more than about an order of magnitude. This coherence time span might
be too short for quantum computing but could turn out to be sufficient for
application in quantum communication, requiring a rather limited number
of involved qu-bits and operations on them. Further, when quantum dots
are coupled to molecules, as required in certain quantum gate designs re-
lying on direct electronic coupling of qu-bits, the coherence time may be
reduced as compared to the quantum dot case, setting further limitations
on their use.

Therefore interest has moved toward spin excitations in semiconductors
[7-10], motivated in particular by the observation of very long electron
spin coherence times Ty already for bulk semiconductors [11]. Further, it
has been shown that the spin relaxation mechanisms which are effective in
higher-dimensional systems are strongly suppressed in quantum dots. For
electrons, for example, only the spin-orbit coupling and the interaction with
the nuclear background is effective, while for holes also the interaction with
the nuclei is suppressed. The interest in quantum dot spins was enhanced
further by the demonstration of very long electron spin relaxation lifetimes,
T¢, in the milliseconds-range [12]. This has raised hopes that T}, which
may theoretically last as long as 27} [13], could be similarly long, with
encouraging indications to that effect found lately [14].

In this chapter we give some insight into the current status of coherent
optical manipulation of electron spins in self-assembled (In,Ga)As/GaAs
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quantum dots. We point out that all studies have been done on quantum
dot ensembles, raising on one hand the hope that robust quantum bits can
be realized in that way, while on the other hand this approach may suffer
from the unavoidable inhomogeneities of the ensembles.

In the next Section II we describe the samples as well as the experimental
techniques used for studying them. Section IIT addresses the electron g-
factor. In Section IV we describe how the spins can be oriented efficiently by
coherent optical excitation, in Section V and VI we describe measurements
of the spin coherence and all-optical manipulation of the spins. The chapter
is concluded by a summary and an outlook on future work.

5.2. Experiment

The experiments were performed on self-assembled (In,Ga)As/GaAs quan-
tum dots, which were fabricated by molecular beam epitaxy on a (001)-
oriented GaAs substrate. Here we use the generic term (In,Ga)As for the
quantum dot material as the precise composition is unknown. To obtain
strong enough light-matter interaction, the sample contained 20 quantum
dot layers separated by 60 nm wide barriers. The layer dot density is about
10'%cm~2. For an average occupation by a single electron per dot, the
structures were n-modulation doped 20nm below each layer with a Si-
dopant density roughly equal to the dot density. From the Faraday rotation
studies presented below we estimate that about half of the dots is singly
charged by an electron, while the other half is uncharged. The precise ra-
tio varies with the position on the sample and also with the experimental
conditions such as temperature, illumination etc.

The as-grown sample shows ground state emission at wavelengths
around 1.2 pm, which is outside of sensitivity range of Silicon photodiodes.
Therefore the structure was thermally annealed for 30 s at 945 °C so that its
emission occurs around 1.396eV, as seen from the luminescence spectrum
in Fig. 5.1. This range is easily accessible for Si-detectors. The full width
at half maximum of the emission is about 10 meV, demonstrating a rather
good homogeneity, achieved through the annealing step. Further optical
properties of these dots can be found in Refs. [15, 16].

Most of the experiments reported here were performed with the sam-
ple immersed in liquid helium at a temperature T' = 2 K. In this variable
temperature insert the temperature could, however, also be increased up
to several tens of K. The sample chamber was placed between the coils of
an optical split-coil magneto-cryostat for fields up to B = 10T. For refer-
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ence, we define the sample growth direction [001] as the z-axis, which gives
also the direction of light propagation. The orientation of the sample could
be varied relative to the magnetic field. Experiments were performed for
longitudinal (Faraday geometry) or transverse (Voigt geometry) magnetic
field orientation relative to the z-axis. In addition, the sample could be
rotated about the growth axis.

For optical excitation, a Ti-sapphire laser emitting pulses with a dura-
tion of ~1.5ps (full width at half maximum of ~1meV) was used, hitting
the sample along the z-axis, as mentioned before. The laser repetition rate
was 75.6 MHz, corresponding to a period Tr = 13.21ns between the pulses.
The laser pulse separation could be increased to multiples of T by a pulse
picker system. The emission energy was tuned to be in resonance with the
ground state transition of the charged quantum dots (see Fig. 5.1).

This laser system was used as basis for implementation of two differ-
ent optical techniques which allow us to study the electron spin dynamics,
both of which can be categorized as time-resolved pump-probe Faraday ro-
tation [17, 18]. The first technique exploits an intense circularly polarized
pump pulse for inducing circular dichroism of the quantum dots by optical
orientation of carrier spins. The second technique, optically induced linear
dichroism, exploits a linearly polarized pump beam which results in opti-
cal alignment of excitons in the quantum dots. In both cases, the optical
anisotropies due to the pump pulses were analyzed by measuring the rota-
tion angle of the polarization plane of a linearly polarized probe pulse of
rather weak intensity. For detecting the rotation angle of the linearly polar-
ized probe beam, a homodyne technique based on phase-sensitive balanced
detection was used. The pump beam hit the sample at time zero, and the
probe beam could be delayed relative to the pump beam by a mechanical
delay line.

5.3. Electron g-factor

The open circles in Fig. 5.1 show the variation of the electron g-factor across
the inhomogeneously broadened emission of the quantum dot ensemble. To
measure it, the energy of the exciting laser was shifted across the emission
band. Details of the g-factor determination can be found below. The
magnetic field was oriented perpendicular to the heterostructure growth
direction along the [1-10] crystal direction (the y-direction). The g-factor
modulus decreases with increasing emission energy from 0.57 on the low
energy side to less than 0.50 on the high energy side, and therefore shows
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a variation of about 7.5 % about its mean value.
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Fig. 5.1. Photoluminescence spectrum of the studied (In,Ga)As/GaAs quantum dot
ensemble. The filled trace gives the spectrum of the excitation laser used in the Fara-
day rotation experiments, which could be tuned across the inhomogeneously broadened
emission band. The symbols give the electron g-factor along the [1-10] direction in the
dot plane across this band, for which the right scale is relevant. [19]

The g-factor of a conduction band electron typically differs considerably
from its value of gg = 2 for free electrons. The reason is the strong spin-orbit
interaction in semiconductors, leading to a strong mixing of bands. If one
makes the assumption that the main effect of the quantum dot confinement
is an increase of the band gap F, between conduction and valence band as
compared to bulk, but neglects all other effects such as changes of spin-orbit
splittings etc., the deviation of the electron g-factor from 2, as determined
by k - p perturbation theory, can be estimated by using the form for the
g-factor in bulk [20]:

_ 4m0P2 A
Je =90 302 B, (B, + A)
Here myg is the free electron mass. P is the matrix element describing
the coupling between valence and conduction band. A is the spin-orbit
splitting in the valence band. For GaAs- or InAs-based semiconductors the
coupling matrix element and the splitting are so large that the g-factor even
becomes negative, for example it amounts —0.44 in GaAs bulk at cryogenic

(5.1)

temperatures.
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From our measurements we do not obtain direct access to the sign of the
g-factor, but the systematic variation across the emission band allows us to
trace it indirectly. Increasing emission energy corresponds to an increase of
the band gap, leading to a reduction of the right hand side in equation 5.1.
The decrease of the g-factor modulus with increasing emission energy in
Fig. 5.1 can then be only explained if the g-factor is negative.

There is another striking difference between the g-factors of a free elec-
tron and a crystal electron. Due to the spatial anisotropy in a crystal it
can in general no longer be described as a scalar quantity, but has to be
described by a tensor of second order. In crystals with cubic symmetry
this tensor can be reduced to a scalar, but for nanostructures this cannot
be done in any case. Still for GaAs-based quantum wells, for example,
the conduction band g-factor can often be taken as isotropic as the elec-
tron wave function is formed from s-type atomic orbitals. However, for
self-assembled quantum dots this scalar approximation cannot be used, as
shown in Fig. 5.2, for which the magnetic field orientation was varied in the
quantum dot plane. The full circles give the electron g-factor at B = 5T.
Note that for the electron we do not find a g-factor dependence on field
strength. For comparison also the exciton g-factor is shown by the full
triangles. For both quantities a remarkable anisotropy is seen.

The anisotropy can be well described by a pattern with two-fold sym-
metry. Therefore, for an arbitrary direction, characterized by the angle ¢
relative to the z-axis, the electron g-factor can be written as

V92 cos? o+ g2 sin® o = g (5.2)

where g, and g., are the g-factors along the = and y-axes, [110] and
[1-10], respectively. The solid lines in Fig. 5.2 are fits to the data using
equation 5.2. From these fits we obtain g. ., = 0.57 and ge, = 0.54 for the
electron. This corresponds to a relative variation of 2.7 % around the mean
value.

We have also done measurements of the electron g-factor with the mag-
netic field aligned along the heterostructure growth direction, exploiting
the linear dichroism in Faraday rotation measurements. From these studies
(not shown here) we obtain an average g-factor of the electron along z to
be -0.61 with a variation of about 10 % across the ensemble. Therefore it
is considerably larger than the average g-factor in the dot plane.
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Fig. 5.2. In-plane angular dependence of the electron (circles) and exciton (triangles)
g-factors obtained from the circular dichroism experiments. Solid lines are fits to data,
see text for details. B = 5T. Angle zero corresponds to field orientation along the z-axis
which coincides with the [110] crystal axis. [19]

5.4. Creation of Spin Coherence by Spin Initialization

For addressing electron spin coherence, the quantum dot sample was studied
by Faraday rotation spectroscopy. The pump beam was circularly polar-
ized and directed along the heterostructure growth direction. Since it was
resonant with the ground state, it may inject an electron and a hole into
the conduction and valence band ground states of the quantum dots. These
carriers will have well defined spin orientations due to the optical selection
rules. For example, for ¢ (07 )-excitation the electron have a spin projec-
tion, S, = —1/2 (S, = +1/2), along z, while the total angular momentum
of the hole (being the sum of the orbital moment and the spin moment
coupled due to the spin-orbit interaction) are J, = +3/2 (J, = —3/2). In-
jection of such an electron-hole combination will of course only be possible
if it is allowed by the Pauli principle, since there is already an electron in
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the quantum dot due to the doping: The spin orientation of this residual
electron has to be opposite to the one of the optically injected electron in
order to allow for optical excitation.

Any optically created spin imbalance along z corresponds to a net spin
polarization. If one assumes a spin polarization in the ensemble such that,
for example, the quantum dots contain more electrons with spin-up (S, =
+1/2 in state |1)) than with spin-down (S, = —1/2 in state ||)) this will be
reflected by the transmitted probe beam (propagating under a slight angle
relative to z, to avoid interference with the pump). Its linear polarization
can be decomposed into two counter-circularly polarized components of
equal weight. Due to the spin imbalance, the interaction of the o ™-polarized
part will be smaller than that of the o~ -polarized one, leading to different
propagation speeds. Adding the two components behind the sample will
result again in linear polarization but due to their different propagation
times a phase shift has occurred, reflected by a rotation of the polarization
plane. This angle of rotation is measured in our experiments.

This is the description for a quasi-static situation. In the following the
carrier spins are injected in a transient fashion, as after some time the
electron-hole pair will recombine radiatively. In addition, a static mag-
netic field is applied normal to the spin orientation so that the carrier spins
precess about this field, which is oriented along x. Due to this preces-
sion also the spin polarization oscillates, which can be mapped through the
oscillating rotation angle of the probe beam’s polarization. An example
for the experimental data which can be obtained in that way is given in
Figure 5.3(a) showing the Faraday rotation signal of the (In,Ga)As/GaAs
quantum dots versus the delay between pump and probe for different mag-
netic field strengths. Pronounced electron spin quantum beats are observed
with some additional modulation at high B.

In a quantum mechanical language the precession corresponds to a quan-
tum beating between two spin-split levels. For the electron for example,
the two Zeeman-split eigenstates in transverse magnetic field are spin par-
allel and spin antiparallel to the field, i.e. the spin points either along the
4z or the —z direction. Using the S,-basis, these states can be written
as: | £x) = (|1)£[1)) /V2, reflecting the zero spin polarization along z.
Shining in with a laser pulse which is short enough so that its spectral
width covers the energy separation between the split states, can lead to
excitation of a superposition of the two split states. The time evolution of
this superposition shows oscillations with a frequency corresponding to the
splitting.
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Fig. 5.3. (a): Faraday rotation traces of n-doped (In,Ga)As/GaAs quantum dots vs de-
lay between pump and probe at different magnetic fields. The pump power was ~10 mW.
(b): Field dependencies of the electron precession frequency. The line is a B-linear fit
to the data, to determine the electron g-factor. (c): Spin dephasing time T3 versus B.
The line is a 1/B-fit to the data, to determine the electron g-factor variation in the
ensemble. [15]

The modulations of the beats at strong applied fields are seen only at
short delay times not exceeding 400 ps. This time corresponds to the life-
time of electron-hole pairs, as determined from time-resolved photolumines-
cence. As can be seen from the signal at weak fields, for longer delays the
Faraday rotation signal contains oscillations with only a single frequency
component, which are exponentially damped. The lifetime of these beats
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is as long as 4ns at B = 0.5 T, for example, exceeding essentially the life-
time of optically excited carriers. Therefore we attribute these long-lived
oscillations to residual electrons in the dots. The modulation at early de-
lays apparently arises from interference of the long-lived oscillation with
an oscillation related to optically excited carriers, and the two oscillation
frequencies lie close to each other, so that the observed beating behavior
occurs.
Three features are to be noted for the appearance of the oscillations:

e We have first analyzed the long lived precession component by the form:

exp (—i> cos (wet) , (5.3)
T3

where T35 is the dephasing time and w, is the electron precession fre-
quency given by the spin-splitting we = ge oppB/h with the Bohr mag-
neton pp. ge is the electron g-factor along the field. From the field
dependence of the precession frequency the g-factor can be determined,
and this was the technique which was applied to gain the data shown
in Section II.
Fig. 5.3(b) shows the field dependence of the precession frequency we
(the circles) obtained from fitting our data by the form above. It is in
agreement with a linear dependence on B, as expected. Note that in
general also deviations from such a linear behavior might occur if the
magnetic field modifies the band structure, leading to a change of the
g-factor. This might be the case in particular for holes, but less so for
electrons. From a B-linear fit [the black solid line in Fig. 5.3(b)] we
obtain | ge; |= 0.57.

e The spin beats become increasingly damped with increasing magnetic
field, corresponding to a reduction of the ensemble spin dephasing time
T3, plotted in Fig. 5.3(c). The damping arises from variations Ag, of
the electron g-factor within the quantum dot ensemble, which are trans-
lated into a spread of the precession frequency: AQ, = Ag.upB/h.
The electron spins become oriented at the moment of pump pulse ar-
rival, after which they start to precess about the field. Due to the
frequency variations the precessions of the electrons run out of phase
with increasing delay, so that the coherent signal is reduced. Note,
however, that this is a destructive interference effect from the ensem-
ble, but does not mean that the coherence of an individual spin in a
quantum dot is lost.
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Obviously the frequency spread increases linearly with increasing mag-
netic field, which in the time domain (as measured by T%) leads to a
dependence inversely proportional to the magnetic field. Therefore the
dephasing can be described by [T (B)] ™" = [T% (0)] '+ AgepsB/v2h.
The solid line in Fig. 5.3(c) shows a 1/B-fit to the T3 data, by which a
g-factor variation Ag, = 0.004 has been extracted, which is only about
0.7 % of the mean value. This variation appears to be surprisingly small
as we address an inhomogeneously broadened ensemble of millions of
dots. However, one has to keep in mind that we select by our laser
pulse a rather narrow energy range of about 1 meV of quantum dot
ground state transition energies.

From the data one can also conclude that T3 (0) exceeds 6 ns in the limit
of zero magnetic field, for which the g-factor variations are avoided.
The zero-field dephasing is mainly caused by electron spin precession
about the frozen, but random magnetic field of the nuclei [21]. The
net nuclear orientation varies from dot to dot, and it is these variations
that lead to ensemble spin dephasing. On a ns time scale the electron
spin polarization drops to one third of the initial value, and on a longer
time scale the polarization is completely lost due to flip-flop processes
with the nuclei.

As discussed, the additional modulation of the quantum beats at high
fields can be assigned to photoexcited carriers, which precess about
the field with a frequency close to that of the electron. This results
in the beating from interference of the two signals. From the data in
Fig. 5.2 the exciton has a similar g-factor as the electron, and therefore
we attribute these short lived beats to the exciton spin precession in
quantum dots which do not contain a resident electron. This precession
persists only during the radiative decay of the excitons, which is in good
accord with the beat lifetime. From the ratio of the amplitudes of the
electron and exciton beats we have estimated the ratio of charge neutral
and singly charged quantum dots, that has been given above. Dots
with more than two electrons do not show a considerable spectroscopic
response in resonant Faraday rotation, as Pauli-blocking by the spin
singlet state of the two electrons prevents interaction with light, so
that these dots do not show a laser induced spin polarization.
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After this analysis of the static g-factor properties, we address now the
question, why spin precession is observed at all. At least in high magnetic
fields, for which the spin-splitting is quite large compared to the thermal
energy, the system is in thermal equilibrium before photoexcitation. This
means that the spin is either parallel or antiparallel to the magnetic field
along x, corresponding to zero spin polarization along the light propagation
axis, so that the probe pulse does not undergo a rotation of polarization.
Through the optical excitation we are apparently able to rotate the electron
spin by 90deg., so that the observed spin precession can occur. To obtain
further insight into the underlying mechanism, additional information is
needed:

Figure 5.4(a) shows FR signals at B = 1T for different powers of the
pump pulses. The corresponding FR amplitudes are plotted in Fig. 5.4(b)
versus the laser pulse area ©, which is defined as © = 2 [ [dE(¢)]dt/h in
dimensionless units. Here d is the dipole matrix element for the transition
from the valence to the conduction band. For pulses of constant duration,
but varying power, as used here, © is proportional to the square root of
excitation power, and it is given in arbitrary units in Fig. 5.4(b). The
Faraday rotation amplitude shows a non-monotonic behavior with increas-
ing pulse area. It rises first to reach a maximum, then drops to about 60%.
Thereafter it shows another strongly damped oscillation.

This behavior is similar to the one known from Rabi-oscillations of the
Bloch vector describing an electron-hole excitation, whose z-component
describes the corresponding population [22]. The laser pulse coherently
drives this population, leading to coherent oscillations as function of the
pulse area ©. For © = 0 (no pulse) it does not change the population, while
for ©® = 7 the system inverted, leading to electron-hole pair population in
an undoped quantum dot. For ® = 27 the Bloch vector is rotated by 360°
and so on. In our case, the Faraday rotation amplitude becomes maximum
when applying a m-pulse as pump, and it becomes minimum for a 27-pulse.
However, the observed oscillations are strongly damped.

To observe periodic oscillations, this damping would have to be sup-
pressed as much as possible, that is, the system has to be quite homoge-
neous and the driving laser pulse has to be shorter than any decoherence
times. In our case, the damping of the oscillations most likely is due to
ensemble inhomogeneities of quantum dot properties such as the dipole
matrix element d [5].

Based on these observations, we can understand the mechanism of gen-
erating electron spin coherence in the quantum dots. For that purpose we
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Fig. 5.4. (a): Short delay closeup of the Faraday rotation signal at B = 1T for different
pump powers. (b): Faraday rotation amplitude, as determined from fitting the data in
panel (a) by an exponentially damped harmonic, versus laser pulse area ©. The line is
a guide to the eye. [15]

discuss first charge neutral dots. A resonant optical pulse with o~ polar-
ization creates a superposition of vacuum and exciton:

cos (%) | 0) — isin (%) I14), (5.4)

where | 0) describes the deexcited semiconductor. The hole spin orienta-
tions Jp_, = £3/2 are symbolized by the arrows f} and |}, respectively. The
electron and hole spins in the exciton become reversed for oT-excitation.
The exciton component in the superposition precesses about the magnetic
field for a time, which cannot last longer than the exciton lifetime. The
amplitude of the contribution to the ensemble Faraday rotation signal is
given by the square of the exciton coefficient sin? (©/2). The Faraday ro-
tation signal becomes reduced either by dephasing in the ensemble or by
decoherence through spin-scattering of electron or hole.

Let us turn now to singly charged quantum dots, for which the resonant
excitation leads to excitation of trions. We assume that the deexcited
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quantum dot state is given by an electron with arbitrary spin orientation:

al)+81L), (5.5)

with | @ |2 + | 8| = 1. As seen above, a 0~ -polarized laser pulse ’tries to
place’ an exciton with spin configuration |T{}) in the quantum dot. This ac-
tion is, however, restricted by the Pauli-principle, due to which the optically
excited electron must have a spin orientation opposite to the resident one.
Therefore the pulse can excite only the second part of the initial electron
state.

In consequence a coherent superposition state of an electron and a trion
is created:

a|1) + Beos (g) 1) — ifisin (%) 1), (5.6)

The trion consists of two electrons combining to a spin singlet and a hole in
state | |}). Here we assume that decoherence does not occur during excita-
tion, i.e., the pulse length is much shorter than the radiative decay and the
carrier spin relaxation times. One sees that the electron-hole population
oscillates with pulse area ©. Restricting to rather low pump powers, where
damping effects are quite small, the excitation is most efficient for © = 7,
which gives the superposition state:

a|T) —iB [LT), (5.7)

After some time the electron hole pair will relax, leaving a resident electron
in the quantum dot. In the ensemble this occurs on a mean time scale
given by the radiative lifetime. This ensemble averaging will wipe out any
contribution from the second summand to the Faraday rotation signal. If
before recombination hole spin relaxation occurs, the situation will not be
changed, as the ensemble average will again nullify the contribution from
the second part.

The efficiency of this protocol is obviously determined by the quality
of the suppression of the pure ||)-component which in effect reduces the
electron spin polarization along z. The probability to excite it is given by
cos? (©/2), or vice versa, the probability to avoid it is 1 — cos? (©/2) =
sin? (©/2). Since the Faraday rotation signal is proportional to the elec-
tron spin polarization, we expect a dependence proportional to sin? (0/2),
neglecting any damping. This is reflected by the observed Rabi-oscillations
in Fig. 5.4.
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Let us consider the problem more quantitatively: By variation of the
area © not only the electron and trion state populations are changed pe-
riodically with period © = 2x, but also the orientation of electron and
trion spins S and J are controlled. The electron spin polarization can be
described by a spin vector S = (S;,Sy,S5;) defined by: S, = Re(af*),
S, = —Im(af*), S. = (1/2)(|a|? — |B]?). Similarly, one can introduce the
spin vector, J = (Jy, Jy, J.), which represents the polarization of the trion,
|¥) = a| 111) + 6| T14). The spin vectors S and J represent 6 of the 16
components of the four level density matrix, and their dynamics is given
by the corresponding equations of motion [23].
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Fig. 5.5. (a) and (c): Reorientation of the electron spin polarization by application of
a resonant optical pulse of varying area as denoted. Calculations have been done for
two different initial values of spin polarization, S and S9. (b) and (d): Electron spin
polarization components versus pulse area ©. [15]
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The electron spin vector evolution as function of © is shown in Fig. 5.5
for two initial orientations: one is parallel to the magnetic field and
the other exemplifies an arbitrary direction (see figure caption for de-
tails). A short o polarized pulse excites the initial electron spin state,
al ) + B |), into an electron-trion superposition state a cos(©/2)| 1)
+ 0] 1) —iasin(©/2)] TI1). The light induced change of the S, com-
ponent, [S; — 89| = |a|?sin®(©/2) varies with the | 1) state popula-
tion, and independently of the initial conditions it reaches maximum for
© = (2n + 1)7m-pulses, for which the S, and S, components vanish. In par-
ticular, S,([2n + 1]7) = —0.25 for S? = 0 [24]. Unlike the S, component,
the electron spin components normal to z swing between their initial direc-
tions (59, S, S?) and the opposite direction (—S59, -5y, 5?) with a period
of 4w, because the S, , components are proportional to cos(©/2). They
describe the coherence of the electron spin state and both vary with the
phase of the spin wave function.

The control of spin dynamics by an optical pulse allows for a fast spin
alignment. In a quantum dot ensemble, a small area pulse, © < 1, induces
a coherent spin polarization proportional to © [25]. With increasing ©, the
total spin polarization oscillates with a period 27 as does the S, component
of each individual spin in the ensemble, explaining the Faraday rotation
amplitude oscillations in Fig. 5.4. The long trion lifetimes in our quantum
dots could enable realization of a regime in which a pulse of rather low
power, but long duration can be used to reach a large pulse area without
decoherence due to radiative decay. Further, the S, and S, components
change sign with period 27. This implies that 2nm-pulses can be used for
refocusing the precessing spins, similar to spin-echo techniques [26].

Let us turn now to the spin dynamics after initialization by a short
pulse. Then the off-diagonal component of the density matrix, describing
the optical coherence between electron and trion, is decoupled from the
electron and trion spin vectors, which are governed independently by two
vector equations:

dJ J J

E—[QhXJ]—?—T—T,

S (72) 2

= = (e +Qn) x 8]+ >——, (5.8)

where Q. 1, || e and Qn = gepupB /T is the electron precession frequency
in the effective magnetic field, B due to the frozen nuclear configuration in
a dot. In the second equation we do not include the electron spin relaxation
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time, 75, explicitly. At low temperatures, 7¢ is on the order of us and
is mainly determined by fluctuations of the nuclear field Q2 in a single
quantum dot [12, 16, 21, 27]. This long time scale is irrelevant for our
problem. The spin relaxation of the hole in the trion, 77, is caused by
phonon assisted processes and at low temperatures may be as long as 7¢
[28, 29].

Solving equation (5.8) we obtain the time evolution of the spin vectors S
and J. After trion recombination (¢ > 7,.), the amplitude of the long-lived
electron spin polarization excited by a (2n + 1)m-pulse is given by

~Re 0.5J.(0)/7; 05J-(0)/7 \ i
S.(t)=R {(Sz(0)+ i) - 7T+Z.(w_9h)> p( t)},

(5.9)

where S,(0) and J,(0) are the electron and trion spin polarizations cre-
ated by the pulse. w = Q. + Qn.z. 77 = 1/7 + 1/7" is the total trion
decoherence rate. If the radiative relaxation is fast 7, < 77, Qe_,ll, the in-
duced spin polarization S, () is nullified on average by trion relaxation, as
S.(0) = —J.(0). In contrast, if the spin precession is fast, Q¢ > 7,1, the
electron spin polarization is maintained after trion decay [24, 30]. This is
the situation that we find in our experiment.
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Fig. 5.6. Calculated time dependence of pump-probe Faraday rotation signal of n-doped
quantum dots excited by a o polarized pulse. 7.=400 ps, 7';’:170 ps, | ge |= 0.57, and
Age = 0.004. [15]
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For an ensemble of quantum dots, the electron spin polarization is ob-
tained by averaging equation (5.8) over the distribution of g-factors and
nuclear configurations. At low B, the random nuclear magnetic field be-
comes more important for the electron spin dephasing than the g-factor
dispersion, leading to dephasing during several nanoseconds [21]. As dis-
cussed, the rotation of the linear probe polarization is due to the difference
in scattering of its ™ and ¢~ polarized components by one of the tran-
sitions | 1) — | TIf) and | |) — | T/l{). The scattering efficiency is
proportional to the population difference of the states involved in these
transitions Any = ny —ngy or An_ =n| —ny. The Faraday rotation angle
is ¢(t) ~ (Any — An_)/2 = S,(t) — J.(t). Figure 5.6 shows the Faraday
rotation signal after a ot-polarized excitation pulse, calculated with input
parameters corresponding to the experimental situation. The traces are in
good accord with the experimental situation. In particular, at B = 7T,
the Faraday rotation shows modulated beats resulting from interference of
the electron and exciton precessions.

5.5. Electron Spin Coherence

For quantum information applications, the electron spin dynamics needs
to be understood in detail. In particular, the time scales during which the
information of a spin state is retained have to be addressed. Phenomeno-
logically the spin dynamics can be described by two times, the longitudinal
spin relaxation time 77 and the transverse spin relaxation time 75 . In a
simple picture these time scales can be understood in the following way. A
'longitudinal’ magnetic field leads to a spin-splitting. The T3-time describes
then the time scale on which the relaxation of a spin from the upper into
the lower state occurs. If the magnetic field is, on the other hand, oriented
normal to the spin, the spin precesses about the field. In this case, the Ts
time describes the time during which the precession is going on in an un-
perturbed way until the first scattering followed by a phase change occurs.
It is this latter time scale which is the relevant one for quantum information
processing.

In the previous chapter we had introduced an additional time constant,
T3, to describe the decay of the ensemble coherent signal, called dephasing.
As we had pointed out, one of the origins of this fast decay in the ns-
range are the ensemble inhomogeneities which lead to a strong variation of
the precession frequency. These variations are dominant at strong enough
fields. Toward zero field the spin coherence lifetime is limited by dot-to-dot
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variations of the nuclear fields about which each electron precesses. Besides
such momentary inhomogeneities in an ensemble, 7% might in general be
also limited by variations of the experimental conditions during the mea-
surement time, such as signal integration times which are much longer than
the time during which the conditions can be kept stable. This is the typical
case for single quantum dot measurements, for which one has to perform
an experiment many times in order to get a statistically significant result.

Generally the dephasing time is much shorter than T5. Note, however,
that dephasing does not lead to a destruction of the coherence of an in-
dividual spin. But it does mask the duration of the single spin coherence
due to the rapid loss of coherence among the phases of the spins. Theo-
retically, the single-spin coherence time may be as long as twice the spin
relaxation time, which is on the scale of milliseconds [12], as recent experi-
ments have demonstrated. The true spin coherence time may be obtained
by sophisticated spin-echo techniques [31], which typically are quite labori-
ous. In general, a less complicated and robust measurements scheme would
be highly desirable, by which also the spin coherence could be preserved so
that ultimately many of the operations critical to the processing of quan-
tum information, including initialization, manipulation, and read-out of a
coherent spin state, would become possible.

To address this point, we look again at Faraday rotation traces, recorded
in a similar way as those discussed above. There we had shown the traces
only for positive delays between pump and probe. Now we take a look also
at the negative delay side. This is done for two different magnetic fields, 1
and 6 T, in Fig. 5.7, lower panel. Long-lived electron spin quantum beats are
seen at positive delays, as discussed before. Surprisingly, also for negative
delays strong spin beats with a frequency corresponding to the electron
precession are observed. The amplitude of these quantum beats increases
when approaching zero delay ¢ = 0. Spin beats at negative delay have been
reported for experimental situations in which the decay time exceeds the
time interval between the pump pulses: Ty > Tx [10]. This is clearly not
the case here, where the Faraday rotation signal has fully vanished after
1.5ns at B = 6T, for example, so that the dephasing is much faster than
the pulse repetition period. Within the experimental error, the rise time
of the signal at negative delays is the same as the decay time at positive
delays for all magnetic fields, suggesting that the negative delay signal also
can be traced to electron spin precession.

The upper panel shows the signal when scanning the delay over a larger
range in time, in which four pump pulses, separated by 13.2ns from each



Electron Spin Quantum Bits in Quantum Dots 131

B=1T
[}
©
2
‘s
E
©
0
L
L | L | L | L | L | L
0 10 20 30 40
Time (ns)
Tg=13.2ns T=2K
[}
©
2
s
€
©
nd
L
L | L L | L | L | L | L |
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 25
Time (ns)

Fig. 5.7. Lower panel: Pump-probe Faraday rotation signal versus delay measured at
B =1 and 6 T on singly charged (In,Ga)As/GaAs quantum dots. The pump power
density is 60 VV/cm27 the probe density is QDW/ch. Upper panel: Faraday rotation
signal recorded for a longer delay range in which four pump pulses were located. [34]

other, are located. At each pump arrival electron spin coherence is cre-
ated, which after a few ns is quickly dephased. Before each pump arrival
the coherent signal from electrons appears again. This negative delay pre-
cession can occur only if the coherence of the electron spin in each single
dot prevails for much longer times than Tk. Independent of the origin of
the coherent signal, this opens a pathway towards measuring the spin co-
herence time T5: When increasing the pump pulse separation continuously
until it becomes comparable with the T5-time, the amplitude of the signal
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on the negative delay side should continuously decrease. Further, if the
pump pulse separation is increased far above the coherence time, the signal
should vanish completely.

Corresponding data at B = 6 T measured for two pump densities differ-
ing by a factor of two are given in Fig. 5.8, showing the Faraday rotation
amplitude on the negative delay side shortly before the next pump arrival
as function of Tr. Tr was increased from 13.2 up to 990ns by means of a
laser pulse-picker. A significant Faraday rotation signal can be measured
even for the longest pulse interval of a ps. For longer Tx it is difficult
to measure a coherent signal, not because Tr would exceed the coherence
time, but because by increasing Tr the duty cycle in the measurement pro-
tocol is too low, i.e., the effective time during which signal is collected is
reduced too much. From the data which have been corrected for the real
measurement times, we see, that a drop of Faraday rotation amplitude is
seen, meaning that we scan a pump separation range comparable with T5.

In order to understand why the single quantum dot coherence time can
be seen at all in an ensemble measurement, let us consider excitation of a
single quantum dot by a periodic train of w-pulses which all have the same
circular polarization. The first impact of the pulse train is a synchronization
of electron spin precession. For discussing this effect we define the degree
of spin synchronization by P(w.) = 2|5,(w.)|- Here the z-component of
the electron spin vector, S, (w.), is taken at the moment of pulse arrival. If
the pulse period, Tr, is a multiple IV of the electron spin precession period,
27 Jwe, the subsequent action of such m-pulses leads to almost complete elec-
tron spin alignment along the light propagation direction z [24]. In general
the synchronization is given by P, = exp(—Tr/T2)/[2 — exp(—Tr/T2)] for
m-pulses [24]. In our case it reaches its largest value P = 1, correspond-
ing to almost 100% synchronization, because for excitation with a high
repetition rate (as in experiment) Tr < Ts so that exp(—Tgr/T3) ~ 1.

An ensemble contains quantum dots whose precession frequencies fulfill
the synchronization relation with the laser which we term phase synchro-
nization condition in the following:

we =27N/Tr = NQ. (5.10)

Since the electron spin precession frequency is typically much larger than
the laser repetition rate for not too small magnetic fields, N > 1. As in ad-
dition the spread of precession frequencies is also much larger than the laser
repetition rate, multiple subsets within the optically excited quantum dot
ensemble satisfy the equation (5.10) for different N. This is illustrated by
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Fig. 5.8. Faraday rotation amplitude at negative delay as function of time interval
between pump pulses. The experimental data were measured at B = 6T for two pump
densities of 12 and 6 W/cm? shown in the inset by the red and blue arrows. T =
6 K. The solid lines show the theoretical dependencies [34], which contains as single
fit parameter 75 = 3.0 us. In the inset the Faraday rotation amplitude measured at
Tr = 264ns is shown as function of pump density. The solid line shows again the
theoretical dependence. The comparison of experiment and theory allows us to determine
the pump density, which corresponds to a m-pulse (shown by the black arrow). The
theoretical dependence of the Faraday rotation amplitude on Tg calculated for w-pulse
excitation is shown by the dashed line. [34]

Fig. 5.9, where panel A sketches the precession for N = K and K + 1, and
panel B gives the spectrum of phase synchronized precession modes. The
number of synchronized subsets, AN, can be estimated from the broadening
of the electron spin precession frequencies, v, by: AN ~ /. It increases
linearly with magnetic field, B, and pulse period, Ts. The spins in each
subset precess between the pump pulses with frequency N2, starting with
an initial phase which is the same for all subsets. Their contribution to
the spin polarization of the ensemble at a time ¢ after the pulse is given by
—0.5cos(N2-t). As sketched in Fig. 5.9, the sum of oscillating terms from
all synchronized subsets leads constructive interference of their contribu-
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tions to Faraday rotation signal around the times of pump pulse arrival.
The rest of the quantum dots does not contribute to the average electron
spin polarization S (t) at times ¢ > Ty, due to dephasing. The synchro-
nized spins therefore move on a background of dephased electrons, which,
however, also still precess individually during the spin coherence time.
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Fig. 5.9. Phase synchronization of electron spin precession by a train of w-pulses of
circularly polarized light. The top panel shows the train of o polarized laser pulses with
repetition period Tr. The train synchronizes the electron spin precession in quantum
dots where the precession frequency is a multiple of (27/TR): we = N(27/Tgr). In
these quantum dots, the spins are aligned at the moment of the pulse arrival: each spin
is opposite to the light propagation direction. The two middle panels show the phase
synchronization for two spins with precession frequencies differing by 27 /Tr: N = K
and N = K + 1 (K is a large integer). The bottom panel shows a time evolution of
the average spin polarization S (t), resulting from a constructive interference of the
phase synchronized quantum dot subsets. (B) Spectrum of phase synchronized electron
spin precession modes enveloped by the density of precession frequencies p(we) in a
quantum dot ensemble. Only those electron spins which are synchronized by the pulse
train give a contribution to the spectrum, consisting of sharp peaks at the frequencies
we =N2n/Tr) (N=...,K—1,K,K +1,...) which satisfy the phase synchronization
condition equation (5.10). [34]

The average spin polarization S, (t) = —0.5Q Y% ____ cos(NQ-t)p(NQ),
where p(w,) is the density of the quantum dot precession frequencies within
the laser excitation profile. Assuming that this density has a Lorentzian
shape [32] p(we) = (7/7)(1/[(we —@e)? +7?]), centered around the average
frequency wg, an analytic result can be obtained:

__ Bcosh{f[l —2mod(t,Tr)]} — sinh 3
- B sinh 3 ¢

where 8 = vTr/2 and mod(z,y) = 2 — y [z/y] is the modul function, with
[z/y] defined as integer division. The resulting time dependence of S, (t)

S.(t) 0s(Wet) (5.11)
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(Fig. 5.9A) explains the appearance of Faraday rotation signal at negative
delays.

Obviously, m-pulse excitation is not critical for the electron spin phase
synchronization by the circularly polarized light pulse train. Any resonant
pulses of arbitrary intensity create a coherent superposition of the trion
and electron state in a quantum dot, leading to a long-lived coherence
of resident electron spins, because the coherence is not affected by the
radiative decay of the trion component. Each pulse of o™ polarized light
changes the electron spin projection along the light propagation direction
by AS, = —(1 —2|S.(t — t,)|)W/2, where t, = nTg is the time of the
n-th pulse arrival, and W = sin?(©/2) [15, 33]. Consequently, a train
of such pulses orients the electron spin opposite to the light propagation
direction, and it also increases the degree of electron spin synchronization
P. Application of ® = m-pulses (corresponding to W = 1) leads to a
99% degree of electron spin synchronization already after a dozen of pulses.
However, if the electron spin coherence time is long enough (7% > Tr), an
extended train of pulses leads to a high degree of spin synchronization also
for © < 1 (W =~ ©2/4).

The general consideration of this problem (see [34] and SOM to this
paper) gives a degree of spin synchronization P(we) = 2|5 (we)l:

(W/2Tr)(W/2Tg 4+ 1/T5)

PUoe) = (ol + 1/T5)2 + (o — N

(5.12)

One sees that: (i) a train of pulses synchronizes the spin precession of
quantum dot electrons with precession frequencies in a narrow range of
width W/2TR + 1/T% around the phase synchronization condition, (ii) the
electron spin synchronization still reaches 100% if W/2Tr > 1/T5.

The effect of the pump density (namely of the pump area) on the distri-
bution of the spin polarization synchronized by the pulse train at moment of
pulse arrival (t = t,,) for © = 0.47, 7 and 1.67, is shown in Figs. 5.10A-C.
Calculations were done for T = 13.2ns (red) and 52.8ns (blue). The den-
sity of the electron spin precession modes is shown by the black line, which
gives the envelop of the spin polarization distribution. The quasi-discrete
structure of the distribution created by the pulse train is the most impor-
tant feature, which allows us to measure the long spin coherence time of a
single quantum dot on an ensemble: A continuous density of spin preces-
sion modes would cause fast dephasing with a time inversely proportional
to the total width of the frequency distribution: T = h/~. Only the gaps
in the density of precession modes facilitate the constructive interference at
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negative delay times in Fig. 5.7. These gaps are created by mode locking
of the electron spins with the periodic laser emission.
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Fig. 5.10. Spectra of phase synchronized electron spin precession modes created by
a train of circularly polarized pulses, —S,(tn), calculated for the pulse area © =
0.47, 7, and 1.67, respectively. The spectra have been calculated for two pump pulse
repetition periods: Tr = 13.2ns (red) and 52.8ns (blue). At low pumping intensity
(panel A) the pulse train synchronizes electron spin precession in a very narrow fre-
quency range near the phase synchronization condition: we = N(27/Tg). The m-pulses
(panel B) widen the range of synchronized precession frequencies. In addition, the elec-
tron spins with opposite polarization at frequencies between the phase synchronization
condition become significantly synchronized. The degree of synchronization for these
spins decreases at © > 7 (panel C). (D) Negative delay Faraday rotation amplitude de-
pendence on pump pulse repetition period Tr calculated for the same three pulse areas.
The amplitude is normalized to its value at Tr = 264 ns. All calculations have been
done for a magnetic field of B =2 T with ge = [0.57], Age = 0.005 and T> = 3.0 us. [34]

Figure 5.10D shows the decay of the normalized Faraday rotation ampli-
tudes as a function of pulse repetition time Tr. The decay depends on the
pulse area and is minimized for a m-pulse. The decay rate for pulses with
areas deviating from 7 are equal for © = 7—« and 7+ «. We have fitted the
experimental data of the Faraday rotation amplitude on T (Fig. 5.8) and
its dependence on pump density (inset in Fig. 5.8) with theoretical depen-
dence [34]. The fit allows us to determine the pump density corresponding
to the 7m-pulse and the single quantum dot coherence time 75 = 3.0£0.3 s,
which is four orders of magnitude longer than the ensemble dephasing time
Ty =04nsat 6T.
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The Faraday rotation amplitude does not reach its largest value at 7-
pulse pumping (see inset of Fig. 5.8). This is because the train of 7-pulses
synchronizes the spin precession for a broad distribution of precession fre-
quencies and not only for the w, satisfying the phase synchronization con-
dition. For example, in the quantum dots with w, = (N + 1/2)Q the spin
synchronization degree is 1/3. However, the S, projection of electron spin
in these quantum dots is opposite to the one for quantum dots which sat-
isfy the phase synchronization condition (w. = N{2), as seen in Fig. 5.10B.
This leads to cancellation effects in the total Faraday rotation amplitude of
the quantum dot ensemble. On the other hand, one can see in Fig. 5.10C
that pulses with an area © > 7 are not so efficient in synchronizing the
electron spin precession in quantum dots which do not satisfy the phase
synchronization condition. This diminishes the "negative” contribution of
such quantum dots to the electron spin polarization and increases the Fara-
day rotation amplitude. Generally the rise of the excitation intensity from
zero to m-pulses increases the number of quantum dots contributing to the
Faraday rotation signal at negative delays.

After having shown that a specific protocol for a laser pulse sequence
can be used for selecting a subset of synchronized quantum dots with the
single dot dephasing time, we turn to testing the degree of control that
can be achieved by such sequences. For that purpose each pump is split
into two pulses with a fixed delay Tp < Tr between them. The results of
measurements for Tp = 1.84ns are shown in Fig. 5.11A. Both pumps were
circularly co-polarized and had the same intensities. When the quantum
dots are exposed to only one of the two pumps (the two upper traces), the
Faraday rotation signals are identical except for a shift by Tp. The sig-
nal changes drastically under excitation by the two pulse train (the lower
trace): Around the arrival of pump 1 the same Faraday rotation response
is observed as before in the one-pump experiment. Also around pump 2
qualitatively the same Faraday rotation pattern is observed with consid-
erably larger amplitude. This means that the coherent response of the
synchronized quantum dot ensemble can be amplified by the second laser
pulse. Even more remarkable are the echo-like responses showing up in the
Faraday rotation signal before the first and after the second pump pulse.
They have a symmetric shape with the same decay and rise times T5. The
temporal separation between them is a multiple of Tp. Note that these
Faraday rotation bursts show no additional modulation traces as seen at
positive delay times when a pump is applied. This is in accord with the
assignment of the modulation to the photogenerated carriers [15].
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Fig. 5.11. Control of the electron spin synchronization by two trains of pump pulses
with Tr = 13.2ns shifted in time by Tp = 1.84ns. (A) Experimental Faraday rotation
signal measured for separate action of the first or the second pump (the two upper curves)
and for joint action of both pumps (the bottom curve). The pumps were co-polarized
(o). (B) Theoretical modelling of the spin echo-like signals in the two pulse experiment
with the parameters: © = 7 and v = 3.2 GHz. [34]

Apparently, the electron spins in the quantum dot sub-ensemble, which
is synchronized with the laser repetition rate, have been clocked by intro-
ducing a second frequency which is determined by the laser pulse separation.
The clocking results in multiple bursts in the Faraday rotation response.
This behavior can be explained by our theoretical model: The echo-like sig-
nal has the same origin as the Faraday rotation revival in the single pump
experiment, which is constructive interference of the Faraday rotation am-
plitudes from quantum dot subsets with phase-synchronized electron spin
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precession. We have calculated the distribution of electron spin polarization
created by a train of m-pulses in the two pump experiment, using a tech-
nique similar to the one described above for the single pump experiment.
The resultant time dependence of the Faraday rotation signal reproduces
the experimental burst signals well (Fig. 5.11B).

The mode locking mechanism in an ensemble of quantum dots with in-
homogeneously broadened precession frequencies rises the question what
properties should have a quantum dot ensemble for use in various quan-
tum coherent devices. In general quantum dot ensembles whose spin states
are only homogeneously broadened would be optimal for quantum informa-
tion processing. However, fabrication of such ensembles cannot be foreseen
based on current state-of-the-art techniques, which always lead to sizeable
inhomogeneities. Under these circumstances, a sizable distribution of the
electron g-factor is good for mode locking, as the phase synchronization
condition is fulfilled by many quantum dot subsets, leading to strong spec-
troscopic response. Further, it gives some flexibility when changing, for
example, the laser protocol (e.g. wavelength, pulse duration and repetition
rate) by which the quantum dots are addressed, and therefore changing the
phase synchronization condition, as the ensemble involves other quantum
dot subsets for which the single dot coherency can be recovered. However,
a very broad distribution of electron g-factors would lead to a very fast de-
phasing in the ensemble, making it difficult to observe the Faraday rotation
both after and before pulse arrival. In this case the phase synchronization
can be exploited only during a very short period of time.

5.6. Control of Ensemble Spin Precession

Figure 5.12 shows FR traces excited by the two-pulse train with a repetition
period Tr = 13.2ns, in which both pulses have the same intensity and
polarization, and the delay between these pulses Tp was varied between
~ Tr/7 and ~ Tr/2. The FR pattern varies strongly for the case when the
delay time Tp is commensurate with the repetition period Tg: Tp = Tr/i
with i = 2,3,4,..., and for the case Tp # Tx/i. For commensurability Tp =
Tr/i, the FR signal shows strong periodic bursts of quantum oscillations
only at times equal to multiples of T, as seen in the left panel for Tp =
1.86 ns~ Tr/7. Commensurability is also given to a good approximation
for delays Tp = Tr/4 ~ 3.26ns and Tp = Tr/3 ~ 4.26 ns.

For incommensurability of Tp and T, Tp # Tr/i, the FR signal shows
bursts of quantum oscillations between the two pulses of each pump doublet,
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Fig. 5.12. Faraday rotation traces measured as function of delay between probe and
first pump pulse at time zero. A second pump pulse was applied, delayed relative to the
first one by Tp, indicated at each trace. The top left trace gives the FR without second
pump. [36]

in addition to the bursts outside of the doublet. For example, one can see a
single burst in the mid between the pumps for Tp = 3.76 and 5.22ns. Two
bursts, each equidistant from the closest pump and also equidistant from
one another, appear at Tp = 4.92 and 5.62ns. Three equidistant bursts
occur at Tp = 5.92ns. Note also that the FR amplitude before the second
pump arrival is always significantly larger than before the first pump for
any Tp.

Although the time dependencies of the FR signal look very different for
commensurate and incommensurate Tp and T, in both cases they can be
fully controlled by designing the synchronization of electron spin precession
modes in order to reach constructive interference of their contributions to
the FR signal [34]. For a train of pump pulse doublets the phase synchro-
nization condition accounts for the intervals Tp and Tr — Tp in the laser
excitation protocol

WEZQWNK/TDZQTFNL/(TR—TD) s (513)

where K and L are integers. On first glance this condition imposes severe
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limitations on the Tp values, for which synchronization is obtained:
Tp = [K/(K+ L)|Tr , (5.14)

which for Tp < Tr/2 leads to K < L. When equation (5.14) is satisfied,
the contribution of synchronized precession modes to the average electron
spin polarization S (t) is proportional to —0.5 cos[N (2rKt/Tp)]. Summing
over all relevant oscillations leads to constructive interference of their con-
tributions with a period Tp/K in time [34]. The rest of quantum dots does
not contribute to S, (¢) at times longer than the ensemble dephasing time.
The phase synchronization condition explains the position of all bursts in
the FR signal for commensurate and incommensurate ratios of Tp and Tg.
For commensurability, K = 1 and Tp = Tr/(1 + L) according to equation
(5.14). In this case constructive interferences should occur with period Tp
as seen in Fig. 5.12 for Tp = 1.86ns (L = 6).

For incommensurability of T and Tx the number of Faraday rotation
bursts between the two pulses within a pump doublet and the delays at
which they appear can be tailored. There should be just one burst between
the pulses, when K = 2, because then the constructive interference must
have a period Tp/2. A single burst is seen in Fig. 5.12 for Tp = 3.76 and
5.221ns. The corresponding ratios Tp/Tr are 0.285 and 0.395, respectively.
At the same time equation (5.14) gives a ratio Tp/Tr = 2/(L + 2), which
is equal to 0.285 and 0.4 for L=5 and 3, respectively, in good accord with
experiment.

Next, two Faraday rotation bursts are seen for Tp = 4.92 and 5.62ns,
corresponding to Tp/Tr ~0.372 and 0.426. The corresponding construc-
tive interference period T /3 is reached for K = 3. Then Faraday rotation
equation (5.14) Tp/Tr = 3/(L + 3), giving 0.375 and 0.429 for L= 5 and
4, respectively. Finally, the Faraday rotation signal with Tp = 5.92ns
(Tp/Tr ~0.448) shows three Faraday rotation bursts between the two
pumps. The constructive interference period Tp/4 is obtained for K = 4,
for which eq. (5.14) gives Tp/Tr = 4/(L + 4) ~ 0.444 with L= 5. Obvi-
ously good general agreement between experiment and theory is established,
highlighting the high flexibility of the laser protocol. In turn, this under-
standing can be used to induce Faraday rotation bursts at wanted delays
Tp/K, so that at these times further coherent manipulation of all electron
spins involved in the burst is facilitated.

However, the question arises how accurate condition equation (5.14) for
the Tp /Tg ratio must be fulfilled to reach phase synchronization. Formally,
one can find for any arbitrary Tp/Tg large K and L values such that
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equation (5.14) is satisfied with high accuracy. But the above analysis
shows, that only the smallest of all available L leads to PSC matching.
Experimentally, the facilities to address this point are limited, as the largest
Tp for which Faraday rotation signal can be measured are delays around 5
ns between the two pumps. For larger delays the Faraday rotation bursts
shift out of the scanning range. For short Tp, on the other hand, the bursts
are overlapping with the Faraday rotation signal from the pump pulses.

To answer this question, we have modeled the Faraday rotation signal
for commensurate and incommensurate ratios of Tp and Tgr. Figure 5.13
shows the results together with spectra of synchronized spin precession
modes (SSPM) at the moment of the first and second pump pulse arrival.
The SSPM were calculated similar those induced by a single pulse train [34].
Figure 5.13(a) gives the SSPM for commensurate Tp = Tr/3 superimposed
on the SSPM created by a single pulse train with the same Tr. Panel
(c) shows the Faraday rotation signal created by such a two pulse train.
The SSPM for the considered strong excitation are considerably broadened
and contain modes for which w, = 2aM/Tp = 273M/Tg with integer
M, which coincide with each third mode created by a single pulse train.
However, the SSPM given by w., = 27N/Tg, which do not satisfy the
phase synchronization condition for a two pulse train, are not completely
suppressed, because the train synchronizes the electron spin precession in
some frequency range around the PSC. One sees also, that at ¢ = 0 the two
pulse train leads to a significant alignment of electron spins opposite to the
direction of spins satisfying the PSC. This "negative” alignment decreases
the constructive interference magnitude and therefore the Faraday rotation
signal before the first pulse arrival, and is also responsible for a significantly
larger magnitude of the Faraday rotation signal before the second pulse
arrival [see Figs. 5.12 and 5.13(c)].

For incommensurate ratios of Tp and Tz the SSPM become much more
complex. Still we are able to recover the modes which satisfy the phase syn-
chronization condition at the pulse arrival times. In Fig. 5.13(b) we show
the SSPM at t = 0 and t = Tp for Tp = 2Txr/7 (K = 2, L = 5), where
the arrows indicate the frequencies which satisfy the phase synchronization
condition for the two pulse train. Only a small number of such modes fall
within the average distribution of electron spin precession modes, because
the distance between the phase synchronization condition modes is propor-
tional to 27K /Tp = 2n(K + L)/Tr. The diluted spectra of PSC modes for
incommensurability decrease the magnitude of the Faraday rotation bursts
between the pump pulses, in accord with experiment. This shows, that
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Fig. 5.13. (a,b): Spectra of electron spin precession modes, —S;(t), which are phase
synchronized by the two-pulse train calculated for Tp = Tr/3 and Tp = 2Tgr/7 at the
moments of first (¢ = 0) and second (¢ = Tpp) pulse arrival (red). Single-pump spectra
are shown in blue. (c): Faraday rotation traces calculated for two ratios of Tp/Tg.
Laser pulse area © = 7. Tr = 13.21ns. Electron g-factor dispersion Ag = 0.005. [36]

although any ratio of Tp/Tr can be satisfied by large K and L, the Fara-
day rotation signal between the pulses should be negligibly small in this
case. Consequently, not any ratio of Tp/Tx leads to pronounced Faraday
rotation bursts.
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To obtain further insight into the tailoring of electron spin coherence,
which can be reached by a two-pulse train, we have turned from co- to
counter-circularly polarized pumps. The delay between pumps Tp was
fixed at Tr/6 ~ 2.2ns. The time dependences of the corresponding Faraday
rotation signals are similar, as shown in Fig. 5.14. Besides the two Faraday
rotation bursts directly connected to the pump pulses, one sees bursts due
to constructive interference of spin synchronized modes which are periodic
in time with Tp. The insets in Fig. 5.14(a) show closeups of the different
Faraday rotation bursts. The sign, , of the Faraday rotation amplitude for
the counter-circular configuration undergoes Tp-periodic changes in time
relative to the co-circular case, as seen in Fig. 5.14(b), which demonstrates
optical switching of the electron spin precession phase by 7 in an ensemble
of quantum dots.

The observed effect of sign reversal is well described by our model.
Let us consider first a two-pulse train with delay time Tp = Tg/2 for
which the two pumps are counter-circularly polarized. In this case an
electron spin can be synchronized only if at the moment of pulse arrival
it has an orientation opposite to the orientation at the previous pulse.
This leads to the phase synchronization condition w, = 27(N + 1/2)/Tp.
The contribution of such precession modes to the electron spin polarization
is proportional to cos[2n(N + 1/2)t/Tp)] = cos(2nNt/Tp) cos(nt/Tp) —
sin(2rNt/Tp)sin(nt/Tp). Summing these contributions, only the first
term gives a constructive interference, whose modulus has period Tp, while
the sign of cos(nt/Tp) changes with period 27p. Only each third of the
precession frequencies can be synchronized by a counter-circularly polarized
two pulse train when the delay time is Tz/6 as in our experiment. The cor-
responding phase synchronization condition is: we = 6 x 27 (N + 1/2)/Tkr.
A consideration similar to the previous shows that the constructive inter-
ference modulus has period Tr/6 and changes its sign with period 27T'r/6.
The relative sign of the Faraday rotation amplitude for the counter- and
co-circularly case, k = sign{cos[rt/(Tr/6)]}, is in accord with the experi-
mental dependence in Fig. 5.14(b).

The constructive interferences of the electron spin contributions can be
seen only as long as the coherence of the electron spins is maintained. In
this respect the temperature stability of the constructive interference is
especially important. Fig. 5.14(c) shows Faraday rotation traces in a two-
pump-pulse configuration with Tp = 1.88 ns at different temperatures. For
both positive and negative delays, the Faraday rotation amplitude at a fixed
delay is about constant for temperatures up to 25 K, irrespective of slight
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Fig. 5.14. (a): Faraday rotation traces in the co-circularly (blue traces) or counter-
circularly (red traces) polarized two pump pulse experiments measured for Tp = 2.2ns
and B = 6 T. Insets give close-ups showing the relative sign, x, of the Faraday rotation
amplitude between the two traces. & is plotted in (b) vs time. (c): Effect of temperature
on the Faraday rotation amplitude in two-pump-pulse experiment. Tp = 1.88 ns. [36]

variations which might arise from changes in the phase synchronization
of quantum dot subsets. Above 30 K a sharp drop occurs, which can be
explained by thermally activated destruction of the spin coherence.
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The electron spin coherence in charged quantum dots is initiated by
generation of a superposition of an electron and a charged exciton state
by resonant pump pulses [15, 33]. The simultaneous decrease of the Fara-
day rotation magnitude before each pump pulse and afterwards (when the
constructive interference signal is controlled by the excitation pulse) sug-
gests that the coherence at elevated temperatures is lost already during its
generation. The 30K temperature threshold corresponds to an activation
energy of ~2.5 meV. This energy may be assigned only to the splitting be-
tween the two lowest confined hole levels, because the electron level splitting
dominates the 20 meV splitting between p- and s-shell emission in photolu-
minescence and is much larger than 2.5 meV. The decoherence of the hole
spin results from two phonon scattering, which is thermally activated and
should occur on a sub-picosecond time scale, i.e. within the laser pulse [35].
The fast decoherence of the hole spin at 7' > 30 K suppresses formation of
the electron-trion superposition state. ps-pulses as used here are therefore
not sufficiently short for initialization of the superposition and creation of
a long-lived electron spin coherence.

Note also, that the spectra in the lower and upper panels of Fig. 5.14
have been recorded at different magnetic fields (3 and 6 T). While the
appearance of the Faraday rotation bursts changes with the field strength,
the times at which the bursts appear remain unchanged. This shows the
stability of the control of electron spin precession against magnetic field
variations.

5.7. Summary

In summary we have performed detailed studies of the electron g-factor in
quantum dots. The spin is described by a complex g-factor tensor with pro-
nounced anisotropies. With this knowledge we have addressed the coherent
manipulation of the spin. We have shown first a very efficient technique
by which the spin can be oriented (initialized) by circularly polarized laser
pulses. By such pulses the spin orientation can be controlled. We have
then shown that the electron can be phase synchronized with the periodic
laser protocol. As a first trade-off this technique allowed as an electron spin
coherence time of 3 us at cryogenic temperatures. We have then succeeded
with a first demonstration that this method also allows a far-reaching co-
herent control of the spins: A two-pulse protocol allowed us to clock the
electron spin such that periodic bursts appear in the Faraday rotation sig-
nal. Further, by tailoring the laser protocol we can control the pattern of
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Faraday rotation bursts, and we can also induce 7w phase changes.

This result shows that the deficits which are typically attributed to
quantum dot spin ensembles may be overcome when combining them with
elaborated laser excitation protocols, with all the related advantages due to
the robustness of the phase synchronization of the quantum dot ensemble:
(i) a strong detection signal with relatively small noise; (ii) changes of
external parameters like repetition rate and magnetic field strength can be
accommodated for in the phase synchronization condition due to the broad
distribution of electron spin precession frequencies in the ensemble and the
large number of involved quantum dots. This should be elaborated further
in future studies.
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Among many stringent prerequisites of quantum information processing
(QIP), the ability to prepare and measure a state is the essential first step
before an experimental realization of gate operations can be pursued.
Initialization of the qubits to a simple fiducial state is in fact one of
the widely used diVincenzo criteria for QIP. Readout is a projective
measurement of the gate-modified state in the computational basis: in
this sense an assessment of the fidelity of a quantum manipulation can
only be tested if a realiable readout scheme exists. In this Chapter, we
present the state-of-the-art in optical state preparation and readout of
spins confined in self-assembled quantum dots.
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6.1. Introduction

In the last ten years, self-assembled semiconductor quantum dots (QDs)
have emerged as a model system for solid-state quantum optics and QIP.
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Photoluminescence (PL) studies of nonresonantly excited single QDs have
led to the generation of single photons [1, 2] and entangled photons [3]
as well as the observation of cavity-quantum electrodynamics (QED) ef-
fects both in the weak-coupling [4-6] and strong-coupling [7-9] regimes.
Similarly, resonant excitation has enabled the observation of Rabi oscil-
lations [10] and coherent manipulation of excitons and biexcitons [11]: all
indicators of an interesting quantum optical system. These milestones have
further strengthened various QIP-motivated proposals, including those re-
garding optical access to spins in QDs [12].

To that end, we will first discuss spin-state preparation of a single elec-
tron trapped in an Indium Arsenide (InAs) quantum dot. The underlying
principle of optical pumping is profoundly simple and was first put to use
by J. Brossel et al. in the context of spin polarizing an atomic ensem-
ble [13]. In this scheme, the optical selection rules allow for spin-selective
transitions leading to a final dark state. Same principle can be applied to
a single quantum-dot spin: Optical coupling of electronic spin states can
be achieved using resonant excitation of the charged excitonic transitions
(trions) along with the spin-state mixing, which leads to nonzero rates for
spin-flip Raman transitions. = Using this mechanism it has been shown
that an electron can indeed be pumped into one of the spin states with a
high fidelity despite being in a solid-state environment. The figure of merit
for QIP, i.e. the state-preparation fidelity exceeds 0.998 for this candidate
system.

The second key prerequisite for applications in QIP, the ability to read-
out the state of a single confined spin, is as essential as the ability to prepare
it in the first place. The first demonstration of single semiconductor spin
read-out was performed using transport measurements based on spin-charge
conversion. Here, we will discuss an all-optical dispersive measurement of
the electron spin state, virtually the observation of Faraday effect from the
smallest possible magnet in Nature. Access to the spin-state information is
obtained through conditional Faraday rotation of a spectrally detuned op-
tical field, induced by the polarization- and spin-selective trion transitions.
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6.2. Resonant Scattering from Charge-Tunable QDs

Photoluminescence is arguably the most commonly used optical spec-
troscopy technique for single QDs to-date. An excitation laser is used
for generating electrons and holes in the surrounding host matrix such as
Gallium Arsenide (GaAs) followed by the relaxation and entrapment of
these carriers into the lower lying discrete QD states. Recombination of
an electron-hole pair, namely an exciton generates a photon with energy
corresponding to that of the QD transition. This technique allows for map-
ping out the optical transitions, yet it still renders any systematic access to
individual spins near impossible. An alternative technique is the resonant
scattering spectroscopy, where a laser of single optical frequency addresses
a transition of interest directly and selectively allowing us to study features
such as optical selection rules and oscillator strengths by observing the scat-
tered laser light [14]. Another advantage of this technique is the superior
spectral resolution yielding around 103-fold improvement over photolumi-
nescence.

In parallel, a single electron has to be trapped in a QD with certainty
before its spin can be studied. Incorporating a QD layer in between a highly
doped GaAs layer and a surface gate electrode thus forming a Schottky-
diode heterostructure [Fig. 6.1] is probably the most convincing solution
to-date [15]. By choosing an appropriate voltage applied between the two
leads of the device we can guarantee one and only one electron to occupy
a single QD. In such a situation, the ground state is a single electron in
the conduction band, and the excited state is an electron pair in a singlet
state with zero total spin in the presence of a hole in the valence band. The
two ground states are determined by electron spin states with S, = £1/2,
while the two excited states are determined by the hole spin states with
J, = £3/2. The experimental results discussed here were achievable thanks
to the combination of these approaches.

Figure 6.1 illustrates the device structure and the experimental setup for
resonant scattering experiments where the transmitted laser field is mea-
sured by photodetectors rather than the emitted photons being detected by
a spectrometer. The key elements are the quarter-wave plate (QWP) which
maps circular polarization states into linear ones and the polarizing beam
splitter (PBS) which distributes each linear polarization to one designated
detector. This system can measure the signal from both circularly-polarized
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Fig. 6.1. Resonant scattering setup and device structure.

QD transitions simultaneously. When the laser field is in resonance with
a QD transition, the optical field scattered by the QD interferes with the
background optical field [16]. Therefore, the total field observed upon trans-
mission through the quantum dot includes the signature of the quantum dot
response to the light field. In short, the ratio of the scattered to incident
laser power can be expressed as

PScattered o 3A2 F2
PLaser = 27'[-A’4Lauser 462 + 1“2 + 292 '

Laser

(6.1)

where the symbols P;, 7, A, Avaser, I, 0, and Q stand for incident and
scattered laser power, mode matching efficiency, QD transition wavelength,
laser focus area, QD transition linewidth, spectral detuning of the laser
from the QD transition, and the Rabi frequency. This Lorentzian response
can be mapped out in two ways: Either by sweeping the frequency of the
laser with respect to the QD transition or by shifting the quantum dot
emission energy via DC Stark effect. In our experiments both methods are
employed, and Fig. 6.2 displays an example laser scan over the trion tran-
sition with a Rabi frequency comparable to the QD transition linewidth T'.
The PL data is also displayed for completeness. It is worth noting that
a typical value for Eq. (6.1) is below 1% for a singly charged QD due to
the small 0 factor. Therefore, signal-to-noise improving protocols such as
lock-in detection are typically employed.
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Fig. 6.2. The voltage-dependent PL data for a typical QD in a Schottky heterostruc-
ture along with resonant scattering data from the degenerate trionic transition in linear
polarization basis.

6.3. Spin-State Preparation

A single electron spin in a solid-state environment has numerous channels
for spin relaxation. Fundamental interactions that determine spin dynamics
in QDs are hyperfine coupling to QD nuclear spin ensembles, spin-phonon
coupling and exchange-type interactions with a nearby Fermi sea of elec-
trons. Further, optical access necessitates careful consideration of heavy-
light hole mixing and its effects on electron spin dynamics in the presence
of a driving laser. For the goal of spin-state preparation, we have to operate
in a regime that brings forth the mechanisms that help with spin pumping
and minimize those that lead to spin relaxation. The strength of Pauli
blockade of the corresponding optical transitions works as a means to infer
the electron spin state. The physical mechanisms for state mixing and spin
heating are discussed in detail elsewhere [17].

A single-electron-charged QD in the trion picture is analogous to the
four-level system illustrated in Fig. 6.3, where state | T],4) (] T1,1)) cor-
responds to two ground-state electrons forming a singlet and a ground-
state hole with angular momentum projection J, = —% (—l—%) along the
quantization axis. The strong trion transitions, | T|,{) «— | |) and
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Fig. 6.3. Electron level scheme in the presence of ground-state coupling and branching
of optical transitions.

| TL,ft) «<— | 1), leave the resident electron spin unaltered, whereas the
weak transitions, | T[,{) «— | T) and | T],1) < | ), lead to a net spin-
flip of the resident electron. The latter transitions are ideally forbidden
by the optical selection rules, however the various interaction mechanisms
mentioned above allows for I' > v # 0, where I" and « are the allowed and
forbidden spontaneous emission rates, respectively, as indicated in Fig. 6.3
(left). In addition to these optical transitions, the ground states for the
electron spin can be coupled at a rate &1, the main culprits for this chan-
nel being hyperfine interaction, cotunneling, and phonon-assisted spin-orbit
coupling. For the case of hyperfine interaction, previous studies on simi-
lar structures have shown that 5&3:0) > I in the absence of an external
magnetic field B but is strongly suppressed even under relatively weak mag-
netic fields (B ~ 0.1 T) because of incommensurate electron and nuclear
Zeeman energies [18, 19]. This is the case depicted in Fig. 6.3 (middle),
where §$?>O) < I'. In this regime, driving any one of the two optical tran-
sitions will naturally lead to a shelving of the electron into the dark spin
state. How well the electron can be kept in that spin state is indeed de-
termined by the relative strengths of all the involved transition rates. The
third scenario that will be considered is a control experiment where a sec-
ond re-pump laser is resonant with the other Zeeman-split trion transition
| 71,f) «— | 1) simultaneously. Then, the | T) — | |} transition will also
take place via spontaneous spin-flip Raman scattering, with a rate propor-
tional to the ratio of the two laser intensities, as long as we are not driving
the transitions to saturation. Figure 6.3 (right) illustrates this scenario also
known as the double-A scheme in quantum optics.

Figure 6.4 is the experimental realization of Fig. 6.3, showing the ex-
pected X'~ plateau at B = 0 T, where the quantum dot is single-electron-
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Fig. 6.4. Absorption plots as a function of magnetic field and optical pumping.

charged for gate voltages (Vgate) in the 320- to 424-mV range (left plot).
The probe laser was scanned across the | 1|, {}) «— | |) transition and had
the corresponding circular polarization [0(~)] as determined by the optical
selection rules. Voltage-dependent shift of the QD transition frequency is
the DC Stark shift due to the permanent trionic dipole moment. The edges
of the charging plateau are the strong cotunneling regimes where £;) re-
mains very strong and prohibits spin pumping. In fact, the strength of spin
relaxation generated by the previously listed fundamental interactions can
be changed by up to five orders of magnitude upon varying the external
electric and magnetic fields [17]. Through such strong dependency, the QD
system can be tuned from the regime of an isolated artificial atom to that
of a quantum-confined solid-state system coupled either to a charge or a
spin reservoir. Therefore, we will only consider the center of the charging
plateau as the relevant regime for QIP. The middle portion of the charging
plateau in Fig. 6.4 shows a suppression of the signal at a 0.2-T magnetic
field: The quantum dot becomes transparent for gate voltages in the 344-
to 396-mV range. This strong suppression of the signal in the X'~ plateau
center is a signature of optical electron-spin pumping into the | 1) state
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due to the unidirectional spontaneous Raman scattering process. From the
surviving signal strength we can conclude that at 0.2 Tesla this leads to
a 98.5% electron spin-state preparation fidelity. When we reach 0.3 T the
electron is in the | 1) state more than 99.8% of the measurement time,
a value limited by our signal-to-noise level. This value remains to be the
highest state-preparation fidelity reported in a solid-state system and can
be reached for both spin states [20]. An alternative figure of merit is the
spin temperature. We can say that the electron spin can be cooled optically
from 4.2 K down to 20 mK, i.e. (g5)™ of the ambient temperature of 4.2
K.

Reduction of the light scattering signal is the result of Pauli blockade,
but it can alternatively come from QD ionization, i.e. exciting the electron
to higher energy levels from where it may escape from the QD. To prove
that the electron was only shelved in the | T) dark state by the probe laser
at the | 1],|) «— | |) transition, we simultaneously applied a repump
laser on the | T],1) «<— | T) transition with orthogonal circular polariza-
tion [o(+)]. Figure 6.4 (right) shows the resulting gate sweep, where an
absorption peak at Vgate = 372 mV appears. The linewidth of this peak is
equal to that shown in Fig. 6.2, and it was observed when the re-pump laser
was detuned from the probe laser by exactly 6 GHz; that is, the indepen-
dently measured trionic Zeeman splitting. The fact that we fully recovered
the probe laser absorption only when both lasers were resonant with the
corresponding trion transitions indicates that the system is a realization of
the last (right) illustration in Fig. 6.3.

The results discussed in this Section rely on spontaneous spin-flip Ra-
man transition and constitute the first step toward stimulated Raman tran-
sition [21] on a single QD electron for coherent preparation of an arbitrary
superposition of spin states, as well as cavity-assisted spin-flip Raman tran-
sitions as a source of indistinguishable single photons with near-unity col-
lection efficiency [22].

6.4. Spin-State Measurement

We will next try to answer the second question that is essential for the suit-
ability of optically accessed quantum dot spin states as qubits, i.e. can we
measure the spin states after a particular operation? Numerous proposals
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have considered resonance fluorescence as a way to measure electron spin
state, where each emitted photon upon an excitation already carries the
needed electron spin-state information. This in principle yields nanosecond
measurement times limited only by the excited state lifetime, however the
current practical limitations keep us far from this regime: Single photon de-
tection approach suffers from limited extraction and detection efficiencies
while resonant scattering approach suffers from minute 7 A;"m
discussed before. Unfortunately, both limitations currently push the possi-
ble measurement times well into the milliseconds regime. Considering the
spin-flip rates we have discussed in the previous Section, spin measurement
with resonant scattering is rendered impossible without altering the spin
state itself. Therefore, we have to look for alternative routes for spin mea-
surements.

values as

In our quest for optical access to QD spins so far we have only con-
sidered the absorptive response of an optical transition, however disper-
sive response can also be observed with a modified measurement scheme.
Ensemble spin measurements using Faraday rotation of light polarization
have been implemented in semiconductors [23], but single spin sensitivity
has only been achieved in the last year [24, 25]. Once again the underly-
ing principle is rather simple: A detuned optical field experiences a phase
shift in the vicinity of an optical transition. If the transition and the laser
have circular and linear polarizations, respectively, then this acquired phase
shift becomes detectable as a rotation of the linear polarization plane for
the laser by a corresponding angle. This is referred to as the Faraday rota-
tion (FR) angle. As previously discussed, we have two optical transitions
available for a single electron charged QD. The [¢(7)] ([¢(1)]) is linked to
the | 7) (| 1)) spin ground state. If a linearly polarized laser, e.g. [x(1)],
feels this transition, the [¢(7)] ([¢{1)]) polarization component acquires a
phase shift rotating the laser’s polarization by an angle © (—©) in the linear
basis. Owing to Pauli Blockade, only one of these transitions is available at
any given time and the laser polarization is rotated in positive or negative
angular direction conditional on the electron’s spin state. Spin measure-
ment via Faraday rotation exploits precisely this spin-state-dependence of
the laser polarization. This alternative route to spin detection, however,
comes at a cost: We have to remain far detuned from the transition in or-
der to sufficiently suppress light scattering due to the absorptive response.
Fortunately, dispersive response dominates over the absorptive part as the
detuning is increased due to the linear versus quadratic dependence on
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spectral detuning. In this Section, we will discuss a measurement of a QD
spin by detecting this dispersive response through spin-dependent Faraday
rotation angle of a far-detuned linearly polarized laser.

In order to observe this polarization rotation, the measurement scheme
of Fig. 6.1 has to be modified as follows: A polarized laser propagates
through a gated heterostructure incorporating quantum dots. In the ab-
sence of the quarter-wave plate, the polarizing beam splitter distributes
the transmitted light into two linear polarizations in the rectilinear basis
of (X, Y) and directs each arm to a photodiode. Along with each detec-
tor’s output (Tx and Ty), such a configuration allows us to measure their
sum and difference simultaneously. When normalized to the total incident
laser intensity their sum (74um) indicates a change of photon number in the
total light, yielding the absorptive response, while a similarly normalized
difference of the two signals (Tuig) is linked to the polarization rotation
arising from the dispersive response. Under an external magnetic field, the
Zeeman splitting (E7zeeman) lifts the spectral degeneracy of the two spin-
selective trionic transitions. Consequently, an antisymmetric lineshape due
to the dispersive response is expected to appear along with the Lorentzian
absorptive part in the spectral vicinity (§ < EZeeman) Of & transition in the
form

B 32 r's
T AL A2 T2 4202

Laser

Taig = %@[radians] (6.2)

where O is the Faraday rotation angle.

Figure 6.5 shows how the sum (open circles) and difference (filled cir-
cles) signals from one of the Zeeman-split transitions behave as a function
of laser polarization basis, when an external magnetic field of 1 Tesla is
applied along the strong confinement axis of the quantum dot. The data
presented here is obtained in the cotunneling regime to avoid spin pumping.
The transitions are split by 26 GHz, which is about 60 times larger than the
total transition linewidth I', and the laser’s response in the near vicinity of
the [U(+)]—polarized transition linked to spin-up electronic state is displayed
only. When the laser is also circularly polarized (left plot), it acquires an
overall phase that can not be detected leading to a purely absorptive signal
(open circles). Same scan with a linearly polarized laser (right plot) dis-
plays the dispersive response (filled circles) alongside the absorptive (open
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Fig. 6.5. The absorptive and dispersive signals from a quantum dot transition condi-
tional on laser polarization.

circles): since the acquired phase is now relative, it leads to a linear polar-
ization rotation, which can be detected by the difference detection system.
At such small detunings with respect to Zeeman splitting, the laser expe-
riences Faraday rotation primarily due to one Zeeman transition nearby.
Following this initial demonstration of mapping out the dispersive response
with single QD-spin sensitivity, we now proceed to the QIP-relevant oper-
ation regime, i.e. probe-laser detunings that are considerably larger than
Zeeman splitting (6 > EZeeman), Where the difference signal arises from a
competition between the two transitions. The top two plots of Figure 6.6
display the theoretical prediction and experimental realization for a 4-GHz
Zeeman splitting case. Clearly, the combination of the two dispersive re-
sponses leads to an overall time-averaged signal that is enhanced between
the transitions while suppressed as the laser detuning becomes large. The
bottom left plot of Fig. 6.6 shows what we expect as the remaining tails
of the dispersive response for a laser detuning that is considerably large
with respect to the transition linewidth or the 26-GHz Zeeman splitting.
The red (blue) curve is for a spin-up (spin-down) electron, while the black
is the time-averaged signal for a random spin state. The key features are
the strongly reduced signal levels and the spin-dependent change of sign.
The bottom right plot of the same Figure shows what can be observed for
a 100-msec effective measurement timescale per data point, plotted as a
function of probe-laser detuning when the QD spin is prepared to state | 1)
(red data set), prepared to state | |) (blue data set) and left to randomize
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(black data set). The signal from the optically prepared spin switches sign
as expected and the curves are in accordance with the expected inverse de-
tuning (671) dependence. This plot further shows that the signal-to-noise
ratio remains above unity all the way out to 90-GHz detuning from the
center of the Zeeman-split transitions.
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Fig. 6.6. Time-averaged Faraday effect from two transitions of a QD spin.

In order to tell the sign of the Faraday angle, and hence the spin of
the electron within a limited measurement time, unity SNR value is suffi-
cient. However, achieving spin read-out that is fast with respect to spin-flip
dynamics, i.e. T3y time, is not the only criteria. If, during this measure-
ment time, a spin-flip event occurs due to unwanted optical spin pumping



Optical Control of Quantum-Dot Spin States 163

mechanism on a timescale still faster than the natural spin-flip times, then
the measured dynamics will be distorted by this back-action. Therefore,
while the measurement time can be reduced by choosing the reasonable
detuning, it is essential that the probability of a back-action event in the
form of spin-flip Raman scattering remains small within the 73 time, i.e.
Theasure < T1 < Thack—action- Rigorously satisfying this criteria in fact
opens the possibility for a quantum nondemolition or back-action evading
measurement. The data of Fig. 6.6 is not in this regime, since during the
required measurement time to obtain a unity SNR level (100 msec), around
5 back-action events occur (once every 20 msec for a branching ratio of
1074, as extracted from spin-relaxation studies [17] ). The obvious solu-
tion to this last remaining challenge is to improve the 7 A;’m factor scaling
our signal: By using a combination of index-matched solid-immersion lenses
(x n%a As ~ 12) and commercially available higher efficiency photo-detectors
(x8), achieving a ~100-fold improvement of this coefficient is plausible. It
would then be possible to effectively eliminate spin-flip Raman scattering
from the probe laser within the anticipated measurement time of ~10 msec
and resolve spin quantum jumps with these improvements. Alternatively,
incorporating gated structures into photonic crystal nano-cavities [6] is de-
manding, but the existence of a far-detuned cavity mode can well be the
way to obviate measurement back-action.

6.5. Conclusions and Outlook

We have covered recent advances on two key issues relevant to the utiliza-
tion of self-assembled quantum dot spins for quantum information process-
ing. First, we discussed how to prepare a single electron spin via optical
spin pumping with fidelity beyond 99.8%. Optical coupling of electronic
spin states is achieved using resonant excitation of the charged quantum
dot (trion) transitions along with finite spin-flip Raman scattering rates.
Second, we discussed a new approach to all-optical spin measurement with
minimal back-action. The spin-state information is obtained through con-
ditional Faraday rotation of a spectrally detuned laser, induced by the
polarization- and spin-selective transitions. What still remains as a goal
is time-resolved single spin read-out in the absence of back-action. This
ability, kept from us only by technological shortcomings that should be
not too difficult to overcome, will enable the observation of electron spin-
flip quantum jumps in a continuous measurement scheme. This will be
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the first checkpoint for many other experiments to come. Another issue
is the all-optical coherent manipulation of electron spin, although prepa-
ration and measurement suggest that achieving coherent manipulation is
likely to follow. In parallel, sufficient increase of the SNR levels could obvi-
ate the need for lock-in detection scheme and real-time measurements can
be realized [26]. Finally, the marriage of quantum-dot spins and solid-state
cavity quantum electrodynamics was rather far fetched at the time of its
proposal, since there was little achieved on either of these fronts at the
time. Today, cavities with mode quality factors exceeding 10* and volumes
on the order of a wavelength can routinely be fabricated. Further, posi-
tioning a single cavity mode on top of a single quantum dot has already
been demonstrated. The advances on spins, partly covered in this work,
and the current state of the art in nanotechnology may merge together for
the realization of cavity-mediated spin-spin interactions in not-so-distant
future.
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Chapter 7

Optical Read-out of Single Carrier Spin in Semiconductor
Quantum Dots

Filippo Troiani, Ignacio Wilson-Rae, and Carlos Tejedor
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via G. Campi 213/A, 41100, Modena, Italy

The capability of manipulating and reading-out information at the
single-spin level represents a key challenge for spintronics and spin-based
quantum information [1, 2]. In semiconductor quantum dots, the strate-
gies so far implemented for the single- spin read-out are based on spin-
to-charge conversion [3, 4]. There, the dot is electrically manipulated
in order to obtain a spin-dependent occupation number. The charge
state is then measured with high sensitivity thanks to the dot’s capaci-
tive coupling to a quantum-point contact. These measurement schemes,
however, imply the tunneling-out of the electron (at least in half of the
cases), and therefore the destruction of the quantum state of interest.
Projective measurements are instead repeatable, and, in the ideal case,
the result of repetitions is completely predictable. This makes them also
potential tools for the fast initialization of the qubits [5].

The optical manipulation represents an alternative route to spin-
based quantum information [6, 7]. Also there, indirect strategies have
been implemented for the initialization and read-out of carrier spins.
These rely on the optical selection rules that build-up specific correla-
tions between the spin state of the electron-hole pair and the circular
polarization of the light emitted (absorbed) with the pair’s annihilation
(creation) [8, 9]. As in the previous case, however, the conversion from
the spin degree of freedom to the auxiliary ones implies the loss of the
spin state, and this impedes the measurement’s repetition. In order to
achieve a reliable single-spin measurement, an order-of-magnitude in-
crease in the photon collection efficiency is needed. Most likely, this
might not suffice, unless the possibility of repeatedly probing the same
quantum state will also be demonstrated. Photon-collection efficiencies
can be largely increased if the dot is optically coupled to an optical
microcavity, which mediates its optical emission into free space [10].
The additional requirement that the measurement be non-destructive
requires suitable devices and manipulation schemes. Hereafter, we illus-
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trate one such proposals, specifically aimed at implementing a quantum
non-demolition measurement of single carrier spin in a dot-cavity system.
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7.1. Quantum Non-demolition Measurement

A quantum non-demolition (QND) measurement is a specific kind of indi-
rect measurement [11]. It ideally consists of a sequence of two steps. In a
first step, the interaction between the system (5) and a probe (P) is turned
on, in such a way that the observable of interest (called signal, Ag) affects
the value of a probe observable (Ap), without being perturbed itself by
such interaction. This can be formally expressed as follows: [Ag, Hsp] = 0,
[Ap,Hsp] # 0, and 0Hgp/0As # 0, where Hgp accounts for the signal-
probe coupling. Such interaction results in a reversible (i.e., unitary) evolu-
tion, and generates a correlation between the states of S and P. In a second
step, Ap is measured, and the outcome is used to infer the eigenstate of
Ag. In order for such sequence to be repeatable, the post-measurement
evolution of Ag must not become unpredictable due to: (i) possible infor-
mation that the measurement provides on its conjugated variables (A%),
and (i7) the uncertainty that the state projection induces in A§. The latter
condition calls for the observable to be a constant of motion of the system
Hamiltonian: 0Hg/0A% # 0 [12].

In the QND measurement discussed hereafter, the signal and probe are
represented by the hole spin and the circular polarization of the cavity
photons, respectively. More specifically, Ag = J, and Ap = ny —n_,
where n4 are the occupation numbers of the cavity modes corresponding
to the + and — circular polarizations. Here, we restrict ourselves to the
heavy-hole subband, corresponding to the states | 1) = |J, = +3/2) and
| ) =|J. = —3/2). The goal of the present scheme is to optically induce an
effective coupling between carrier spin and cavity-photon polarization that
builds up correlations between J, and ny —n_: [ 1) ®|0) — | 1) @ o),
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| 1) ®1]0) — | |) ® |o—), where oy (0_) generically denotes a state with
ny > n_ (ny < n_). This allows to finally infer the spin state by means
of a polarization-resolved detection of the cavity photons.

7.2. Level Scheme

The mapping of the spin state onto the cavity-photon polarization requires
a suitable level scheme. This can be provided by two vertically-coupled
self-assembled QDs. Within the Stranski-Krastanov growth technique, the
vertical alignment of the dots is strongly favored by the strain field that
each dot induces in the upper layers. Besides, the width of the interdot
barrier can be varied in a controlled manner, thus allowing to modulate
the strength of the interdot coupling [13]. Due to the combined effect of
strain and of effective mass asymmetry between valence and conduction
bands, electrons and holes typically experience different coupling regimes.
In fact, while the electronic wavefunctions correspond to delocalized bond-
ing and antibonding states, the holes tend to be localized in either of the
two dots [14, 15].

Fig. 7.1. Relevant level scheme of the positively-doped artificial molecule: “+4” sub-
space (see the text). The two lowest hole states (|n < 3+)), separated by an energy
gap A, correspond to the hole being localized either in the larger (L) or smaller (S)
dot. The three optically active trion states (Jn>2+)) are schematically represented by
the dominant single-particle configurations, all involving the bonding state (B) for the
electron.
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As a consequence, the low-energy level scheme of the artificial molecule
(Fig. 7.1), doped with an excess hole, is typically characterized by the pres-
ence of two stable states for each spin orientation, corresponding to the
carrier being localized either in the larger dot (L) or in the smaller one
(S). The spin up states |[1+) = dTL)T|O> and |2+) = dTS7T|O> are optically
coupled to a common trion state, which for simplicity we identify with the
configuration of lowest single-particle energy, namely one hole per dot, and
the electron in the bonding state (B): |3%+) = cg,ldTL’ng,HO). Possible
small corrections to this picture arising from the Coulomb interactions are
irrelevant to our purposes, as far as the A-scheme is preserved [16]. Both
the above transitions are induced by light with o4 circular polarization;
their frequencies differ by an energy gap A, which reflects the asymmetry
between the dots L and S. In addition to these states, that are functional
to the scheme implementation, we consider the lowest trion states corre-
sponding to the alternative spin configurations: |4+) = cg,TdLTdTS’JO) and
5+) = i d}, | d5,]0). The [14) «— [4+) and [2+) «— [5+) transitions
are degenerate with |1+) «— |34) and [2+) «— |3+), respectively, but
they correspond to an opposite circular polarization (o_). Slight departures
of the dot geometry from the circular symmetry might select linearly polar-
ized excitons as a preferred basis. Even in this case, however, a magnetic
field applied in the growth direction would allow to recover the required cir-
cularly polarized basis. By inverting all the spin orientations and the light
polarizations in Fig. 7.1, one obtains a perfect replica of the level scheme:
hereafter, we refer to the two as the “+” and “—” subspaces. Finally, we
assume the dots to be coupled to an optical microcavity (MC) [17, 18]
that supports an energetically resolved fundamental mode, doubly degen-

b2

erate with respect to polarization and close to resonance with the excitonic
transitions (see below).

7.3. Manipulation Scheme

Given the above level scheme, the correlation between the hole spin and
the photon polarization is established by two cavity-assisted Raman tran-
sitions [19]: those coupling the states |1¢) and |2¢), through the intercon-
necting states |3¢), with ¢ = £. The first of these transitions, induced by
a laser pulse of central frequency wq, results in the hole transfer from dot
L to dot S, and in the creation of a o¢ cavity photon [Fig. 7.2(a)]. The
second transition, induced by a pulse of frequency wo, transfers the hole
from S to L, and also generates a o, photon [Fig. 7.2(b)]. In both cases,
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L A

[1+) (a) I1+) (b) i

Fig. 7.2. Raman transitions that couple the two hole states in the “4+” subspace, with
initial state |1+) (a) or |2+) (b). The desired transitions (solid lines) result in the hole
transfer from dot L to S, or viceversa, and in the emission of a o4 cavity photon. The
off-resonant ones (see, e.g., dotted lines) can generate o_ cavity photons. g1,2 and Q12
are the dot-cavity and dot-laser coupling constants, respectively (see the text). Specular
schemes apply to the “—” subspace.

the spin state is left unaffected. In fact, in the absence of decoherence and
imperfections, the two spin components evolve independently from one an-
other, for the interaction of the molecule with light doesn’t couple the “+”
and “—" subspaces. The actual occupation of the trion states [n>2x) can
result in photon emission into the leaky modes, and therefore in a reduced
detection efficiency. This suggests to keep the single-photon transitions suf-
ficiently out of resonance. Also the Raman transitions involving states |4x)
and |5x) are a potential sources of error, for they imply the generation of
anti-correlated cavity photons (o_ for | 1) and o for | |)), and therefore
tend to reduce the overall correlation between spin state and photon po-
larization. Thanks to the presence of the energy gap A, the two-photon
resonance condition for the desired Raman transitions can be fulfilled, while
keeping out of resonance the unwanted ones. In particular, this is achieved
by setting w1 = we.+A+91, and we = w,— A+ 02, where w, is the frequency
of the cavity modes and d; 2 are smaller corrections accounting for the AC
Stark shifts. In particular, a reliable read-out of individual spins is due
to the weakness of the signal. The possibility of repeating the measure-
ment might therefore represent a crucial resource. Repeatability requires
the measurement to be non-destructive. In the ideal case the result of the
repetitions must be predictable. Measurement of the first kind, projective
measurements. The importance of such measurements is also related to
initialization, error correcting codes. [1]

The above equations show that A also gives the difference between the
laser and the cavity frequencies; this has a practical relevance, for it allows
to spectrally resolve the photons emitted by the cavity from the stray light.
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Before discussing in more detail two possible implementations of the
scheme, a few general comments are in order. The role played by the cavity
here is twofold: on the one hand, it provides the optical coupling which is
required for inducing the above Raman transitions; on the other hand, it
makes the photon emission extremely more rapid and directional than it
would be otherwise [20]. These are both crucial issues, and call for a fine
tuning of the dot-cavity coupling (see below). It is also relevant that both
the possible spin eigenstates give rise to photon emission: the fact that the
measurement is ultimately decided depending on whether n is larger or
smaller than n_, rather than on the presence versus absence of photons in
a given mode, makes the scheme more robust with respect to photon loss
or detection inefficiency.

7.4. Pulsed Implementation

One possible implementation of the measurement scheme corresponds to
driving the system by a sequence of non-overlapping, alternate pulses from
two lasers. These operate at the frequencies w; and wy, and emit linearly-
polarized light. Therefore, if the hole spin is initially in the | T) (] [|))
state, the o4 (o_) component of the laser light induces the required Raman
transitions, whereas the o_ (o) is uneffective. Within the sequence, each
pulse ideally triggers the emission of one cavity photon, thus allowing for a
single detection. In Fig. 7.3 we report the simulation [21, 22] corresponding
to the case of two pulses (shaded gray areas), one from each laser, and to
the hole being initialized in state |1+). The first pulse, with frequency w1,
drives the hole to dot S, while leaving its spin state unaffected [panel (a)].
The molecule’s |[14+) — |2+4) transition is accompanied by the creation
of a single o cavity photon (figure inset). The second laser pulse, with
frequency ws, drives the hole back to the initial state, and generates a
second o cavity photon. We incidentally note that the photons are emitted
from the cavity before being reabsorbed by the molecule: the measurement
scheme would not profit from such a reversible dot-cavity dynamics. The
dotted line in panel (a) represents the overall occupation of the excitonic
manifold: this is evidently kept negligible throughout the process, and could
be further reduced by applying some pulse chirping. The main source of
error is represented by the hole-spin relaxation [23-25], which induces a
population leakage to the subspace “—7; this results in a finite probability
of emitting a o_ photon (figure inset). Such population leakage sets a time
constraint, for the overall measurement must be completed on a timescale
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Fig. 7.3. Simulated time evolution of the dot-cavity system, driven by a sequence of two
laser pulses (shaded gray areas). Panels (a) and (b) correspond to the unconditioned
(n = 0) and conditional (n = 0.75) dynamics, respectively. The different lines give
the occupations of: state |14) (red), |24) (blue), manifold |n > 2+) (black dotted),
“—" subspace (black dashed). The solid black line in (b) is Tr{p,(t)}. Inset: average
occupation of the ot (red) and o— (blue) cavity modes, for n = 0 (dotted) and n = 0.75
(solid).

shorter than those characterizing the spin relaxation (here we assume I'y =
I1ns™!). In other words, it limits the number of repetitions that can be
performed before the initial state of the spin is lost.

Repeating the measurement allows in principle to overcome two possible
shortcomings: the finite detection efficiency, and the imperfect correlation
between signal and probe. The first limitation might leave the observer
without any information at all on the state of the system; the second one
reduces the reliability of the inference allowed by the measurement of the
probe. In the present case the first problem is more severe than the second
one. Therefore, it is reasonable to decide the measurement on the basis of
the first detected photon. From the theoretical point of view, this trans-
lates into solving a conditional master equation, where the Liouvillian that
accounts for the loss of the cavity photons now depends on the detection ef-
ficiency 1 [26]. The solution p,(t) of such equation corresponds to the state
of the dot-cavity system conditioned upon not having detected any photon
up to time ¢. The corresponding probability is given by Py(t) = Tr{p,(t)},
which is no longer preserved (solid brown line in the plot). The failure
probability e = Py(T) is clearly reduced by repeating the number of pulses
within the duration T' of the overall measurement. The probability of de-
tecting one (and only one) photon with either polarization is proportional to
the time integral of the cavity mode occupation: Py = kn f0T<aT (t)a(t))dt,
with x the cavity-photon emission rate. The reliability of the information
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provided by the photons, is quantified by the measurement fidelity (F) [27].
The results we obtain in the above illustrative case are: Py = 0.71(0.87),
P_ = 0.027(0.048) after one (two pulses), resulting in a fidelity close to
the optimum value of 1, namely F = 0.982 (0.973); the failure probability,
instead, is € = 0.262 (0.082). Here, the measurement duration (7" = 200 ps)
is comparable to the spin-flip time 1/T'y; therefore, the measurement repe-
tition, while decreasing the failure probability, tends to decrease the overall
fidelity. The best tradeoff between these conflicting requirements depends
on the value of 7, and on the ratio between the measurement and the de-
coherence rates (see below).

7.5. Continuous Implementation

An alternative implementation of the scheme consists in driving the system
in a continuous mode: the two lasers are simultaneously switched on, and
the measurement ends when the predetermined number of photons is de-
tected. In the virtual Raman regime, the excitonic manifold is prevented
from being meaningfully populated during the process. The corresponding
range of physical parameters is identified by the inequality |6p| < |A| ~ A,
with the latter much larger than all the other frequency scales in the prob-
lem (2A =wj —ws and op = wy + wa — 2wy + A). There, the unitary part
of the system dynamics can be described by means of an effective Hamil-
tonian Heg, defined within the ground-state manifold. To lowest order in
1/A, Hog takes the following form:

Hog = Z Maf) + MU@ az + H.c.. (7.1)
ot or + A or — A
Here, a are the annihilation operators for the o1 polarized cavity modes;
O'_(E) = |2¢)(1¢] and o = [1¢)(2¢| are the ladder operators connecting
the two orbital hole states; le/)Z(t) [952/)2(25)] are the Rabi frequencies for
the transitions between |1/2+) and the trion states |34) induced by laser
1 (2). In order to optimize the process, w1, we, and the Rabi frequencies
are chosen so that all the detunings and induced AC Stark shifts cancel
out [22].

Under the combined effect of the Heg and of the MC-photon loss, the
dot-cavity system tends to a stationary state, where the ny — n_ reflects

and amplifies the initial carrier-spin state:

ple = MA@ 1E)ElpnlE)(El@|Ae) (Ae | ®]0)(0] . (7.2)

e=+
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Here |0)+ and |A\¢)+ are the vacuum and coherent states for the cavity
modes, respectively, with \e = —€i/k and Qp = |Q:(L1)(ts)|(g% —93)/927;
besides [€) = (]2) 4 €[1))/v/2, and py, is the initial condition for the hole
(orbital part). In addition to the correlation between spin state and pho-
ton polarization, the stationary state p[, exhibits entanglement between the
orbital parts of the hole and photon wavefunctions. In fact, the symmet-
ric and antisymmetric combinations of the localized hole states, | = +)
and |£ = —), result in the generation of the coherent states |A;) or |A_),
respectively. The complete analytical solution [22] allows also to derive
an expression for the minimum measurement duration, and for the corre-
sponding optimum value of k, as a function of the optical couplings and of
the failure probability e. For a Gaussian time profile of the laser switch-
ing, these are Thin ~ 3(—1Ine/n)"/2/Qp and kopr ~ /1/In(1/Py(T))Q0.
The existence of an optimum value for x reflects the two-fold role played
by the MC: in fact, kK > Kop¢ results in a reduced efficiency of the Raman
transition, whereas k < Kop¢ implies a slow down of the photon emission,
and therefore an increase of T' [19]. Experimental developments prompt us
to consider as a typical example: n = 0.75, hA = 2meV, hg; = 0.2meV,
hk = 0.05meV and g,/go = V/3; which lead to T ~ 200ps for ¢ ~ 1072,
with QY = 0.4meV.

7.6. Conclusions and Outlook

We have presented a proposal for an all-optical implementation of a single-
carrier spin. A typical artificial molecule, formed by two vertically-coupled,
self-assembled quantum dots was shown to provide a suitable level scheme
for such implementation. An additional source of error, besides those con-
sidered in the paper, is potentially represented by valence-band mixing.
Depending on the microscopic symmetry of the dots, this might produce
two kind of effects [28]: reduction of the degree of correlation between hole
spin and carrier polarization, or finite probability of optically inducing the
hole-spin flip. While the former effect would only increase the number of
repetitions required to achieve a given fidelity, the latter one would also
spoil the non-destructive character of the measurement.

The generalization of the present scheme to the read-out of electron
spins is less straightforward. In particular, a typical level scheme would
most likely not be divisible in a “4+” and “—” subspaces, due to the interdot
coupling experienced by the excess carrier. The large number of repetitions
made possible by the long electron-spin relaxation times [2] can however
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more than compensate such shortcoming. This will be the object of future
work.
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Chapter 8

Quantum State Transfer from a Photon to an Electron
Spin in Quantum Dots and Quantum Dynamics of
Electron-Nuclei Coupled System

T. Takagahara and Ozgiir Cakir

Department of Electronics and Information Science, Kyoto Institute of
Technology, Matsugasaki, Kyoto 606-8585, Japan

CREST, Japan Science and Technology Agency, 4-1-8 Honcho,
Kawaguchi, Saitama 332-0012, Japan

Photons and electrons are the key quantum media for the quantum in-
formation processing based on solid state devices. Here we consider the
key elements to realize the quantum repeater and reveal the underly-
ing physics of relevant elementary processes. Especially, we discuss the
quantum state transfer between a single photon and a single electron
and analyze the performance of the operation, clarifying the conditions
to achieve the high fidelity of the quantum state transfer. We also in-
vestigate quantum dynamics in the electron-nuclei coupled spin system
in quantum dots and predict a couple of new phenomena related to the
correlations induced by the hyperfine interaction, namely bunching and
revival in the electron spin measurements. The underlying mechanism is
the squeezing and increase in the purity of the nuclear spin state through
the electron spin measurements. These findings will open the way to the
long-lived quantum memory based on nuclear spins.
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8.1. Introduction

Coherent manipulation of quantum states is a critical step toward many
novel technological applications ranging from manipulation of qubits in
quantum logic gates [1-5] to controlling the reaction pathways of molecules.
In the field of the quantum state control by optical means, both Rabi os-
cillation and quantum interference play the central roles. The exciton Rabi
splitting was observed in the luminescence spectrum of a single InGaAs
quantum dot and the exciton Rabi oscillation was also observed in the
spectroscopy of a single GaAs or InGaAs quantum dot [6-12]. The two-
qubit CROT gate operation was demonstrated using two orthogonally po-
larized exciton states and a biexciton state in a GaAs quantum dot [13].
Unfortunately, however, the decoherence/dephasing times of excitons and
biexcitons in these quantum dots are limited by the radiative lifetimes (~
1 ns) even at low temperatures. Thus a qubit with a longer decoherence
time is desirable for the application to the quantum information process-
ing. Electron spins in semiconductor quantum dots(QDs) are considered as
one of the most promising candidates of the building blocks for quantum
information processing [14, 15] due to their robustness against decoherence
effects [16, 17]. In double QD systems, initialization and coherent manipu-
lation of electron spin have been realized, with coherence times extending
to 1 ps [18, 19].

Recently, a quantum media converter from a photon qubit to an electron
spin qubit was proposed for quantum repeaters [20, 21]. Quantum informa-
tion can take several different forms and it is preferable to be able to convert
among different forms. One form is the photon polarization and another
is the electron spin polarization. Photons are the most convenient medium
for sharing quantum information between distant locations. However, it is
necessary to realize a quantum repeater in order to send the information
securely over a very long distance overcoming the photon loss. A quantum
repeater requires quantum information storage and the electron spin is a
promising candidate of such a quantum memory. A strained InGaAs/InP
quantum dot was proposed for such a device based on the g-factor engineer-
ing [22]. In the actual operation, the photoexcited holes are to be quickly
swept out of the quantum dot to project the photon polarization onto the
electron spin polarization, preserving the entanglement. We have analyzed
the performance of this operation and clarified the conditions to achieve a
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high value of the purity of the transferred quantum state or the fidelity of
the quantum state transfer.

The electron spin decoherence time reported so far for low temperatures
about a few microsecond is not sufficiently long for the secure quantum
information processing. Thus the nuclear spin quantum memory will be
eventually required and the robust quantum state transfer should be real-
ized between the electron spin and the nuclear spins in order to store and
retrieve the quantum memory timely. For that purpose, the fundamental
features of dynamics in the electron-nuclei coupled system should be in-
vestigated. Recently we discovered a sequence of back-actions between the
electron spin and the nuclear spins through the quantum state measure-
ments. These findings will open the way to the quantum state purification
of nuclear spins, elongation of the electron spin decoherence time and the
nuclear spin quantum memory.

8.2. Quantum State Transfer

In the quantum state transfer between the photon qubit and the electron
qubit, the one-to-one correspondence should be established between the
photon polarization and the electron spin polarization. For that purpose,
the light-hole exciton is preferable than the heavy-hole exciton because of
the characteristic optical selection rule and the possible Zeeman splitting
in the in-plane magnetic field. In order to have the light-hole states as the
ground hole states, the strained quantum well(QW) structure is necessary
and can be realized in InGaAs/InP QW structures. In these strained QW
structures the hght hole states are written as [23]

\/>|1o fmﬁ, (8.1)
g_é>:\/;|1—l>a+\/;|10>ﬁ7 (8:2)

where |10)« represents a p,-like orbital with the up-spin, for example. Then
the relevant Hamiltonian for the light-hole states under an in-plane mag-
netic field along the = axis is represented as

2 01
—genBBS; = _ggﬁhﬂBB (1 0) ; (8.3)

where gy, is the g-factor of the light-hole and the eigenstates are given by

oy = (B0 +15-3) 0 =2 (313 -5 6



182 T. Takagahara and O. Cakir

le2> le1>

Ih1>

Ih2>

Fig. 8.1. Schematic energy levels in a strained quantum well under an in-plane(|| z)
magnetic field.

The selection rules of the optical transition can be derived by taking into
account the conservation of the orbital angular momentum and the decom-
position of the linear polarization into the circular polarization:

1 1
Zcoswt = 5(33 + i) coswt + 5(33 —if) coswt , (8.5)
1 1
jcoswt = 2—(5: + if) coswt — 2—(33 —17) coswt , (8.6)
i i

where Z(g) denotes the unit vector in the z(y)-direction. Assuming |¢h)
to be the ground hole state (namely, gg, > 0), we have the optical selection
rules:

1

(leT) —le 1)) = —lex) (8.7)
for the z—polarized light and

[th)y — —=(le 1) + e 1) = =i |e2) (8.8)

—1i
V2
for the y—polarized light, respectively, where |e1)(Jea)) is the conduction
band electron state with the spin in the —z(z) direction. The schematic
energy levels are plotted in Fig. 8.1.

According to these selection rules, we can excite a linear combination of
exciton states which have a common hole state. When a linearly polarized
light comes in with polarizaion given by

cos 0% + sin 07 (8.9)
the excited state can be written as
—cosBle1)|h1) — isinfleq)|lh1) = — cosfler, h1) — isinfles, h1) , (8.10)

where the direct product state |e1)|¢h;) is simply denoted by |ey, hy) for
example and the representation in the form of the electron-hole pair is
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used instead of the exciton representation. It is beyond the scope of this
article to discuss fully the exciton effect in the quantum state transfer. Now
we study influences of relaxation processes of the electron and the hole
on the quantum state transfer. In the case of a gate-controlled quantum
dot, the electron is three-dimensionally confined, whereas the hole is not
confined and is absorbed into the negatively biased gate, leaving behind
only the photoexcited electron. Thus the important issue is the quantum
nature of the electron state after extraction of the hole: How much is
the electron spin coherence retained after the process? To answer this
question, we will analyze the time evolution of the whole system based
on the density matrix formalism. Just after the photoexcitation given by
(8.10), the density matrix of the electron-hole system is supposed to be
given by

p(t = 0) = cos®fleq, h1){e1, hy| + sin? e, hi)(ea, byl
+1 Sin9C080|62, h1><€1, h1| — iSiHHCOSG‘el,h1><62, h1| . (8.11)

Then the hole is extracted into the negatively biased gate electrode. In or-
der to simulate this process, we introduce a model consisting of three hole
states as depicted in Fig. 8.2; one of them is the hole state |h1) created in
a quantum dot by the photoexcitation, the second one is an intermediate
hole state |h2) representing a delocalized state around the gate electrode
and the third one is the swept-out state in the gate. The most important
mechanism degrading the electron spin coherence is the electron-hole ex-
change interaction which induces the spin state mixing. During the hole
extraction to the negatively biased electrode the hole spin relaxation oc-
curs and the electron spin states are mixed up, leading to the degradation
of quantum state transfer.

8.3. Dynamics of Quantum State Transfer
To set up the equations of motion for the density matrix, we take into

account six basis states composed of direct products of two electron states
le1) and |es) and three hole states |hy) , |he) and |h3):

|617 h1>7 |627 h1>7 |617 h2>7 |627 h2>7 |617 h3>7 |627 h3> . (812)
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Fig. 8.2. Schematic relaxation paths in the quantum state transfer from a photon to an
electron spin. Curved arrows indicate the transfer(tunneling) process of the photoexcited
hole. |h3) represents symbolically the final destination of the extracted hole.

In this representation, the equation of motion for the density matrix is given
by

p=—3H.pl+Tp, (8.13)
H = Ho + Hexcn. , (8.14)
Hy = Ec(|ex)(e1| + |e2)(e2]) — En, [h1)(h1| — Ep,|h2) (he|

—Ehg|hs)(hs] (8.15)

L'p = tiz|ha)(hi|plha)(ha| + tas|hs) (ha|plh2) (hs|
—t1z|h1)(h1lplha)(ha| — taslha)(ha|p|h2) (he|
=l (hilplhy ) (hi| + ) (hylplha) (hil}

i#]
+1le2)(erlpler)(ez| —viler)(erlpler){e1]
—i2{ler)(e1lple2)(e2] + [e2)(ezlpler){enl} (8.16)

where t;; is the transfer(tunneling) rate from the hole state |h;) to |h;),
~¢ the electron spin relaxation rate from the electron state |e1) to |ea),
{5 the electron spin decoherence rate and %hj is the dephasing rate of the
hole state coherence between |h;) and |h;). Concerning the electron-hole
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exchange interaction we employ the following Hamiltonian:

lerhi) |eahi) |erha) exhs) |e1hs) |ezhs)

leshy) 1 09 0.1 005 00 0.0
leshy) 09 1 005 01 00 0.0
Hexen. =W - | lehy) 0.1 005 02 018 00 00 |, (817)
lesh) 0.05 0.1 018 02 00 0.0
leshs) 0.0 00 00 00 00 0.0
leshs) 0.0 00 00 00 00 0.0

where the matrix elements associated with the hole state |h3) is set to
be zero because it is the swept-out state into the gate. The short-range
electron-hole exchange interaction is small since the spatial overlap between
the |h3) state and other states is negligible and the long-range electron-hole
exchange interaction due to the dipole-dipole interaction may also be small.
The numerical values in (8.17) are given semi-empirically.

8.4. Purity and Fidelity of Quantum State Transfer

The time evolution of the whole system can be examined by the numerical
integration of the equation (8.13). The initial state is supposed to be given
by (8.11). After a sequence of tunneling processes, the hole is eventually
settled into the state |hg). At this stage we are concerned with the quantum
coherence of the electron spin state. To examine the quantum coherence
we calculate the reduced density matrix of the electron by taking the trace
of the density matrix for the whole system over the hole states:

Pelectron = Trhole p- (818)

Then the purity of the electron state is estimated by
P="Tr pglectron . (819)

We compared the purity for two cases of favorable and unfavorable condi-
tions for the quantum state transfer. In the favorable case, the magnitude
of the electron-hole exchange interaction denoted by W is taken to be 3 pueV
and the hole transfer(tunneling) time (1/t12 = 1/t23 =1 ps) is short enough
to suppress the spin state mixing by the electron-hole exchange interaction.
Results are not sensitive to the polarization angle 6 of the excitation light
in (8.9) and are exhibited in Fig. 8.3. The purity is high enough (> 0.9999)
over a nanosecond to guarantee the secure quantum state transfer. The de-
cay of the purity is determined by the electron spin decoherence/relaxation
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times which are supposed here to be

Ty =1/47=100pus, To=1/v{3=1pus. (8.20)
(a)
(b)
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Fig. 8.3. Time evolution of the purity(a) of the electron spin state and the fidelity(b)
of the quantum state transfer after photoexcitation for the case of favorable conditions.

In the unfavorable case, the magnitude of the electron-hole exchange
interaction (W = 20 peV) is rather large and the hole tunneling time
(1/t12 = 1/ta3 =10 ps) is not short enough to suppress the spin state mixing
by the electron-hole exchange interaction. In this case also, results are not
sensitive to the polarization angle of the excitation light and are exhibited
in Fig. 8.4. The purity decreases rapidly within several tens of picoseconds
after photoexcitation due to the electron-hole exchange interaction. The
characteristic time scale is given by h/W and is ~33 ps. Then the purity
is decreasing slowly due to the electron spin decoherence itself (~ 1 us).

We also examined the fidelity of the quantum state transfer. Ideally
we want to prepare the electron spin state corresponding to the photon
polarization state in (8.9) as

pglectron = cos? 9|€1><€1| + Sin2 9|€2><€2| (821)
+isinf cosfles)(e1| — isinf cosfler){eza] . (8.22)

The fidelity is defined by

F(t)=Tr pglectron Pelectron(t) (8.23)
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Fig. 8.4. Time evolution of the purity(a) of the electron spin state and the fidelity(b) of
the quantum state transfer after photoexcitation for the case of unfavorable conditions.

where pelectron(t) is the reduced density matrix of the electron defined in
(8.18). This quantity indicates to what extent the actual state is close
to the ideally prepared state. The results are exhibited by curves (b) in
Figs. 8.3 and 8.4. Qualitative features are the same as in the case of purity.

Based on these results, we can conclude that for the secure quantum
state transfer we have to extract the photoexcited hole quickly before the
spin state mixing sets in due to the electron-hole exchange interaction. The
model used here has an empirical character and a more quantitative analysis
would be necessary for the definite design of experiments of quantum state
transfer [24, 25].

8.5. Dynamics in Electron-Nuclei Coupled System

As mentioned in the Introduction, the electron spin decoherence time re-
ported so far for low temperatures about a few microsecond is not suf-
ficiently long for the secure quantum information processing. Here the
hyperfine(HF) interaction with the host nuclei [26, 27] is considered to be
the main decoherence mechanism, dominating over spin-orbit interactions
which act on a time scale of tens of milliseconds [28, 29] or even longer.
Consequently there have been proposals to reduce the HF induced deco-
herence by measuring or polarizing the nuclear spins [30-34] and to use
nuclear spins as a quantum memory [35].
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Extending these studies, we investigate the electron-nuclei spin coupling
in quantum dots(QDs) and show that consecutive measurements of the
electron spin state following the HF interaction are correlated and lead to
purification of the nuclear spin system. More specifically, starting from
an unknown initial state of nuclear spins, successive measurements of the
electron spin state result in narrowing of the distribution of the nuclear
spin field. We predict that the purification of the nuclear spin state would
lead to the bunching of results of the electron spin state measurements
and also to the reduction in the electron spin decoherence induced by the
HF interaction. For the physical realization of the proposals we will in
particular discuss a double QD occupied by two electrons, and a single
QD occupied by one(two) electron(s). Under sufficiently high magnetic
fields compared with the effective HF field(Overhauser field), these systems
provide the desired two-level system with a unidirectional HF field.

First of all we consider an electrically gated double QD occupied by two
electrons [18, 36]. The excited electronic orbitals of QDs have an energy
much greater than the thermal energy and the adiabatic voltage sweeping
rates, so that the electrons occupy only the ground state orbitals. Under
a high magnetic field where the electron Zeeman splitting is much greater
than the HF fields and the exchange energy, dynamics takes place in the
spin singlet ground state |S) and triplet state of zero magnetic quantum
number |T'). For the singlet state each electron can be found in the different
or both in the same QD, whereas for the triplet state electrons can only be
found in different QDs. Singlet and triplet states are coupled by the HF
fields and the system is governed by the Hamiltonian:

H, = JS. +r6h.S, (8.24)

where S is the pseudospin operator with |T') and |S) forming the S, basis.
J is the exchange energy and dh, = hi, — ha,, where h1, and ho, are the
components of nuclear HF field along the external magnetic field in the first
and second dot, respectively. 0 < r < 1 is the amplitude of the hyperfine
coupling. When both electrons are localized in the same dot, r — 0 and
J > 0h,, when they are located in different dots HF coupling is maximized
r—1and J — 0.

8.6. Bunching in Electron Spin Measurements

Now we show that by electron spin measurements in a double QD governed
by (8.24), the coherent behavior of nuclear spins can be demonstrated.
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Electron spins are initialized in the singlet state and the nuclear spin states
are initially in a mixture of dh, eigenstates:

p(t=0) = pupn |9)(S], (8.25)

where p,, is a nuclear eigenstate with an eigenvalue h,,:
Tr p, 6h, =hy, Trp,=1. (8.26)

Pn is the probability of the hyperfine field dh, having the value h,. In the
unbiased regime r = 1, the nuclear spins and the electron spins interact for
a time span of 7. Then the gate voltage is swept adiabatically, switching off
the HF interaction r — 0, in a time scale much shorter than HF interaction
time. Next a charge state measurement is performed which detects a singlet
or triplet state. Probability to detect the singlet state is

an|05n|2 (8.27)
n
and that to detect the triplet state is

> pnlBal?, (8.28)

where
ap, = cosQp7/2 4+ iJ/Qy,sinQ,7/2 and B, = —ihy, [/, sin,7/2 (8.29)
with

Q=21 h2. (8.30)

Subsequently one can again initialize the system in the singlet state of
electron spins and turn on the hyperfine interaction for a time span of 7
and perform the second measurement. In general over N measurements,
the nuclear state conditioned on k(< N) times singlet and N — k times
triplet detection is

ona = (1) > palan 16,2V P p, (8.31)

the trace of which yields the probability of k& times singlet outcomes:
N _
Pny=Troyg = (,){|al*8>2NF) (8.32)

where (.. .) is the ensemble averaging over the hyperfine field h,, [27]. Here-
after, this case will be referred to as the coherent regime. One can easily
contrast this result with that for the incoherent regime in which nuclear
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spins lose their coherence between the successive spin measurements and

relax to the equilibrium distribution given by

N 2\k /| 312\ (N —k
Py = ()oY (|63 (8.33)
If the nuclear spins are coherent over the span of the experiment, then
successive electron spin measurements are biased to all singlet(triplet) out-
comes. In particular, when the initial nuclear spins are unpolarized and
randomly oriented, the distribution of hyperfine field is characterized by a
Gaussian distribution with variance o2:
h) = —mge 3 (8:34)
p = —€ 20 .
V2ro?

and the summation is converted to an integration:

> pno— /dhp[h]... : (8.35)

As the simplest case, let us check the results of two measurements, each
following a HF interaction of duration t. The probability for two consecutive
singlet detections are given by

Pys = (Jo|!) = {6+ 2¢72" + 8¢ 1/2}/16 (8.36)
which is always greater than
Pyy= (o]} = {4+8¢/2 147} /16. (8.37)

These results are given particularly for J = 0. As J is increased the prob-
abilities approach each other and for J >> ¢ they become identical [37].

In Fig. 8.5, for N = 20 measurements, Py j is shown for HF interaction
times o7 = 0.5,1.5,and oco. For 7 = 0, the probability for both (8.32)
and (8.33) is peaked at k = 20. However, immediately after the HF inter-
action is introduced, the probability distributions show distinct behavior.
The measurement results in the incoherent regime approach a Gaussian
distribution. In the coherent case the probabilities bunch at k=0 and 20
for J = 0, and when J/o = 0.5 those bunch at & = 20 only. As J is in-
creased above some critical value, no bunching takes place at k = 0 singlet
measurement.

We discuss in brief the feasibility to observe the predicted phenomenon.
The duration of the cycle involving electron spin initialization and mea-
surement is about 10 us [18]. The nuclear spin coherence time determined
mostly by the nuclear spin diffusion is longer than about several tens of
ms [38]. For a HF interaction of duration 7 = 46~ ~ 40 us [18] in each
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Fig. 8.5. Probability distribution for N = 20 measurements as a function of times(k) of
singlet detections, for coherent regime(solid lines) and incoherent regime(dashed lines).
Two cases of the exchange energy are considered a) J =0, and b) J/o = 0.5, for HF
interaction times o7 = 1)0.5, ii)1.5, and iii)oo.

step, the bunching can be observed for N successive measurements up to
N ~ 200.

8.7. Purification of Nuclear Spin State

The nuclear spin state conditioned on the previous electron spin measure-
ments is no longer random even if they are initially random. Accordingly,
HF induced electron spin decoherence dynamics is also modified. Depend-
ing on the results of previous measurement, one may decrease the singlet-
triplet mixing. As a particular example, consider the case: Starting from
a random spin configuration, IV successive electron spin measurements are
performed, each following initialization of electron spins in the spin singlet
state and a HF interaction of duration 7;(¢ = 1...N) and all outcomes turn
out to be singlet. Here the nuclear spin state is given by on,n. Then again
HF interaction is switched on for a time ¢ and the (/N +1)th measurement is
carried out. The conditional probability to recover the initial state, namely
to observe again the singlet state, is given by

¥ HN“ (2 )e*% (S0, (55 =17+ (s 41— D] ’

=1 \s;

P , (8.38)

IS TLY, (2)e e va]

where the sums run over s; = 0,1,2 and 7; = o7;. For the particular case
I =T =...=7ny =7 > 1/0, the initial state is revived at t = n7, (n =
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1,2,...,N) with a decreasing probability:

~1/2 + Z (2N)e=2 (t=(N=5)1)% 19 (2NY for 7> 1/0 . (8.39)

In Fig. 8.6 the conditional probabilities (8.38) are shown for or =
1.0,3.0,6.0 subject to N = 0,1,2,5 times prior singlet measurements in
each. Revivals are observable only for o7 > 1, because the modulation pe-
riod of the nuclear state spectrum characterized by 1/7 should be smaller
than the variance o. In this case the probability for the recovery of the
initial state is

1/2+(25>/2<2J€]>, s=N-1,N-2,...,0 (8.40)

at times ¢t = 7,27,..., N7. The underlying mechanism of revivals is purifi-
cation of nuclear spins by the electron spin measurements. The purity of a
system characterized by the density matrix p is given by

P =Tr p* (8.41)

As an example we are again going to consider the nuclear spin state pre-
pared by N successive electron spin measurements with singlet outcomes,
each following a HF interaction of duration 77 ...7x. The purity of nuclear
spins is given by

1T, (et Ee-on]
P=z [

: (8.42)

N

Zi:onfil (521)67%[ j= 1( 1)"’;] }

where D is the dimension of the Hilbert space for the nuclear spins. For a
fixed ratioof 71 : 72 : ... : 7w, the purity (8.42) is a monotonically increasing
function of time. For 7; = o7; > 1, one can attain various asymptotic limits
for the purity. For instance, for N = 2, there are three asymptotic limits:
a) 1 = 27’2

P =11/4D, (8.43)
b)) =7

P =35/18D, (8.44)
¢) otherwise

P =9/4D . (8.45)
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Fig. 8.6. Conditional probability for singlet state detection as a function of HF inter-
action time ot, subject to N = 0,1,2,5 times prior singlet state measurements and for
HF interaction times of a) o7 = 1.0, b) o7 =3.0, and ¢) o7 = 6.0 .

For N =2 with 7 = 275 = 27 > 1/0, the conditional probability (8.38) is
given as

3
P~1/2+ Y (4—n)exp[—(f —n7)?/2]/8, (8.46)
n=0
whereas for o =1 =7 > 1/0,

(F-27)2 (F-7)2 72
P~1/24+{e" 2 +4e 2z +6e 7 }/12. (8.47)

It can be seen that as the purity of nuclear spins increases, more revivals
are present with an increased amplitude.

Previously various methods have been proposed to measure the HF
field in a QD with some precision [32-34]. In the method proposed here,
nuclear spin state can be conditionally purified without determining the
precise value of the HF field. Although the HF field may be still assum-
ing different values, electron-nuclei correlations lead to revivals at known
times. Thus an arbitrary initial state of the electron spin may be recovered
at a later time. As an example consider the case when the nuclear spin
state is prepared by five HF interaction stages each of which has duration
7 = 10/0 and is followed by a singlet detection of the electron spin state.
This conditionally prepared nuclear spin state revives any arbitrary elec-
tron spin state for N = 5 at ¢t = s7 (s = 1,2,...,5) with the probability
of 11/12,31/42,...,253/504, respectively. Success probability to prepare
such a state is ~ 1/32. Here preparation time is T' = N(7 + 7,) where
Ty is the time needed for initialization and detection of the electron spin.
During the HF interaction time 7, phonon-mediated interations which act
on the time scale longer than millisecond [29] or any other electron spin
decoherence mechanism except the HF interaction should not take place.
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Furthermore the preparation time 7" should be smaller than the nuclear dif-
fusion time which is of the order of 10 ms [38]. Typically 7, = 10 us, and
let 0= = 10 ps [18]. For the discussed example(r = 10/o, N = 5), time
needed for the preparation of the desired nuclear spin state is T' = 550 us
which is shorter than the nuclear spin diffusion time.

8.8. Extension to General Situations

We have discussed the bunching and revival phenomena only for a double
QD system. The same predictions can also be made for a single QD oc-
cupied by a single electron [39-41]. Consider a single QD occupied by a
single electron, under an external magnetic field where the electron Zeeman
energy is much greater than the HF energies. Then the system is described
by the Hamiltonian:

H ~ goupBS, + h.S. , (8.48)

where g, is the electron g-factor, up the Bohr magneton and B is the
external field applied in the z direction. Spin flips are suppressed since

getz B>/ (h?) . (8.49)

The states given by
£ =(D=11)/V2 (8.50)

are coupled by HF interaction with | T (])) being the eigenstates of S,.
Each time the electron is prepared in the |+) state. Next it is loaded onto
the QD, then removed from the QD after some dwelling time 7. The spin
measurement is performed in the |+) basis. Essentially the same predictions
can be made for this system as those for the case of double QD, namely
the electron spin bunching and revival. The Hamiltonian (8.24) can also
be used to describe a pair of electrons in a single QD [42, 43] and the same
predictions as those for a double QD can be made [37].

8.9. Summary

In summary, we have investigated quantum dynamics in coupled systems
related to the quantum information processing: one is a model system of
the quantum media converter or quantum state transfer between a photon
and an electron spin and another one is the electron-nuclei coupled sys-
tem in QDs. In the former case, we have analyzed the performance of the
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quantum state transfer and clarified the conditions to achieve a high value
of the purity of the transferred quantum state or the fidelity of the oper-
ation. In the latter case, we predicted a couple of new phenomena related
to the correlations induced by the hyperfine interactions. The underlying
mechanism is the squeezing and increase in the purity of the nuclear spin
state through the electron spin measurements. This squeezing is expected
to lead to the extension of the electron spin coherence time.

We can construct hopefully a secure and robust system of the quan-
tum repeater combining these results, namely the efficient quantum state
transfer between a photon and an electron spin and the long-lived quantum
memory based on nuclear spins.
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Chapter 9

Spin Quantum-bits and Decoherence in InAs/GaAs
Quantum Dots
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Proposals for using single spins in semiconductor quantum dots as build-
ing blocks for future memory or quantum information architectures have
been encouraged by experiments that demonstrate long spin relaxation
times in these structures. The main interest of this approach relies on
the fact that spin states are usually more robust against decoherence
than charge states. We review in this paper optical measurements of the
electron and exciton spin coherence time in self-organized InAs/GaAs
quantum dots. The key role played by the hyperfine interaction with
the nuclear spins is investigated in detail.
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9.1. Introduction

In recent years, great attention has been focused on finding the ideal quan-
tum bit (qubit) to perform quantum computation, where it is necessary
to create a linear superposition of states with a long coherence time [1].

201



202 B. Urbaszek et al.

With respect to the general criteria for quantum computers [2], semicon-
ductor quantum dots (QD) appear as good candidates. In particular, self
assembled quantum dots that confine electrons and holes down to 10 nm
length scale and can be individually addressed [3], have a strong potential
for the realisation of an elementary quantum gate in condensed matter.
Two possible routes towards this aim have been investigated up to now:

(i) The elementary quantum bit is carried by the QD ground and first
electron-hole excited state [4-6]. The optical polarization relaxation time
in such systems is basically limited by the radiative life-time, typically in
the nanosecond range [7].

(ii) The spin is taken as the quantum information carrier. This last
approach is attractive since a very long coherence time is expected, as a
result of the inhibition of classical spin relaxation mechanisms [8]: the dis-
crete energy levels in artificial atoms like semiconductor quantum dots and
the corresponding lack of energy dispersion lead to a drastic modification of
the spin relaxation dynamics compared to bulk or two-dimensional struc-
tures [9, 10]. The absolute lack of energy states between QD energy levels
is expected to suppress not only the elastic processes of spin relaxation but
also to reduce drastically the inelastic ones such as those involving phonon
scattering, i.e. all the spin relaxation processes based on the spin-orbit
interaction.

As a consequence, a large variety of schemes were proposed for the
implementation of quantum computing using the spin degree of freedom in
semiconductors [11]. The earliest suggestions use two electron spins in two
semiconductor quantum dots with tunable exchange coupling [12, 13]; the
control is achieved with an external magnetic or electric field. The coherent
optical control of the exciton spin in a single semiconductor quantum dot
has also been proposed to perform basic operations for quantum computing
in a two qubit system using two excitons of opposite spins [11, 14]. All
optical quantum information processing was also proposed by Imamoglu
et al using electron spins of doped QDs embedded inside a microcavity
[15]. In that case the coupling between the QDs is achieved via virtual
photons in the common cavity mode. Finally, the nuclear spins themselves
could be used to create long-lived quantum memory for quantum bits. It
is indeed well known that nuclear spins possess very long coherence times
because of their weak environmental coupling, but single nuclear spins are
very difficult to manipulate and measure. Taylor et al proposed a very
elegant technique for greatly extending the lifetimes of electron-spin qubits
in confined structures by coherently mapping an arbitrary electron spin
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superposition state onto the spins of proximal, polarized nuclei [16].

Recent spectacular experiments demonstrated indeed the possibility of
using single spin in quantum dots for quantum information processing. The
entanglement between two exciton spin states has for instance been indeed
experimentally achieved in GaAs quantum dots [17]. The coherent opti-
cal control of the bi-exciton allowed also the realization of an all optical
quantum gate in a semiconductor QD [18]. Coherent manipulation of cou-
pled electron spins has also been done successfully at very low temperature
(~100 mK) in gate-defined double quantum dot GaAs devices [19, 20] using
electric field sequences.

In this contribution we will focus on the possible implementation of
qubits based on electron or ezciton spin in self-organized InAs/GaAs semi-
conductor quantum dots. We will present detailed investigations of the
dephasing mechanisms of the spin states associated to the solid-state envi-
ronment which constitute probably the main obstacle for the experimental
realization of quantum information machines. After a description of the
InAs/GaAs quantum dot structures investigated and of the experimental
techniques in section 9.2, we review in section 9.3 time-resolved investiga-
tions of the exciton spin coherence time in non-intentionally doped self-
organised InAs/GaAs quantum dots (QDs). We show that, at low temper-
ature, the exciton spin is stable, on a time scale more than one order of
magnitude larger than the radiative decay time. In section 9.4, we address
the topic of optical manipulation and dynamics of electron spin states in
p-doped QDs. We demonstrate in particular that the main electron spin
dephasing process is due to the hyperfine interaction with nuclear spins. Fi-
nally, in the perspective of future implementation of qubits based on collec-
tive nuclear-spin states [16] (which require strong nuclear-spin polarization
in the vicinity of confined electrons), we present in section 9.5 a detailed
investigation of the nuclear spin polarization in self-organized InAs/GaAs
quantum dots.

9.2. Description of Samples and Experimental Techniques

The investigated structures are grown by molecular beam epitaxy on (001)
GaAs substrates. The coherent properties of the ezciton spin will be pre-
sented on two samples (Sample I and IT). The non-intentionally doped struc-
ture (Sample I) consists of 5 InAs lens-shaped QD planes embedded in a
GaAs planar cavity, inserted between two GaAs/AlAs Bragg mirrors [21].
The QD layers are localized in the vicinity of the electromagnetic field antin-
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odes in the microcavity which operates in the weak coupling regime. The
QD density is ~ 4 - 10'%cm ™2 per layer, and the QD ground state emission
is centered around 1.15eV with a Full Width at Half Maximum (FWHM)
of about 60meV (at T=10 K) [22].

The second non-intentionally doped structure presented here (Sample
II) consists of 40 planes of InAs self-assembled QDs, separated by 15-nm-
thick GaAs spacer layers. The average QD density is ~ 1-10*em ™2 with
a typical dot height of 2 nm and a dot diameter of 15 nm. At T=10 K, the
ensemble PL transition energy is centered around 1.33 eV, with a FWHM
of 60 meV [23].

We have studied the electron spin coherence in p-doped samples. The
p-modulation doped structure (Sample III) consists of 10 planes of lens
shaped self-assembled InAs/GaAs QDs separated by a 30 nm GaAs layer;
a beryllium delta doping layer is located 15 nm below each wetting layer
(WL). The nominal acceptor concentration is N4 = 15-10%m =2 per layer
in this sample. The QD density is about ~ 4 - 10!°%cm ™2 per plane. It has
been shown that each QD contains on average ~ 1 hole [24].

Finally Sample IV, designed for single dot measurements of the nuclear
spin polarization, contains the following layers, starting from the substrate:
200nm of p doped (Be) GaAs / 25nm of GaAs / InGaAs dots with a wet-
ting layer grown in the Stranski-Krastanov mode / 30 nm of GaAs / 100nm
Gag.7Alp.3As / 20nm of GaAs. Placing a doped layer below the dots enables
holes to tunnel into the dots [25]. A low dot density between 108¢m =2 and
10%ecm ™2 adapted to single dot measurements has been obtained by choos-
ing a nominal thickness of 1.7 mono-layers for the InAs layer deposition.
The InGaAs quantum dots formed after Gallium and Indium interdiffusion
contain typically 45% Indium and 55% Gallium, their typical diameter is
around 20nm and the height varies between 4 and 10 nm as determined by
TEM measurements.

We have investigated the spin properties in these structures by time-
resolved optical orientation experiments [26]. The principle is to transfer
the angular momentum of the excitation photons using circularly polarised
light to the photogenerated electronic excitations. If the carriers do not
loose their spin polarization during their lifetime, the luminescence will
also be circularly polarised and will give information on both the symme-
try of the carrier wavefunction and the spin relaxation time [8]. These
optical orientation experiments are very powerful techniques to (i) measure
the decoherence of exciton or electron spin qubits and (ii) perform basic
quantum information manipulations [11, 27-29)].
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The samples are excited by 1.5 ps pulses generated by an Optical Para-
metric Oscillator or a mode-locked Ti-doped sapphire laser. For sample
I and II, the time-resolved photoluminescence (PL) is then recorded by
an up-conversion set-up [30, 31]. The time-resolution is limited by the
laser pulse-width (~ 1.5 ps) and the spectral resolution is about 3 meV.
For sample III, the time-resolved PL is recorded using a S1 photocathode
Hamamatsu Streak Camera with an overall time-resolution of 8 ps. The
photoluminescence measurements on individual dots (Sample IV) is carried
out with a confocal microscope built around an Attocube nanopositioner
placed in the center of a superconducting magnet system at fields between
0 and 4 T. The sample temperature in the variable temperature insert was
kept at 1.5 K. The polarization of the excitation as well as the detected sig-
nal was controlled with a Glan-Taylor polarizer and a liquid crystal based
wave plate. The optical signal was dispersed in a spectrometer with a focal
length of 50cm and detected with a Si -CCD camera. The high signals to
noise ratio single dot PL spectra were fitted with Lorentzian line shapes that
result in a spectral precision of our measurements of +/-2.5 ueV [25]. The
linear and the circular polarization degrees of the luminescence are defined
as Py, = (IX—1Y)/(IX+1Y),and P. = (IT —17)/(I" + 1) respectively.
Here I (IY) and I (I7) denote respectively the X (Y) linearly polarized
and the right (left) circularly polarized luminescence components, and the
X and Y axis are chosen parallel to the (110) and (110) sample directions.

9.3. Exciton Spin Quantum Bits

Several theoretical and experimental works propose to use the neutral ezci-
ton spin in semiconductors for the implementation of quantum computation
schemes [11, 14, 18, 32]. We review in this section the basic properties of
the neutral excitons in self-organized InAs/GaAs QDs and present some
experimental results on the exciton spin lifetime and coherence time. We
show in particular that these characteristic times are much longer than
in bulk semiconductors, which is encouraging for future quantum memory
applications.

9.3.1. Ezxciton fine structure in self organised quantum dots

In non-intentionally doped QD structures, the electron-hole pair fine struc-
ture is strongly affected by the interplay between the exchange interaction
and the reduced QD symmetry, usually Cs,. In the latter symmetry, the
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projection on the quantization axis of the total angular momentum is not
anymore a good quantum number. Yet, the conduction (valence) single
particle states can still be described, to zeroth order, as the S.(S,) and
P.(P,) 2D atomic like orbitals (the growth direction Oz is chosen as the
quantization axis for the angular momentum). In the following, we use this
convenient labelling for the actual orbitals. Taking into account the spin-
orbit interaction, it is convenient to start with the same basis as in (001)-
grown type I quantum wells (for which the relevant symmetry is Dag). The
lowest conduction band is then S-like, with two spin states s. . =T, |; the
upper valence band is split into a heavy-hole band with the angular mo-
mentum projection jj ., = +3/2 and a light-hole band with jj . = £1/2 at
the centre of the Brillouin zone. Due to the built in strain in self assembled
QDs, the light-hole states lie at much lower energy than the heavy-hole
ones, so that we consider only the latter in the following. The heavy-hole
exciton states can then be described using the basis set |J,) = |jn,z, Se.2),
Le. |, = +1) =[3/2,1), [ = 1) = [=3/2,1), [J. = +2) = [3/2,1),
|J, = +2) = | — 3/2,]), where the first two states are radiative and the
two last ones non-radiative. At this point, it is convenient to describe the
heavy-hole states in the presence of spin-orbit interaction by a pseudo spin,
the |+ 1/2)), states corresponding to the | F3/2) ones respectively [33, 34].
The heavy-hole exciton exchange hamiltonian can then be written, in the
Cy, symmetry, in the general form [35]:

HES = 200728 + A1 (Joda — Jydy) + D2(Jode + Jyy), (9.1)

where § and j are the electron spin and the heavy-hole pseudo-spin
operators (in units of i), and Ap, A1,As are constants equal to the en-
ergy distances between centres of the radiative and non-radiative doublets,
and between levels within the radiative and non-radiative doublets respec-
tively. Ag and As originate from the short range electron-hole coulomb
exchange contribution, and one considers usually that Ay <« Ag [34]. The
anisotropic exchange interaction (AEI) splits the | + 1) radiative exciton
doublets into two eigenstates labeled |X) = (| + 1) + | — 1))/+/2 and
V) = (] + 1) — | — 1))/iv/2, linearly polarized along the (110) and (110)
directions respectively [36, 37]. A;, which includes short as well as long
range contributions, is comparable to Aq [38]. Cw single dot spectroscopy
experiments have clearly evidenced the two corresponding linearly polar-
ized lines in self-organized InGaAs QDs with an exchange splitting A; of
up to 150ueV [36]. This anisotropic exchange splitting originates from QD
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elongation and/or interface optical anisotropy [33, 39]. Since the subspace
of bright excitons is two dimensional, we can also define a pseudo spin as-
sociated to the | + 1) and | — 1) excitons. The dynamics of these pseudo
spins is discussed in the next section.
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Fig. 9.1. Sample (I). (a) Time resolved PL intensity with polarization parallel IX (hol-
low circles) and perpendicular IY (solid squares) to the linearly polarized (o)
tation laser (T=10K); the time evolution of the corresponding linear polarization Py,
(diamonds) is also displayed. The laser excitation and detection energies are set to 1.137
eV. (b) Dependence of the luminescence linear polarization on the angle of the excitation
laser field with respect to the [110] direction (see text).

exci-

9.3.2. Fzxciton spin lifetime

Figure 9.1a displays the time-resolved PL intensity with polarization par-
allel (I*) and perpendicular (IY) to the linearly polarized o excitation
laser in sample I (T=10 K). The detection energy is strictly the same as
the excitation one; it coincides with the exciton ground state energy. The
corresponding linear polarization (Py;;,) kinetics is also plotted. The ex-
periment is performed here at low excitation power ( ~ 7TWem ™2 ) which
corresponds to an estimated average density of photo-excited carriers less
than one electron-hole pair per QD. The PL intensity decays with a char-
acteristic time 7,4 ~ 800ps. After the pulsed excitation, the QD emission
exhibits a strong linear polarization (P, ~ 0.75) which remains strictly
constant within the experimental accuracy during the exciton emission (i.e.
over ~ 2.5 ns). This behaviour differs strongly from the exciton linear po-
larization dynamics in bulk or type I quantum well structures, characterized



208 B. Urbaszek et al.

by a linear polarization decay time of a few tens of picoseconds [31]. The
experimental observation of a QD exciton linear polarization which does
not decay with time is the proof that neither the electron, nor the hole
spin relax on the exciton lifetime scale. It shows also that the exciton spin
eigenstate is maintained during the whole exciton lifetime. From this ob-
servation, we can infer that the exciton spin relaxation time is longer than
20 ns, i.e. at least 25 times larger than the radiative lifetime.

Figure 9.1b displays the dependence of the linear polarization of the
luminescence on the angle 8 of the excitation laser field with respect to
the (110) direction. The linearly polarized luminescence components are
still detected along the (110) (X) and (110) (Y) directions. As expected
for exciton eigenstates polarized along the (110) and (110) directions, the
linear polarization follows a simple law as a function of the angle 8 given
by Piin(0) = cos(20).

If a magnetic field is applied along the growth direction (B || [001]) and
the resulting exciton Zeeman splitting Af), = gup B is much larger than the
exchange energy Ay, the QD exciton eigenstates are no more the | X) and
|Y') linearly polarized states but the |+ 1) and | — 1) circular ones (g is the
exciton longitudinal Landé factor). As a consequence, the QD emission is
circularly polarized after a o polarized pulsed excitation (not shown here)
and again the striking feature is the absence of any polarization decay on
the exciton emission time scale [22, 23].

Let us examine now the robustness of the exciton spin when raising the
temperature. Figure 9.2 displays the linear polarization of the QD ground
state emission as a function of the temperature after a strictly resonant
linearly polarised excitation. Up to 30 K, the decay time is longer than 20
ns. At 80 K, the linear decay time drops down to 20 ps with an activa-
tion energy E, ~ 30meV. The dependence of the linear polarization on the
temperature can be well explained in terms of the second order quasi-elastic
interaction between LO phonons and carriers as proposed by Tsitsishvili et
al [40]. The scattering events occur via the virtual excited states of the
exciton built with an S, and an Py state, which are coupled to both | X)
and |Y) exciton states via quasi-resonant absorption and emission of LO
phonons. This process leads to exciton transitions between the ground |X)
and |Y) sublevels with a rate proportionnal to Npo(14Npo) ~ e~ wro/kT
where fiwro = 32meV is the InAs LO phonon energy and Npo their oc-
cupation factor, and determines the temporal dependence of the linear po-
larization. The calculated decay times 7,0, ~ 3.5ns (40 K) and 7o ~ 44ps



Spin Quantum-bits and Decoherence in InAs/GaAs Quantum Dots 209

Temperature
—e— 10K —2—50K
—v—30K —=—60K
—*—40K —o—70K

—e— 80K

Linear Polarization

0’01 1 fat -l 1 1
0 50 1000 1500 2000 2500

Time (ps)

Fig. 9.2. (Sample I) Temperature dependence of the linear polarization dynamics of
neutral excitons.

(80 K) closely agree with the experimental results. The future implementa-
tion of quantum bits based on ezciton spin in InAs/GaAs QDs would thus
require low temperature operation (< 40K).

9.3.3. FExciton spin coherence

A linearly polarised laser excitation along the (100) or (010) directions
(45 degree tilt with respect to the (110) and (110) directions) should lead
to the observation of beats of Py, at the pulsation corresponding to the
exchange splitting A;. This has been clearly observed in a single CdSe dot
experiment performed by Flissikowski et al showing that the exciton spin
coherence time Ty is longer than the radiative lifetime [41].

Similarly a circularly polarized (o) excitation should lead to the obser-
vation of circular polarization P, quantum beats at the angular frequency
Ay /k [42]. We have performed this experiment in an ensemble of self-
organized InAs/GaAs QDs [23, 43]. Following o excitation, a coherent
superposition of the two linearly polarized eigenstates | X) and |Y) is gen-
erated as the laser linewidth is larger than the AEI splitting A1, resulting in
an oscillating PL signal during the first few hundred picoseconds (¢ < 300
ps) shown in figure 9.3a (sample II), with a period corresponding to the
energy splitting between | X) and |Y).

We obtain an oscillation period of 135 + 10 ps, corresponding to an
average energy splitting A; = 30 4+ 3ueV, and an inhomogeneous decay
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Fig. 9.3. (Sample II). Time resolved photoluminescence, co- (open circles) and counter-
polarised (solid squares) after quasi-resonant ot excitation. The dashed line is a fit of
the oscillations using P. = P.(0)e™t/T2 cos(2mt/T) [23]. (a) For B=0 oscillations in
the circular polarization degree Pc with a period of T=135ps are observed. (b) For
B=0.21T along Oz the period shortens to T=90ps.

time of T3 = 30ps, implying a dispersion of the AEI splitting from dot
to dot of the order of 40 peV. The measured A; is in agreement with
values reported by other groups on similar samples, from single-dot PL and
transmission [36], differential transmission experiments [42] and transient
Four-Wave Mixing experiments on ensembles [44].

As explained above, a magnetic field applied along the growth axis of
the sample (Faraday configuration) can be used to control the exciton spin
eigenstates. At zero magnetic field the optically active eigenstates for neu-
tral dots are |X) and |Y). By increasing the magnetic field, the Zeeman
splitting between the |+1) and | —1) states starts to dominate the AEI split-
ting, and | + 1) and | — 1) become the optically active eigenstates [36, 45].
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In analogy to the quantum beats observed at B=0 for ¢ < 300 ps (figure
9.3a), we expect to measure quantum beats in magnetic fields (with dif-
ferent oscillation periods). Indeed for an intermediate field of B=0.2 T we
observe a beating of the circular polarization following circularly polarized
excitation, as at B=0, but with a shorter period of 90 ps (see figure 9.3b,
sample IT). This coherent oscillation period €2 is controlled by both the AEI
exchange energy A; and the exciton g factor through :

Q= /(A1/h)? + (gusB/h)?, (9.2)

We emphasize that the fast damping of the oscillations observed in figure
9.3 is not due to an intrinsic decoherence process. It simply comes from
the inhomogeneous character of the experiment performed on an ensemble
of dots. Similarly to CdSe dots [41], the exciton spin coherence time Ts
is of the order of the radiative lifetime (a few hundreds of picoseconds).
This results is encouraging for the quantum computation proposals based
on exciton spin in quantum dots.

9.3.4. Ezxciton/Biexrciton spin coherence

All the results presented up to now have been obtained at low excitation
intensity (i.e. when the number of photo-generated electron-hole pairs is
small compared to the number of QD). Figure 9.4 displays the linear po-
larization dynamics under resonant linear polarization excitation for three
excitation intensities (Sample I). We note that the linear polarization never
decays with time but the amplitude of this polarization decreases when the
excitation intensity increases. This effect is due to the photo-generation
of biexciton states. Under linearly polarized pulsed excitation, a quan-
tum dot in which the ground state is already occupied by an exciton
|X) = (| +1) 4| —1))/v2 can absorb another photon, which leads to the
photogeneration of a biexciton state labeled (| X X)+|YY))/v/2 . This biex-
citon state will emit oX or o¥ photons with nearly the same probabilities,
whereas the QDs occupied only by one exciton after the laser excitation will
still emit fully polarized X luminescence. As a consequence, the ampli-
tude of the measured linear polarization of the spectrally integrated signal
decays when the number of photogenerated biexciton states increases. We
emphasize that the spectral resolution of our setup (~3 meV) does not al-
low to resolve the exciton and the biexciton emission lines, which are often
separated by less than 1meV.
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Fig. 9.4. (Sample I). Linear polarization dynamics for three different laser excitation
powers

The biexciton states corresponds to an entangled two-exciton state, and
many approaches in the perspective of building quantum logic gates rely
on the use of exciton and biexciton states in quantum dots [11, 18, 46-48].
Due to the symmetry of the biexciton state, the absorption of a ¢X photon
resonant with the exciton-biexciton transition is only possible if the initially
photocreated exciton is in the | X) state. One may thus consider this system
as a building block for a conditional-not quantum logic gate. Note that two-
photon coherent control in the time domain of the biexciton state in a single
CdSe quantum dot has also been experimentally achieved, which is a first
step towards the realization of this kind of quantum logic gate [14, 29].

9.4. Electron Spin Quantum Bits - Dephasing Due to the
Hyperfine Interaction

In many theoretical proposals for the implementation of quantum compu-
tation, the quantum bit is based on the spin of an excess electron in a
single dot. Indeed it has been experimentally shown that the electron spin
relaxation time in semiconductor quantum dots can be very long (up to
the ms range) [49-51]. However quantum bit applications require not only
long spin lifetimes but also long spin coherence times, which is usually more
difficult to achieve in semiconductors. In this section, we present a detailed

investigation of the decoherence processes of electron spins in self-organized
InAs/GaAs QDs.
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Several theoretical studies have predicted that the dominant mechanism
of electron spin relaxation in QDs at low temperature is due to the hyperfine
interaction with nuclear spins [52-54]. An electron spin in a quantum dot
interacts with a large but finite number of nuclei N ~ 103 to 105 [28]. In
the frozen fluctuation model, the sum over the interacting nuclear spins
gives rise to a local effective hyperfine field By [52]. The electron spin can
thus coherently precess around By. However, the amplitude and direction
of the effective nuclear field vary strongly from dot to dot. The average
electron spin (S(¢)) in an ensemble of dots will thus decay as a consequence
of the random distribution of the local nuclear effective field. For the sake
of simplicity this spin dephasing mechanism of the QD ensemble is often
termed spin relaxation. Note that for repeated measurements on a single
QD the hyperfine interaction has the same effect as for an ensemble of
dots [52, 54].

The spin dynamics of carriers in III-V or II-VI semiconductor QDs have
been studied experimentally by different groups in recent years [22, 40, 42,
49, 51, 55-61]. In all these experiments no manifestation of the electron
spin relaxation due to the interaction with nuclei has been observed for the
following reasons:

- In undoped QDs the photogenerated electron feels a strong effective
magnetic field due to the exchange interaction with the hole [36]. This
exchange field is much stronger than the effective hyperfine field of the
nuclei, which thus plays a negligible role [62].

- In the experiments performed on n-doped QDs the ground state lu-
minescence corresponds to the radiative recombination of the negatively
charged exciton X~ formed by one hole, and a pair of electrons with op-
posite spins in a singlet state [38]. In this case, no effect of the hyperfine
interaction with nuclei is expected during the radiative lifetime since the
total electron spin in the charged exciton is zero and the hole spin is only
weakly coupled to the nuclear spins due to the p-symmetry of the hole
Bloch function [63, 64].

The positively charged excitons Xt (consisting of one electron and two
holes forming a spin singlet) is the ideal configuration to probe the electron
spin relaxation mediated by nuclei in QDs with optical experiments. The
exchange interaction between the electron and the two holes cancels in
the Xt ground state as in the case of X~. The analysis of the circular
polarization of the X luminescence in p-doped QDs following a circularly
polarized laser excitation will thus probe directly the spin polarization of the
electron. We have performed this experiment in self-organized InAs/GaAs
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QDs [24].
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Fig. 9.5. (Sample III). Circular polarization dynamics of the QD luminescence after a
circularly polarized ot laser excitation. Inset: photoluminescence intensity co-polarized
IT and counter-polarized I~ with the laser (semi-logarithmic scale). The detection
energy is centred at Fge; = 1.11eV.

Figure 9.5 displays the circular polarization dynamics of the QD ground
state luminescence in a p-modulation doped InAs/GaAs QD structure
(Sample IIT). The inset presents the time evolution of the luminescence
intensity components IT and I~. We consider for the interpretation that
(i) the dots contain a single resident hole and (ii) a single electron-hole pair
is optically injected into the dot. Following excitation into the wetting layer
(WL) with E.,.. = 1.44€V, it is well known that the electron spin does not
relax significantly during the capture and energy relaxation process in the
QD whereas the initial hole spin orientation is lost due to efficient spin re-
laxation processes in the WL [49, 65, 66]. The recorded PL in this p-doped
QD sample corresponds essentially to the radiative recombination of pos-
itively charged exciton X* formed with a spin polarized electron and two
holes with opposite spin : [X*) = (|3, -3 |) —| -3 2 ]))/V2.

The circular polarization dynamics in figure 9.5 presents two regimes.
The polarization decays within the first 800ps down to a value of about
12%; then it remains stable with no measurable decay on the radiative life-
time scale. We can infer that the spin relaxation in this second regime is
longer than 10 ns. This specific circular polarization dynamics has been ob-
served for any detection energy in the PL spectrum of the QD ground state
ensemble. Moreover, we have measured similar kinetics in all the p-doped
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samples with similar doping levels that we have studied. All these results
are in very good agreement with the predicted electron spin relaxation due
to the hyperfine interaction with the nuclei [52-54]. The theoretical time
dependence of the average electron spin due to this process can be written

as [24, 52]:
} (9.3)

where Sy is the initial spin, Ta = i/(geptsAp) is the dephasing time due
to the random electron precession frequencies in the randomly distributed
frozen fluctuation of the nuclear hyperfine field, pp is the Bohr magneton,
ge is the effective electron Landé factor. The dispersion of the nuclear hy-
perfine field By is described here by a Gaussian distribution characterized
by its width Ap : W(By) ~ exp(—(By)?/A%) where A% = 2(B%,)/3 [52].
Note that it is assumed here that the electron spin does not polarize the
nuclear spins. It is clear from equation (9.3) that the time dependence of
the average electron spin polarization exhibits two regimes. After a strong
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initial decay with a characteristic time TA the average electron spin polar-
ization is expected to reach a constant value of 1/3 of the initial polarization.
The initial value of the average electron spin polarization in figure 9.5 is
about 40%; it then drops down to about 1/3 (&~ 12% ) of its initial value in
agreement with the predictions of equation (9.3). In our experiments, we
find Ta =~ 500ps and a value for Ap of about 45mT [24]. After the initial
drop the average electron spin polarization remains stable on the radiative
lifetime scale. Merkulov et al calculated that the subsequent electron spin
dephasing, which is the result of the nuclear spin precession around the
average electron spin orientation in each dot, occurs on a time scale of the
order of VN -Th, i.e. typically 100 times longer than Tx for N = 10*—10°
nuclei per dot [52]. It can thus not be observed on the radiative lifetime
scale in figure 9.5.

A key argument for the hyperfine interaction being responsible for the
initial polarization decay comes from magnetic field dependent measure-
ments. We have recorded the circular polarization dynamics of the QD
ground state luminescence with a magnetic field applied along the Oz
growth axis (Faraday configuration). Merkulov et al and Semenov et al
predict that the electron spin dephasing induced by hyperfine interaction



216 B. Urbaszek et al.

can be strongly suppressed in an external magnetic field [52, 54]. The re-
quired magnetic field must be larger than B, which is of the order of
10mT [53], to ensure that the Zeeman interaction of the electron spin with
the magnetic field is stronger than the interaction with the nuclei. Fig-
ure 9.6 displays the circular polarization dynamics of the QD ground state
luminescence with magnetic fields B, = 100mT and B, = 400mT ; the
dynamics for B, = 0 is also presented for comparison. By applying a field
of B, = 100mT we drastically increase the initial decay time to ~4000ps
as compared to ~500ps at B, = 0. Note that the Zeeman splitting energy
of the electron in this weak magnetic field is at least 50 times smaller than
kgT at T=10K [62]. This pronounced effect of the small external magnetic
field observed in figure 9.6 agrees very well with the expected influence
of the external magnetic field on the QD electron spin relaxation by nu-
clei [52, 54]. The effect observed here is similar to the suppression of the
effect of nuclear hyperfine interaction measured for localized electrons in
lightly doped bulk n-GaAs [67, 68].
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Fig. 9.6. (Sample III). Circular polarization dynamics of the QD ground state lumines-
cence (semi-log. scale) for B, =0, B, = 100mT and B. = 400mT.

These results show that the dominant electron spin dephasing mech-
anism at low temperature in QDs is the hyperfine interaction with nu-
clei. The effect of this hyperfine interaction on the electron spin coherence
can also be directly measured by recording the electron spin dynamics in
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a transverse magnetic field (perpendicular to the growth direction, Voigt
configuration). This can be done by recording the PL circular polarization
dynamics of positively charged excitons X [69]. The polarization oscilla-
tions as a function of time reflect simply the precession of the electron spin
around the applied magnetic field. Fitting the oscillation damping with an
exponential decay law yields an estimate of the dephasing time T3, which,
in a classical view, is the decoherence time of the spin ensemble during the
precession around the applied magnetic field.
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Fig. 9.7. (Sample III). Time-resolved circular polarization decay of the X* trion lu-
minsecence under o1 excitation for two different magnetic fields B;. Inset: Zeeman
splitting as a function of Bg.

The oscillation period observed, corresponding to the X ground state
Zeeman splitting A, decreases when the magnetic field increases. The inset
in figure 9.7 shows this linear dependence: A, = geuupB,. We can thus find
the average electron transverse ge-factor |ge| ~ 0.8. From the curve P,.(t)
in figure 9.7 we also see that despite the relatively high magnetic field
value, the electron spin coherence decays with a typical time T3 of about
300 ps, one order of magnitude shorter than previously found in Faraday
configuration (see figure 9.6). As demonstrated below, this fast damping is
mainly due to the hyperfine interaction with nuclei [69].

Increasing the magnetic field also leads to an increase of the damping of
the polarization oscillations. This magnetic field dependent damping arises
from variations of electron g. factor over the QD ensemble, leading to a
spreading of the angular Larmor frequency with increasing B,. The same
behaviour has been observed in reference [70] when the authors recorded
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Fig. 9.8. (Sample III). Time-resolved circular polarization decay of X% trion in trans-
verse magnetic field B, under ot excitation. Black line: experimental data. Grey line:
fit using a model [69] including both an electron g factor dispersion of 7% and nuclear
field fluctuations of A= 28mT (Ta = 400ps).

the time evolution of optically generated electron spin coherence in nega-
tively charged InAs/GaAs QDs using time resolved Kerr pump-probe spec-
troscopy. This contribution is the second source of spin dephasing for an
ensemble of quantum dots. Figure 9.8 represents the experimental curves
of the photoluminescence circular polarization P.(t) (bold line) in compar-
ison with P,.(t) from the theoretical model including (i) the inhomogeneous
variation of the electron g. factor and (ii) the random fluctuation of the
nuclear hyperfine field (grey line) [69].
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The experiments presented in this section demonstrate the key role
played by the nuclear field fluctuations on the electron spin coherence dy-
namics in QDs; we found a decoherence time of about 1000 ps for this
contribution alone in InAs/GaAs QDs. In spite of this efficient inhomo-
geneous dephasing mechanism, Greilich et al. demonstrated possible ap-
plications based on robust electron spin quantum coherence within an en-
semble of InAs/GaAs dots for time scales up to 1us [71]. Note that the
electron spin dephasing due to the hyperfine interaction was also clearly ev-
idenced by electrical measurements in gate-defined GaAs/AlGaAs quantum
dots [19, 20].

9.5. Quantum Bits Based on Collective Nuclear Spin States

As we just described above, the hyperfine interaction with randomly ori-
ented nuclear spins is a fundamental decoherence mechanism for electron
spin in a semiconductor quantum dot. However, the nuclear spins them-
selves could be used to create long-lived quantum memory for quantum
bits. Nuclear spins can possess very long coherence times because of their
weak environmental coupling, but single nuclear spins are very difficult to
manipulate and measure [8]. A recent proposal by Taylor et al is moti-
vated by the possibility to use the nuclear spins as a quantum memory and
aims to combine the strengths of electron-spin (or charge) manipulation
with the long-term memory provided by the nuclear spin system [16]. The
target is to achieve a nuclear polarisation degree that is high enough to
transfer a coherent spin state from a single electron to the nuclear spin
system. This is achieved through the effective control of the spin-exchange
part of hyperfine contact interaction (via an external magnetic field pulse
for instance). After the transfer is completed, the resulting superpositions
could be stored for very long times and mapped back into the electron spin
degrees of freedom on demand. It would thus be possible to reliably map
the quantum state of a spin qubit onto long-lived collective nuclear-spin
states. This proposal is quite similar to the use of atomic ensembles as
quantum information carriers [72]. The experimental implementation of
this technique will require on the one hand, a strong strong nuclear-spin
polarization in the vicinity of confined electrons, and on the other hand
long carrier spin life and coherence times, see section 9.4. We have thus
performed a detailed investigation of the nuclear spin polarization in self-
organized InAs/GaAs quantum dots. Achieving a very large nuclear spin
polarization would (i) limit the fundamental decoherence mechanism for
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electron spin in a quantum dot [28, 73] (see section 9.4) and (ii) opens the
route towards the implementation of quantum memories based on collective
nuclear spin states.

Let us recall that following injection of electrons with a preferred spin
direction, the electron spin can be imprinted on the nuclei in the dot via
the hyperfine interaction. Dynamical nuclear polarization through optical
pumping leads to the construction of an effective nuclear field B,,. In an
applied magnetic field the Zeeman splitting of an electron is given by the
contributions of the external field and B,,. The contribution due to B, is
the Overhauser shift (OHS) 4,, and can be measured by single dot photolu-
minescence (PL) spectroscopy in the Faraday geometry. Previous work by
Gammon et al on GaAs interface fluctuation quantum dots on neutral and
charged excitons show that dynamical polarization is very effective in their
samples with 60% of the nuclei in the quantum dot polarized through op-
tical pumping [55, 65]. To evaluate the nuclear polarization these authors
compare the measured OHS with the maximum value theoretically obtain-
able for a nuclear polarization of 100%. The small confinement potentiel
in these samples compared to InAs quantum dots could be a limitation for
future applications above 4K. The first experiments on neutral (charged)
excitons in self-assembled InAlAs (InGaAs) quantum dots show a nuclear
polarization of only 6% (10%) [74-76]. For self-assembled InP dots effective
nuclear fields B,, of only a few mT have been observed [58, 77] compared
to effective fields of several Teslas in GaAs dots. This is very surprising as
for In containing compounds, in principle large nuclear effects are expected
due to the nuclear spin of 9/2 as compared to only 3/2 for both Ga and
As. We showed recently that in order to achieve a substantial nuclear po-
larization through optical pumping in self-assembled InGaAs dots a careful
analysis of the interdependence of applied magnetic field strength, optical
pumping power, and electron spin polarization effects is necessary [25]. We
managed to polarize up to 47% of the nuclei in individual QDs correspond-
ing to 0, = 110ueV [78]. This is a first step towards the implementation
of quantum bits based on the proposal by Taylor et al [16].

As in the investigated temperature range (1.5-10K) the thermal energy
is much larger than the nuclear Zeeman splitting, the presence of spin po-
larised electrons is essential for building up a nuclear field. This is the case
during the radiative lifetime of the positively charged exciton X, where the
holes form a spin singlet and the single electron interacts with the nuclei.
The radiative lifetime of these pseudo-particles is about 1 ns. As shown
in section 9.4, the analysis of the circular polarization of the X+ lumines-
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cence in QDs following circularly polarized laser excitation probes directly
the spin polarization of the electron as (S¢) = —P./2. The hyperfine in-
teraction between an electron of spin S = %&8 confined to a quantum dot
and N nuclei is described by the Fermi contact Hamiltonian.

Hip =05 AP (2085 + (190 + 285)) (9.4
J

where vy is the two atom unit cell volume, 7; is the position of the nuclei j
with spin 7, the nuclear species are In, As and Ga. A7 is the constant of
the hyperfine interaction with the electron and v (7) is the electron envelope
function.

We present here the dynamical polarization of nuclei in InGaAs quan-
tum dots in an external magnetic field B, parallel to the sample growth
direction, that is larger than both the local magnetic field By, (character-
ising the strength of the nuclear dipole-dipole interaction) and the Knight
field B. (the effective magnetic field seen by the nuclei due to the pres-
ence of a spin polarised electron), which are in the order of mT. For recent
discussions in quantum dots see Refs [76, 79, 80].
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Fig. 9.9. (Sample IV). The Zeeman splitting AZ is measured for an individual quantum
dot for three different excitation laser polarizations: o1 (solid squares), o~ (hollow
circles) and linear (solid triangles) for an excitation power of P=8.7uW. The dotted
line is a guide to the eye. Inset: Single dot PL at 4T showing a clear Zeeman splitting
between ot PL (solid circles) and o~ PL (hollow circles) following o~ excitation.

Figure 9.9 shows the Zeeman splitting for a single quantum dot following
linearly and circularly polarised excitation. We have verified experimentally
that changing the direction of (S¢) has the same effect as changing the field
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direction from +B, to —B,. In this work we only show measurements for
the same direction of B, for changing (S¢). The Zeeman splitting following
linear excitation is due to the external applied fields and grows, as expected,
linearly with B,. In contrast, when exciting the sample with o¥(o™) po-
larised light, the Zeeman splitting increases (decreases). This has been
observed in GaAs interface fluctuation dots [81]. Figure 9.10 shows the
values of the OHS for fields up to 2 Tesla in greater detail for another dot.
We note:

(i) 0, does not reach the same absolute values for ot and o~ excitation.
The total magnetic field seen by the electron is smaller in the case of o~
excitation than in the case of 0T excitation, as in the case of 0~ excitation
the external magnetic field and the nuclear field are anti-parallel. This can
be seen directly from the smaller Zeeman splitting in figure 9.9. As the spin
flip of the electron means going from one Zeeman level to another, nuclear
polarization due to the simultaneous flip of an electron spin and a nuclear
spin (flip-flop) is more efficient when the total magnetic field is small, here
in the case of o~ excitation. This would explain the larger absolute value
of the OHS measured for o~ excitation.
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Fig. 9.10. (Sample IV). The Overhauser shift §,, is measured for magnetic fields up to
2 Tesla following ot (solid squares) and o~ (hollow circles) excitation.

(ii) The OHS does increase with increasing magnetic field up to about
2T. For small fields in the order of mT this can be understood in terms of
the suppression of the dipole-dipole interaction between nuclei, that leads to
nuclear spin relaxation [8]. Once this mechanism is supressed it is surprising
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to find a further increase of the OHS with the applied magnetic field. In
reference [81] for pure GaAs dots the OHS does not change measurably
between 0.2T to 3.5T. We interpret the increase in OHS observed in our
experiment as a function of the magnetic field as a gradual suppression of
one or several nuclear depolarization mechanisms, induced, for instance, by
nuclear quadrupole coupling. Self-assembled, nominally pure InAs QDs are
in reality InGaAs QDs due to In and Ga interdiffusion. This will induce
local lattice distortion and strain [82], giving rise to electric field gradients
that lead to quadrupole coupling between the nuclear spin states [77, 83]. It
has already been suggested that nuclear quadrupole coupling is responsible
for the small nuclear fields in self assembled InP dots [58]. This coupling,
which exists for all nuclei with a spin I > 1 in a lattice with a symmetry
that is lower than cubic, does not induce any nuclear spin relaxation itself,
but it mixes the different nuclear spin states. Transitions are then possible
due to fluctuations of the occupation of the dot by an electron. The degree
of the mixing depends on the energy separation i.e. the Zeeman splitting
between the different nuclear spin states. Increasing the external field will
increase the nuclear Zeeman splitting and hence decouple the nuclear spin
states, as a simple perturbation treatment shows [83].This would explain
why the measurements in figure 9.10 show a steady increase in the OHS
with the applied external field. As strain gradients and alloy composition
vary from dot to dot on a microscopic scale, the maximum OHS will not
reach the same value for every dot. The quadrupole coupling in GaAs
interface fluctuation dots is certainly much weaker as the dots consist of a
binary compound and are not strained, which could explain that the OHS
does not measurably depend on the applied magnetic field for these dots.

As explained above, the quantum bits based on collective nuclear spin
states proposed by Taylor et al require strong nuclear polarization in the
vicinity of the QD electron [16]. To obtain a strong nuclear polarization in
InAs/GaAs QDs, we have shown that the applied magnetic field strength,
the optical pump power and the optically created electron spin polarization
have to be optimized. We have demonstrated that on the one hand, B,
should not cause a too large electron Zeeman splitting, that makes spin
flip-flop processes necessary to build up a nuclear polarization too costly
in energy. On the other hand, we believe that B, has to be strong enough
to decouple the nuclear spin states that are mixed by the quadrupolar
interaction. We find experimentally that fields between 1.5 and 2.5 T fulfil
both criteria.
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9.6. Conclusions

We have shown that optical orientation experiments are efficient tools to in-
vestigate the electron or exciton spin coherences in self-organized quantum
dots. Though the hyperfine interaction with nuclei might raise difficulties
for large scale implementation of quantum information processing based on
electron spin alone, the recent experimental results on dynamical polariza-
tion of nuclei in single dots demonstrate the great potential of quantum
bits based on collective nuclear spin states.
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Chapter 10

Electron and Hole Spin Dynamics and Decoherence in
Quantum Dots

D. Klauser, D. V. Bulaev, W. A. Coish, and Daniel Loss

Department of Physics and Astronomy, University of Basel,
Klingelbergstrasse 82, CH-4056 Basel, Switzerland

In this article we review our work on the dynamics and decoherence
of electron and hole spins in single and double quantum dots. The first
part, on electron spins, focuses on decoherence induced via the hyperfine
interaction while the second part covers decoherence and relaxation of
heavy-hole spins due to spin-orbit interaction as well as the manipulation
of heavy-hole spin using electric dipole spin resonance.
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10.1. Introduction

The Loss-DiVincenzo proposal [1] to use the spin of a single electron con-
fined in a quantum dot as a qubit for quantum computation has triggered
significant interest in the dynamics and control of single spins in quantum
dots. This has led to numerous exciting experimental achievements, among
them the realization of single electrons in single dots [2, 3] as well as double
dots [4-6], the implementation of single-spin read out [7, 8], the demonstra-
tion of the vSWAP operation via pulsed exchange interaction [9] and the
measurement of single-spin ESR [10]. For a detailed account of the progress
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in implementing the Loss-DiVincenzo proposal, see the extensive reviews
in Refs. 11 and 12.

On the theoretical side, one focus was, and still is, the investigation of
the decoherence induced by the nuclei in the host material via the hyperfine
interaction. The first part of this review article is devoted to the discussion
of the rich spin dynamics that results from the hyperfine interaction. We
first give an introduction to hyperfine interaction in quantum dots (Sec.
10.2). Subsequently, we discuss dynamics under the influence of hyperfine
interaction for the case of a single spin in a single dot (Sec. 10.3) and for a
double dot with one electron in each dot (Sec. 10.4). To conclude the part
about hyperfine interaction, we discuss the idea of narrowing the nuclear
spin state in order to increase the spin coherence time (Sec. 10.5).

The second part of the article is devoted to the dynamics and the ma-
nipulation of heavy-hole spins in quantum dots. The motivation to study
hole spins comes from the fact that the valence band has p-symmetry and
thus the hyperfine interaction with lattice nuclei for holes is suppressed in
comparison to that of the conduction band electrons. As a consequence,
the main interest for hole spin dynamics is the relaxation and decoherence
due to spin-orbit interaction and we discuss this in Sec. 10.6. The next task
towards using hole spins as qubits for quantum computation is of course the
coherent manipulation of single hole spins. A potentially powerful method
to achieve coherent manipulation of spins is electric dipole spin resonance
(EDSR). An analysis of EDSR for heavy holes in quantum dots will be
presented in Sec. 10.7.

10.2. Hyperfine Interaction for Electrons in Quantum Dots

In this part of the article concerning electron spin decoherence we assume
that the orbital level spacing is much larger than the typical energy scale of
the hyperfine interaction. This is the case in typical lateral quantum dots
containing single electrons and allows one to write an effective hyperfine
Hamiltonian Hys for a single electron confined to the quantum-dot orbital
ground state g

Huye=h-S, h=Av ) |¢o(re)]*Tx, (10.1)
k

where S is the spin-1/2 operator for a single electron and I is the spin
operator for the nuclear spin at lattice site k, while v is the volume of the
crystal unit cell and A is the hyperfine coupling strength. For GaAs, which
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is mostly used for the fabrication of lateral dots, the average hyperfine
coupling strength weighted by the natural abundance of each isotope is
A = 90pueV [13]. In Fig. 10.1 the hyperfine coupling of the electron spin
in a lateral double quantum dot is illustrated. The electron spin dynamics

Fig. 10.1. A double quantum dot. Top-gates are set to a voltage configuration that
confines the electrons in the two-dimensional electron gas (green) to quantum dots (yel-
low). The blue line indicates the envelope wave function of the electron (blue arrow).
The hyperfine interaction with a particular nuclear spins (red arrows) is proportional to
the envelope wave function squared at the position of the nuclei. Thus the nuclear spins
in the center are drawn bigger since they couple stronger to the electron spin.

under Hy¢ have been studied under various approximations and in different
parameter regimes. For an extensive overview, see reviews in Refs. 11, 14
and 15. Here, we briefly mention parts of this study before we focus on a
few cases of special interest. The first analysis of electron spin dynamics
under Hy¢ in this context showed that the long-time longitudinal spin-flip
probability is ~ 1/p?N [16], i.e., this probability is suppressed in the limit of
large nuclear spin polarization p and large number N of nuclear spins in the
dot. An exact solution for the case of full polarization (p = 1) gives, for both
transverse and longitudinal electron spin components, a long-time power
law decay ~ 1/t3/2 by a fraction ~ 1/N on a timescale of 7 ~ EN/A ~ 1us
(for a GaAs dot with N ~ 10°) [17]. The fact that this exact solution
shows a non-exponential decay demonstrates the non-Markovian behavior
of the nuclear spin bath. For non-fully polarized systems p < 1 and in
the limit of large magnetic fields (or high polarization p > 1/4/N), the
transverse electron spin undergoes a Gaussian decay [17, 18] on a timescale
7 ~ W/ N/A\/1 —p2 (1 ~ 5ns for GaAs with p < 1 and N ~ 10°) [19)].
This Gaussian decay can be reversed using a spin-echo sequence or by
preparing the nuclear spin system in an eigenstate of h, [19].
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Several methods to prepare the nuclear spin system have recently been
suggested [20-22] and we discuss one of these methods [21] in Sec. 10.5.
Once the nuclear spin system is prepared in an eigenstate, the electron spin
coherence is on one hand limited by dynamics in the nuclear spin system
driven by the dipole-dipole interaction for which a worst case estimate [21]
gives ~ 100us and on the other hand, even for an eigenstate of h,, there
is decoherence due to the flip-flop dynamics which can be important at
times ~ AN/A ~ 1us (or less, depending on the size of the electron Zeeman
splitting). For the decay of nuclear spin polarization experiments suggest
timescales up to tens of seconds [23-26] and hysteretic behavior of the
nuclear spin polarization with respect to the external magnetic field has
been observed [27]. Further, measurements of the transport current in
the so-called spin-blockade regime [28] revealed hysteretic behavior with
respect to the magnetic field [23, 29] and bistable behavior in time [23],
which is attributed to a bistability in the nuclear spin polarization. Further,
very recent experiments suggest a strong dependence of the nuclear field
correlation time depending on whether an electron is present in the dot or
not and thus hyperfine mediated nuclear spin flips are a possible mechanism
for nuclear spin diffusion [24]. This last mechanism has been estimated to
lead to fluctuations of nuclear spin polarization on a timescale of ~ 100us
[21].

10.3. Single-Electron Spin Decoherence

In this section we look in more detail at hyperfine-induced decoherence for
a single spin in a quantum dot in the regime of large Zeeman splitting
€. = gupb, (due to an externally applied magnetic field b,). If €, is much
larger than o = [Tr{pr(h. —ho)?}]'/2, with hg = Tr{prh.} (where ps is the
density matrix of the nuclear spin system), we may neglect the transverse
term S, - hy and find that the Hamiltonian is simply

Ho = (e + h.)S.. (10.2)

This Hamiltonian just induces precession around the z-axis with a fre-
quency that is determined by the eigenvalue h” of h,, where h.|n) = h?|n).
For a large but finite number of nuclear spins (N ~ 10° for lateral GaAs
dots) the eigenvalues h? are Gaussian distributed (due to the central limit
theorem) with mean hy and variance o ~ hA/v/N [19]. Calculating the
dynamics under Hy (which is valid up to a timescale of ~ €,/0? ~ 1us,
where the transverse terms become relevant) leads to a Gaussian decay of
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the transverse electron spin state |+) = (| 1)+ 1))/v2 [19]:

0= -1 7 e (i (10 4y @
T _\/271'0 o z

11 (2 1 [N o
_2—|—26 272/ cos[(e, + ho)t] ; T=o= l_pQA.(IO.?))

Here again, p denotes the polarization and for an unpolarized GaAs quan-
tum dot with N ~ 10° we find 7 ~ 5ns. Applying an additional ac driving
field with amplitude b along the z-direction leads to single-spin ESR. As-
suming again that €, > o, we have the Hamiltonian

Hggsr = Ho + beos(wt)S,. (10.4)

In a rotating-wave approximation (which is valid for (b/€,)? < 1) the decay
of the driven Rabi oscillations is given by [30]

/b b T 1
ESR .

for ¢ 2 max (1/0,1/b,b/20?) and €, +ho —w = 0. Here, C%SR(t) is defined
in the same way as C9_ (t) in Eq. (10.3). The time-independent constant
is given by C' = exp(b?/80?)erfc(b/\/80)v/2nb/8c. The two interesting
features of the decay are the slow (~ 1/+v/t) power law and the universal
phase shift of w/4. The fact that the power law already becomes valid
after a short time 7 ~ 15ns (for b ~ o) preserves the coherence over a
long time, which makes the Rabi oscillations visible even when the Rabi
period is much longer than the timescale 7 ~ 15ns for transverse spin
decay. Both the universal phase shift and the non-exponential decay have
recently been observed in experiment [30]. In order to take corrections due
to the transverse terms S, - A, into account, a more elaborate calculation
is required. The Hamiltonian with flip-flop terms (but without a driving
field) takes the form

1
Hg = Hy + §(S+h, +S_hy). (10.6)

In Ref. 19 a systematic calculation taking into account these so-called flip-
flop terms was performed using a generalized master equation, valid in the
limit of large magnetic field or large polarization. This calculation shows
that even for an eigenstate of h, for which the Gaussian decay in Eq. (10.3)
vanishes, the electron spin undergoes nontrivial non-Markovian decay on a
timescale AN/A ~ 10us.



234 D. Klauser, D. V. Bulaev, W. A. Coish, and D. Loss

Other calculations [31-33] give microsecond timescales for the electron
spin decoherence due to electron-nuclear spin flip-flops processes. The re-
sults in Ref. 31 suggest that also the decoherence due to dynamics in the
nuclear spin system via electron mediated nuclear dipole-dipole interaction
is suppressed by a spin echo and thus that the spin-echo decay time may
be considerably different from the (not ensemble averaged) free-induction
decay.

10.4. Singlet-Triplet Decoherence in a Double Quantum Dot

We now move on to discuss hyperfine induced decoherence in a double
quantum dot. The effective Hamiltonian in the subspace of one electron
on each dot is best written in terms of the sum and difference of electron
spin and collective nuclear spin operators: S = S; + S5,0S =S; — S5 and
h = %(hl =+ hg), 5}1 = %(hl — hg)l

Haa(t) = €.5. + h-S + 6h0S + %S-S—J. (10.7)

Here, J is the Heisenberg exchange coupling between the two electron spins.
Similar to the single-dot case, we assume that the Zeeman splitting is much
larger than (6h),ms and (h;)ms, where (O)pms = [Tr{ps(O — (0))?}]}/? is
the root-mean-square expectation value of the operator O with respect to
the nuclear spin state p;. Under these conditions the relevant spin Hamilto-
nian becomes block diagonal with blocks labeled by the total electron spin
projection along the magnetic field S,. In the subspace of S, = 0 (singlet
|S), and triplet |Tp)) the Hamiltonian can be written as [21, 34]

Here, 6b, is the inhomogeneity of the externally applied classical static
magnetic field with §b, < €., while the nuclear difference field dh, is
Gaussian distributed, as was h, in the single dot case. A full account
of the rich pseudo-spin dynamics under Hg,(f) can be found in Refs. 21
and 34. Here we only discuss the most prominent features for C¥2(t),
which gives the probability to find the singlet |S), if the system was ini-
tialized to |S) at t = 0. The parameters that determine the dynamics
are the exchange coupling J, the expectation value of the total differ-
ence field zyp = b, + dho and the width of the difference field o5 (with
Sho = (1|6h.|vr) and o5 = (b1|(0h. — 0ho)?|¥r)1/?). For the asymptotics
one finds that the singlet probability does not decay to zero, but goes to
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a finite, parameter-dependent value [34]. In the case of strong exchange

coupling |J| > max(|zg|,05) the singlet only decays by a small fraction

quadratic in o5/J or xg/J:

1-2(2)%, |J]> 05> |20l
0

10.9
1_2(907)2a [J| > |zo| > o5. ( )

Cgg(t — 00) ~ {
At short times C¥2(t) undergoes a Gaussian decay on a timescale
V/J? + 4x2/4|zo|os while at long times ¢ > |J| /402 we have a power law
decay

1,2
—3ds cos(|J|t + 2)

CszOtNOSZOtHOO_Fe
SS() SS( ) 406 |J|t%

(10.10)
As in the case of single-spin ESR, we again have a power-law decay, now
with 1/t3/2 and a universal phase shift, in this case: 3m/4. Measure-
ments [35] of the correlator C¥{(¢) confirmed the parameter dependence
of the saturation value and were consistent with the theoretical predictions
concerning the decay. Using the same methods, one may also look at trans-
verse correlators in the S, = 0 subspace and find again power-law decays
and a universal phase shift, albeit, with different decay power and different
value of the universal phase shift [21]. Looking at the short-time behavior
of the transverse correlators also allows one to analyze the fidelity of the

VSWAP gate [21].

10.5. Nuclear Spin State Narrowing

The idea to prepare the nuclear spin system in order to prolong the electron
spin coherence was put forward in Ref. 34. Specific methods for nuclear
spin state narrowing have been described in Ref. 21 in the context of
a double dot with oscillating exchange interaction, in Ref. 22 for phase-
estimation of a single (undriven) spin in a single dot and in an optical setup
in Ref. 20. Here, we discuss narrowing for the case of a driven single spin
in a single dot, for which the details are very similar to the treatment in
Ref. 21. The general idea behind state narrowing is that the evolution of
the electron spin system depends on the value of the nuclear field since the
effective Zeeman splitting is given by €, + h”. This leads to a nuclear field
dependent resonance condition €, +h? —w = 0 for ESR and thus measuring
the evolution of the electron spin system determines h?, and thus the nuclear
spin state.
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We start from the Hamiltonian for single-spin ESR as given in Eq.
(10.4). The electron spin is initialized to the | T) state at time t = 0
and evolves under Hqs, up to a measurement performed at time t,,. The
probability to find | |) for a given eigenvalue h” of the nuclear field operator
(hz|n) = hZ|n)) is then given by

I t
nif) — = _ A 2
P (t) YT [ COS(Z\/b +45n)} (10.11)

where 0, = €, + h?} —w and b is the amplitude of the driving field. As
mentioned above, in equilibrium we have a Gaussian distribution for the
eigenvalues h7, i.e., for the diagonal elements of the nuclear spin density
matrix pr(h2,0) = (n|ps|n) = exp (—(h? — ho)?/20?) /v/2mo. Thus, av-
eraged over the nuclear distribution we have the probability P|(t) to find
the state | |), i.e,, Pi(t) = [dhZpr(hZ,0)P(t). After one measurement
with outcome | l>, we thus find for the diagonal of the nuclear spin density
matrix [36]

P (tm)
pr(h2,0) 15 oD (h1 ) = pr(h2,0)2 (10.12)
Pl (tm)

Assuming now that the measurement is performed in such a way that it
gives the time averaged value (i.e., with a time resolution less than 1/b)

we have for the probability P of measurement result | |) as a function of

the nuclear field eigenvalue Pl =3 bhl; 157 - Thus, by performing a mea-

surement on the electron spin (w1th outcome | 1)), the nuclear-spin density
matrix is multiplied by a Lorentzian with width b centered around the h7
that satisfies the resonance condition €, + h”7 — w = 0. This results in a
narrowed nuclear spin distribution, and thus an extension of the electron
spin coherence, if b < o. In the case of measurement outcome | T) we find

1— P(tm)

n M @Oypn _ n
p[(hzao)%pj (hzvtm)_pI(hzvo)l_Pl(tm)a

(10.13)

e., the Gaussian nuclear spin distribution is multiplied by one minus a
Lorentzian, thus reducing the probability for the nuclear field to have a
value matching the resonance condition €, + h]l — w = 0. Due to the
slow dynamics of the nuclear spin system (see discussion at the end of
Sec. 10.2), many such measurements of the electron spin are possible (with
re-initialization of the electron spin between measurements). Under the
assumption of a static nuclear field during M such initialization and mea-
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surement cycles we find

1
pr(h,0) — pMe(h) = T pr

where « is the number of times the measurement outcome was | |). The

(hZ,0)(P[)* (1 — PM= (10.14)

simplest way to narrow is to perform single measurements with b < o. If
the outcome is | |), narrowing has been achieved. Otherwise, the nuclear
system should be allowed to re-equilibrate before the next measurement
[37]. In order to achieve a systematic narrowing, one can envision adapting
the driving frequency (and thus the resonance condition) depending on
the outcome of the previous measurements. Such an adaptive scheme is
described in detail in Refs. 20 and 21. With this we conclude the part on
hyperfine-induced decoherence of electron spins in quantum dots and move
on to the heavy holes.

10.6. Spin Decoherence and Relaxation for Heavy Holes

Now we consider the spin coherence of heavy holes in quantum dots. The
contact hyperfine interaction between lattice nuclei and heavy-hole spin is
much weaker than that for electrons, since the valence band has p sym-
metry. Thus (neglecting sp hybridization) only the weaker anisotropic hy-
perfine interaction is present. Therefore, the decoherence due to hyperfine
interaction is suppressed for heavy holes and in this section we focus only
on the spin decoherence due to spin-orbit interaction induced by heavy-hole
- phonon coupling.

From the two-band Kane model, the Hamiltonian for the valence band
of TII-V semiconductors is given by

Hyux = Hix +nJ - Q + Hy, (10.15)

where Hyx is the Luttinger-Kohn Hamiltonian [38]. The second term is the
Dresselhaus spin-orbit coupling (due to bulk inversion asymmetry) for the
valence band [39, 40], J = (J5, Jy, J.) are 4 X 4 matrices corresponding to
spin 3/2, Q, = P,(P? — Py?), and €, Q, are given by cyclic permutations.
The last term in Eq. (10.15) Hy = —2kupB - J —2qupB - J is the Zeeman
term for the valence band [41] (k and ¢ are the Luttinger parameters [41]
and J = (J3,J3,J2)).

We consider a [001]-grown two-dimensional system. In the case of an
asymmetric quantum well, due to structure inversion asymmetry along
the growth direction, there is an additional spin-orbit term, the Bychkov-
Rashba spin-orbit term, which, in the two-band model is given by [42]
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Fig. 10.2. Band structure of a ITI-V semiconductor quantum well with the [001]-growth
direction, where Ey is the band gap, A is the splitting between the light- and heavy-hole
subbands due to quantum-well confinement, and Ago is the splitting of the valence band
due to spin-orbit interaction.

arP x E-J, where ag is the Bychkov-Rashba spin-orbit coupling con-
stant and E is an effective electric field along the growth direction. Due
to confinement along the growth direction, the valence band splits into
a heavy-hole subband with J, = £3/2 and a light-hole subband with
J, = £1/2 (see Fig. 10.2 and Ref. 40). If the splitting A of heavy-hole and
light-hole subbands is large, we describe the properties of heavy-holes and
light-holes separately, using only the 2 x 2 submatrices for the J, = +3/2
and J, = +1/2 states, respectlvely The heavy-hole submatrices have the
property that Jp = y =0 and J, = 2az For such a system and low tem-
peratures, only the lowest heavy-hole subband is significantly occupied. In
this case, we consider heavy holes only. In the framework of perturbation
theory [39], using Eq. (10.15) and taking into account the Zeeman energy
and the Bychkov-Rashba spin-orbit coupling term, the effective Hamilto-
nian for heavy holes of a quantum dot with lateral confinement potential
U(x,y) is given by

1 1
H = o—(P; + Py) + U(w,y) + HS' — 59118 B10, (10.16)
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where m is the effective heavy-hole mass, P = p + |e|]A(r)/c, A(r) =
(—yB.1/2,2B1/2,yB; — xBy), g1 is the component of the g-factor tensor
along the growth direction, and

HYY =iaP3c, + BP_P.P_ o, +yB_P?0, +Hec. (10.17)

is the spin-orbit coupling of heavy holes consisting of three contributions:
the Dresselhaus term (8) [40], the Rashba term («) [43], and the last term
(7) combines two effects: orbital coupling via non-diagonal elements in
the Luttinger-Kohn Hamiltonian (< P2) and magnetic coupling via non-
diagonal elements in the Zeeman term (x B). This latter term represents
a new type of spin-orbit interaction which is unique for heavy holes [44].
Here, o = 3yoagr(E.)/2moA, 3 = —3von{P2)/2moA, v = 3vokup/moA,
o+ = (0y £i0y)/2, P+ = P, £iP,, B = B, £iB,, mg is the free
electron mass, vy is the Luttinger parameter [41], (E,) is the averaged
effective electric field along the growth direction of a quantum dot, and A
is the splitting of light-hole and heavy-hole subbands. The splitting between
heavy-hole and light-hole subbands A ~ h=2, where h is the quantum-dot
height.

The spectrum of (10.16) for parabolic lateral confinement [U(x,y) =
mwi(z? + y?)/2] and for vanishing spin-orbit interaction (HIE' = 0) is the
Fock-Darwin spectrum split by the Zeeman term [45, 46]. From Eq. (10.17),
it can be seen that HU! leads to coupling of the two lowest states |0, +3/2)
to the states with the opposite spin orientations and different orbital mo-
menta |I, F3/2). Note that the three spin-orbit terms in Eq. (10.17) differ
by symmetry in momentum space and hence mix different states resulting
in avoided crossings of the energy levels (see inset of Fig. 10.3). Due to
this spin-orbit mixing of the heavy-hole states, the transitions between the
states |0, £3/2) with emission or absorption of an acoustic phonon become
possible and this is the main source of spin relaxation and decoherence for
heavy-holes [40].

We consider a single-particle quantum dot, in which a heavy hole can
occupy one of the low-lying levels. In the following, we study the relaxation
of an n-level system, the first n — 1 levels have the same spin and the
n-th level has the opposite spin orientation. In the framework of Bloch-
Redfield theory [47], the Bloch equations for heavy-hole spin motion for
such a system in the interaction representation are given by

(S2) = (S7 — (52)) /T — R(t), (10.18)
<Sw> = _<Sw>/T2a <Sy> = _<Sy>/T2a (10'19)
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where R(t) = W1 pnn () + S0 Whipii(t), p(t) is the density matrix, Wi;
is the transition rate from state j to state ¢, St is a constant (which has
the value of (S) in thermodynamic equilibrium if R(t) = 0),

1 1
- = n Win7 p— Wl 5 10.2
2 1+ Z T 2T1 + = Z 1 (10.20)

where pure dephasing (due to fluctuations along z direction) is absent in the
spin decoherence time T5 since the spectral function is superohmic. As can
be seen from Eq. (10.18), the spin motion has a complex dependence on the
density matrix and, in the general case, there are n—1 spin relaxation rates.
However, in the case of low temperatures (hgs, > kgT), when phonon
absorption becomes strongly suppressed, solving the master equation, we
find that R(t) ~ 0. Therefore, there is only one spin relaxation time 7. In
this limit, the last sum in Eq. (10.20) is negligible and the spin decoherence
time saturates, i.e., T = 27}.

Note that in contrast to electrons [48] there are no interference effects
between different spin-orbit coupling terms, thus the total spin relaxation
rate 1/Ty is the sum of rates 1/77 = 1/TP + 1/TPR + 1/T1H [40, 44]:

3 2
L x a’w) s -
TlBR z 3<.d++<.dz 3w,—wz ’

T} wi Fwz wo —wgz

1 w? w? 2

— X ’ygBﬁw% ( + 4 — ) , (10.21)
T 2wy +wz  2w_ —wyz

where wi = \/w§ +w2/4 + we/2, wz = gLpupBi/h, By = /B?+ B2. In
Fig. 10.3 the total spin relaxation rate 1/T; is plotted as a function of per-
pendicular magnetic field B, . There are three peaks in the relaxation rate
curve at wyz = w_, 2w_, and 3w_, which are caused by strong spin mixing
at the anticrossing points. In the inset, the first (third) avoided crossing
resulting from Dresselhaus (Rashba) spin-orbit coupling corresponds to the
first (third) peak of the spin relaxation curve in Fig. 10.3. At non-zero
in-plane magnetic fields (B)), there is an additional peak which is due to
an anticrossing between the energy levels Ey y3/5 and Ey _3/5 (see the sec-
ond avoided crossing in the inset). Note that the spin relaxation rate for
heavy holes is comparable to that for electrons [40, 50] due to the fact that
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Fig. 10.3. Heavy hole spin relaxation rate 1/77 in a GaAs quantum dot versus an
applied perpendicular magnetic field B, (the height of the quantum dot is chosen to be
h = 5 nm, the lateral size lp = \/h/mwo =40nm, k = 1.2, vo = 2.5, g, = 2.5 [49],
and the other parameters are given in Ref. [40]). Inset: Energy differences of lowest
excited levels with respect to the ground state Eq ;3/2. The second avoided crossing
comes from the spin-orbit interaction and the in-plane magnetic field By (3rd term in
Eq. 10.17). The anticrossing gap is proportional to B||, implying that the coupling
between corresponding states can be controlled externally.

spin-orbit coupling of heavy holes is strongly suppressed for flat quantum
dots (see Eq. (10.17)), as confirmed by a recent experiment [51].

10.7. Electric Dipole Spin Resonance for Heavy Holes

Let us now consider methods for the manipulation and detection of the
heavy-hole spin in quantum dots. For electrons in two-dimensional struc-
tures, an applied oscillating in-plane magnetic field couples spin-up and
spin-down states via magnetic-dipole transitions and is commonly used in
electron spin resonance, Rabi oscillation, and spin echo experiments [10].
It can be shown that magnetic-dipole transitions (An = 0, A¢ = 0, and
As = +1) are forbidden and, due to spin-orbit mixing of the states |0, +£3/2)
with i3:[1, F3/2), electric-dipole transitions (An = +1, A¢ = 41, and
As = 0) are most likely to occur. Therefore, the heavy holes are affected



242 D. Klauser, D. V. Bulaev, W. A. Coish, and D. Loss

by the oscillating electric field component and not by the magnetic one.

We consider a circularly polarized electric field rotating in the XY-plane
with frequency w: E(t) = E(sinwt, — coswt,0). Therefore, the interac-
tion of heavy holes with the electric field is described by the Hamiltonian
HE(t) = (le|E/mw)(cos wt P, + sinwtP,). The coupling between the states
|£) is given by (+|HP(t)|-) = HP_ = (HE,)" = dso Ee~™", where

dso = (lell/20) (By w- + By wy) (10.22)

is an effective dipole moment of a heavy hole depending on Dresselhaus
spin-orbit coupling constants, perpendicular magnetic field B , lateral size
of a quantum dot, and frequency w of an rf electric field.

In the framework of the Bloch-Redfield theory [47] (taking into account
also off-diagonal matrix elements), the effective master equation for the
density matrix pp,, assumes the form of Bloch equations [47], with the
detuning of the rf field given by 0,y = wy — w. 2dsoE/h is the Larmor
frequency, T1 = 1/(W4_ + W_4) the spin relaxation time (W, is the
transition rate from state m to state n), To = 273 [40] the spin decoherence
time, and p! = (Wy_ — W_, )Ty the equilibrium value of p, without rf
field.

The coupling energy between a heavy hole and an oscillating electric
field is given by

(HE(t)) = Tr(pH" (1)) = —dso - E(1), (10.23)

where dso = dso(ip—4+ — ip+—,p+— + p—+,0) is the dipole moment of
a heavy hole. Therefore, the rf power P = —d(H?(t))/dt = —wdsoFEp_
absorbed by a heavy-hole spin system in the stationary state is given by [52]

o 2w(dsoE)2Tgpz/h
1+ 63T + (2dso E/R)*TiTy’

(10.24)

In Fig. 10.4, the dependence of P on a perpendicular magnetic field B
and frequency w of the oscillating electric field is plotted. The rf power P
absorbed by the system has three resonances and one resonant dip. The
first resonance appears when the energy of rf radiation equals the Zeeman
energy of heavy holes: Bil = hw/g, up. The shape of this resonance (at
certain w) is given by P = hwpl /2h[1 + h26% T/ (2dso E)*T1).

If the first and second resonances are well separated (w < w_), then
the absorbed power can be estimated as

P = 2w(dso E)?pl Jhé3 Ty (10.25)
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Fig. 10.4. Absorbed power P (meV/s) as a function of perpendicular magnetic field B
and rf frequency w (To = 2T, E = 2.5 V/cm, B = 1T, and the other parameters are
the same as those in Fig. 10.3).

in the region of the second and third resonances and the resonant dip.
The second resonance corresponds to an anticrossing of the levels Eq _3/o
and E; 3/, (see the first avoided crossing in the inset of Fig. 10.3) at
w_ = wyg [40] (at B = Bj_’Q). At the anticrossing point, there is strong
mixing of the spin-up and spin-down states and the dipole moment of a
heavy-hole spin system is maximal d§§* = |e|lwz/2w and equals half of the
lowest electric dipole moment of a quantum dot (Je|lw_ /w). Therefore, the
height of the second resonance is given by (elwzFE)?/2hwé%T>. The res-
onant dip appears at B¢ = (hwo/2g.1pB)\/2mo/gLm, which corresponds
to B w_ + B wy = 0 and to zero dipole moment (see Eq. (10.22)). The
third resonance reflects the peak in the spin decoherence rate T3 L due to
an applied in-plane magnetic field (see Fig. 10.3) at the second anticross-
ing point (the second avoided crossing in inset of Fig. 10.3) at 2w_ = wy
(Bj_’3 = 4hwo /g1 pB/1 + 4mo/g1m). From the positions of the resonances
we can determine g, , m, and wg, from the shape and the height of those
we can extract information about the spin-orbit interaction constants «, 3,
and spin-orbit interaction strength due to in-plane magnetic field (which
is proportional to yok/A). Moreover, we can determine the dependence of
the spin relaxation and decoherence times on B .
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10.8. Conclusions

We have discussed the rich dynamics of single electron spins in single and
double quantum dots due to hyperfine interaction with the nuclei. Key
features are non-exponential decays of various kinds and a remarkable uni-
versal phase-shift. Further, we have studied spin decoherence and relax-
ation of heavy holes in quantum dots due to spin-orbit coupling. The spin
relaxation time T3 for heavy holes in flat quantum dots can be comparable
to that for electrons [40, 50] as confirmed by experiment [51]. The spin
decoherence time for heavy holes is given by T5 = 277 at low tempera-
tures. There is strong spin mixing at energy-level crossings resulting in a
non-monotonic dependence T7(B). We have proposed a new method for
manipulation of a heavy-hole spin in a quantum dot via rf electric fields.
This method can be used for detection of heavy-hole spin resonance signals,
for spin manipulation, and for determining important parameters of heavy
holes [44].

Aknowledgments

We aknowledge financial support from the Swiss NSF, the NCCR
Nanoscience and JST ICORP.

References

[1] D. Loss and D. P. DiVincenzo, Quantum computation with quantum dots,
Phys. Rev. A. 57, 120126, (1998).

[2] S. Tarucha, D. G. Austing, T. Honda, R. J. van der Hage, and L. P. Kouwen-
hoven, Shell filling and spin effects in a few electron quantum dot, Phys. Rev.
Lett. 77(17), 3613-3616, (1996).

[3] M. Ciorga, A. S. Sachrajda, P. Hawrylak, C. Gould, P. Zawadzki, S. Jul-
lian, Y. Feng, and Z. Wasilewski, Addition spectrum of a lateral dot from
coulomb and spin-blockade spectroscopy, Phys. Rev. B. 61(24), R16315—
R16318, (2000).

[4] J. M. Elzerman, R. Hanson, J. S. Greidanus, L. H. Willems van Beveren,
S. De Franceschi, L. M. K. Vandersypen, S. Tarucha, and L. P. Kouwen-
hoven, Few-electron quantum dot circuit with integrated charge read out,
Phys. Rev. B. 67(16), 161308, (2003).

[5] T. Hayashi, T. Fujisawa, H. D. Cheong, Y. H. Jeong, and Y. Hirayama,
Coherent manipulation of electronic states in a double quantum dot, Phys.
Rev. Lett. 91(22), 226804, (2003).

[6] J.R.Petta, A. C. Johnson, C. M. Marcus, M. P. Hanson, and A. C. Gossard,



(10]

(11]
(12]

(13]

(14]

Electron and Hole Spin Dynamics and Decoherence in Quantum Dots 245

Manipulation of a Single Charge in a Double Quantum Dot, Phys. Rev. Lett.
93(18), 186802, (2004).

J. M. Elzerman, R. Hanson, L. H. Willems van Beveren, B. Witkamp,
L. M. K. Vandersypen, and L. P. Kouwenhoven, Single-shot read-out of
an individual electron spin in a quantum dot, Nature. 430, 431-435, (2004).
R. Hanson, L. H. van Beveren, 1. T. Vink, J. M. Elzerman, W. J. Naber,
F. H. Koppens, L. P. Kouwenhoven, and L. M. Vandersypen, Single-Shot
Readout of Electron Spin States in a Quantum Dot Using Spin-Dependent
Tunnel Rates, Phys. Rev. Lett. 94(19), 196802, (2005).

J. R. Petta, A. C. Johnson, J. M. Taylor, E. A. Laird, A. Yacoby, M. D.
Lukin, C. M. Marcus, M. P. Hanson, and A. C. Gossard, Coherent Manipu-
lation of Coupled Electron Spins in Semiconductor Quantum Dots, Science.
309(5744), 21802184, (2005).

F. H. L. Koppens, C. Buizert, K. J. Tielrooij, I. T. Vink, K. C. Nowack,
T. Meunier, L. P. Kouwenhoven, and L. M. K. Vandersypen, Driven coherent
oscillations of a single electron spin in a quantum dot, Nature. 442, 766-771,
(2006).

V. Cerletti, W. A. Coish, O. Gywat, and D. Loss, TUTORIAL: Recipes for
spin-based quantum computing, Nanotechnology. 16, 27, (2005).

W. A. Coish and D. Loss, Quantum computing with spins in solids,
http://arXiv.org/cond-mat/0606550. (2006).

D. Paget, G. Lampel, B. Sapoval, and V. 1. Safarov, Low field electron-
nuclear spin coupling in gallium arsenide under optical pumping conditions,
Phys. Rev. B. 15, 5780-5796, (1977).

J. Schliemann, A. Khaetskii, and D. Loss, TOPICAL REVIEW: Electron
spin dynamics in quantum dots and related nanostructures due to hyperfine
interaction with nuclei, J. Phys.: Condens. Matter. 15, 1809 (Dec., 2003).
J. M. Taylor, J. R. Petta, A. C. Johnson, A. Yacoby, C. M. Marcus, and
M. D. Lukin, Relaxation, dephasing, and quantum control of electron spins
in double quantum dots, Phys. Rev. B. 76, 035315, (2007).

G. Burkard, D. Loss, and D. P. DiVincenzo, Coupled quantum dots as quan-
tum gates, Phys. Rev. B. 59, 2070-2078, (1999).

A. V. Khaetskii, D. Loss, and L. Glazman, Electron Spin Decoherence in
Quantum Dots due to Interaction with Nuclei, Phys. Rev. Lett. 88(18),
186802, (2002).

I. A. Merkulov, A. L. Efros, and M. Rosen, Electron spin relaxation by nuclei
in semiconductor quantum dots, Phys. Rev. B. 65(20), 205309, (2002).

W. A. Coish and D. Loss, Hyperfine interaction in a quantum dot: Non-
Markovian electron spin dynamics, Phys. Rev. B. 70(19), 195340, (2004).
D. Stepanenko, G. Burkard, G. Giedke, and A. Imamoglu, Enhancement of
electron spin coherence by optical preparation of nuclear spins, Phys. Rev.
Lett. 96(13), 136401, (2006).

D. Klauser, W. A. Coish, and D. Loss, Nuclear spin state narrowing via
gate—controlled Rabi oscillations in a double quantum dot, Phys. Rev. B. 73
(20), 205302, (2006).

G. Giedke, J. M. Taylor, D. D’Alessandro, M. D. Lukin, and A. Imamoglu,



246

D. Klauser, D. V. Bulaev, W. A. Coish, and D. Loss

Quantum measurement of a mesoscopic spin ensemble, Phys. Rev. A. 74(3),
032316, (2006).

F. H. L. Koppens, J. A. Folk, J. M. Elzerman, R. Hanson, L. H. W. van
Beveren, 1. T. Vink, H. P. Tranitz, W. Wegscheider, L. P. Kouwenhoven,
and L. M. K. Vandersypen, Control and Detection of Singlet-Triplet Mixing
in a Random Nuclear Field, Science. 309, 1346-1350, (2005).

P. Maletinsky, A. Badolato, and A. Imamoglu, Dynamics of quantum dot
nuclear spin polarization controlled by a single electron, Phys. Rev. Lett. 99,
056804, (2007).

J. Baugh, Y. Kitamura, K. Ono, and S. Tarucha, Large nuclear overhauser
fields detected in vertically-coupled double quantum dots, Phys. Rev. Lett.
99, 096804, (2007).

D. Reilly, J. M. Taylor, E. A. Laird, J. R. Petta, C. M. Macrus, M. P.
Hanson, and A. C. Gossard, The dynamic nuclear environment in a double
quantum dot, http://arxiv.org/abs/0712.4033.

P. Maletinsky, C. W. Lai, A. Badolato, and A. Imamoglu, Nonlinear dy-
namics of quantum dot nuclear spins, Phys. Rev. B. 75, 035409, (2007).

K. Ono, D. G. Austing, Y. Tokura, and S. Tarucha, Current Rectification by
Pauli Exclusion in a Weakly Coupled Double Quantum Dot System, Science.
297, 1313-1317, (2002).

K. Ono and S. Tarucha, Nuclear-Spin-Induced Oscillatory Current in Spin-
Blockaded Quantum Dots, Phys. Rev. Lett. 92(25), 256803, (2004).

F. H. L. Koppens, D. Klauser, W. A. Coish, K. C. Nowack, L. P. Kouwen-
hoven, D. Loss, and L. M. K. Vandersypen, Universal phase shift and non-
exponential decay of driven single-spin oscillations, Phys. Rev. Lett. 99,
106803, (2007).

W. Yao, R.-B. Liu, and L. J. Sham, Theory of electron spin decoherence by
interacting nuclear spins in a quantum dot, Phys. Rev. B. 74(19), 195301,
(2006).

N. Shenvi, R. de Sousa, and K. B. Whaley, Nonperturbative bounds on
electron spin coherence times induced by hyperfine interactions, Phys. Rev.
B. T1(14), 144419, (2005).

C. Deng and X. Hu, Analytical solution of electron spin decoherence through
hyperfine interaction in a quantum dot, Phys. Rev. B. 73(24), 241303,
(2006). Erratum: Phys. Rev. B 74, 129902.

W. A. Coish and D. Loss, Singlet-triplet decoherence due to nuclear spins
in a double quantum dot, Phys. Rev. B. 72(12), 125337, (2005).

E. A. Laird, J. R. Petta, A. C. Johnson, C. M. Marcus, A. Yacoby, M. P.
Hanson, and A. C. Gossard, Effect of exchange interaction on spin dephasing
in a double quantum dot, Phys. Rev. Lett. 97(5), 056801, (2006).

A. Peres, Quantum Theory: Concepts and Methods. (Kluwer Academic Pub-
lishers, 1993).

D. Klauser, W. A. Coish, and D. Loss, Quantum-dot spin qubit and hyperfine
interaction, Adv. Solid State Phys. 47, 17-29, (2007).

J. M. Luttinger and W. Kohn, Motion of electrons and holes in perturbed
periodic fields, Phys. Rev. 97(4), 869-883, (1955).



Electron and Hole Spin Dynamics and Decoherence in Quantum Dots 247

B. P. Zakharchenya and F. Mier, Eds., Optical orientation. (North-Holland,
Amsterdam, 1984).

D. V. Bulaev and D. Loss, Spin relaxation and decoherence of holes in quan-
tum dots, Phys. Rev. Lett. 95, 076805, (2005).

J. M. Luttinger, Quantum Theory of Cyclotron Resonance in Semiconduc-
tors: General Theory, Phys. Rev. 102, 1030, (1956).

R. Winkler, Rashba spin splitting in two-dimensional electron and hole sys-
tems, Phys. Rev. B. 62, 4245, (2000).

R. Winkler, H. Noh, E. Tutuc, and M. Shayegan, Anomalous Rashba spin
splitting in two-dimensional hole systems, Phys. Rev. B. 65, 155303, (2002).
D. V. Bulaev and D. Loss, Electric dipole spin resonance for heavy holes in
quantum dots, Phys. Rev. Lett. 98, 097202, (2007).

V. Fock, Bemerkung zur Quantelung des harmonischen Oszillators im Mag-
netfeld, Z. Phys. 47, 446-448, (1928).

C. G. Darwin, The Diamagnetism of the Free Electron, Proc. Cambridge
Philos. Soc. 27, 86-90, (1930).

K. Blum, Density Matriz Theory and Applications. (Plenum, New York,
1996).

V. N. Golovach, A. Khaetskii, and D. Loss, Phonon-Induced Decay of the
Electron Spin in Quantum Dots, Phys. Rev. Lett. 93, 016601, (2004).

H. W. van Kestern, E. C. Cosman, W. A. J. A. van der Poel, and C. T.
Foxton, Fine structure of excitons in type-II GaAs/AlAs quantum wells,
Phys. Rev. B. 41, 5283, (1990).

D. V. Bulaev and D. Loss, Spin relaxation and anticrossing in quantum
dots: Rashba versus dresselhaus spin-orbit coupling, Phys. Rev. B. T1,
205324, (2005).

D. Heiss, S. Schaeck, H. Huebl, M. Bichler, G. Abstreiter, J. J. Finley, D. V.
Bulaev, and D. Loss, Observation of extremely slow hole spin relaxation in
self-assembled quantum dots, Phys. Rev. B 76, 241306, (2007).

A. Abragam, The Principles of Nuclear Magnetism. (Oxford University
Press, London, 1961).



248 D. Klauser, D. V. Bulaev, W. A. Coish, and D. Loss



Chapter 11

Microscopic Theory of Energy Dissipation and
Decoherence in Semiconductor Nanodevices
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A general density-matrix formulation of electronic quantum phenomena
in semiconductor nanodevices is presented. More specifically, contrary
to the conventional single-particle correlation expansion, we shall in-
vestigate the effect of the adiabatic or Markov limit, without consider-
ing/performing any reduction procedure. Our fully operatorial approach
allows us to better identify the general properties of the scattering su-
peroperators entering our effective quantum-transport theory at various
description levels. In particular, we shall revisit the conventional adia-
batic or Markov approximation, showing its intrinsic failure in describ-
ing the proper quantum-mechanical evolution of a generic subsystem
interacting with its environment. In particular, we shall show that —
contrary to the semiclassical case— the Markov limit does not preserve
the positive-definite character of the corresponding density matrix, thus
leading to highly non-physical results. To overcome this problem, we
shall propose an alternative adiabatic procedure which (i) in the semi-
classical limit reduces to the standard Fermi’s golden rule, and (ii) de-
scribes a genuine Lindblad evolution, thus providing a reliable/robust
treatment of energy-dissipation and dephasing processes in electronic
quantum devices. Compared to standard master-equation formulations,
the proposed approach does not involve/require any reduction or aver-
age procedure, exactly as for the derivation of the well known Fermi’s
golden rule.

Contents

11.1 Introduction . . . . . . . Lo 250

11.2 Fundamentals of Density-matrix Theory Applied to Solid-state Nanodevices . 251

11.3 Fully Operatorial Derivation of the Adiabatic or Markov Limit . . . . . . .. 253

11.4 Alternative Formulation of the Markov Limit: Derivation of a “Quantum
Fermi’s Golden Rule” . . . . ... .. ... ... ... ... . ... 257



250 F. Rossi

11.5 Derivation of Effective Scattering Superoperators for the Electronic

Subsystem . . . . . ... e 258
11.6 Summary and Conclusions . . . . . . . . . . . . ... . 264
References . . . . . . .. L e 266

11.1. Introduction

Present-day technology pushes device dimensions toward limits where the
traditional semiclassical or Boltzmann theory [1] can no longer be applied,
and more rigorous quantum-kinetic approaches are imperative [2]. How-
ever, in spite of the quantum-mechanical nature of electron and photon
dynamics in the core region of typical solid-state nanodevices —e.g., super-
lattices [3] and quantum-dot structures [4]— the overall behavior of such
quantum systems is often governed by a complex interplay between phase
coherence and energy relaxation/dephasing [5], the latter being also due to
the presence of spatial boundaries [6]. Therefore, a proper treatment of such
novel nanoscale devices requires a theoretical modeling able to properly ac-
count for both coherent and incoherent —i.e., phase-breaking— processes
on the same footing.

The wide family of so-called solid-state quantum devices can be
schematically divided into two main classes: (i) a first one which com-
prises low-dimensional nanostructures whose electro-optical response may
be safely treated within the semiclassical picture [7] (e.g., quantum-cascade
lasers [8]), and (ii) a second one grouping solid-state devices characterized
by a genuine quantum-mechanical behavior of their electronic subsystem
(e.g., solid-state quantum logic gates [9]) whose quantum evolution is only
weakly disturbed by decoherence processes.

For purely atomic and/or photonic quantum logic gates, decoherence
phenomena are successfully described via adiabatic-decoupling procedures
[10] in terms of extremely simplified models via phenomenological parame-
ters; within such effective treatments, the main goal/requirement is to iden-
tify a suitable form of the Liouville superoperator, able to ensure/maintain
the positive-definite character of the corresponding density-matrix opera-
tor [11]. This is usually accomplished by identifying proper Lindblad-like
decoherence superoperators [11, 12], expressed in terms of a few crucial
system-environment coupling parameters [13].

In contrast, solid-state devices are often characterized by a complex
many-electron quantum evolution, resulting in a non-trivial interplay be-
tween coherent dynamics and energy-relaxation/decoherence processes; it
follows that for a quantitative description of such coherence/dissipation
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coupling the latter need to be treated via fully microscopic models.

To this aim, motivated by the power and flexibility of the semiclassical
kinetic theory [1] in describing a large variety of interaction mechanisms, a
quantum generalization of the standard Boltzmann collision operator has
been proposed [5]; the latter, obtained via the conventional Markov limit,
describes the evolution of the reduced density matrix in terms of in- and out-
scattering superoperators. However, contrary to the semiclassical case, such
collision superoperator does not preserve the positive-definite character of
the density-matrix operator.

To overcome this serious limitation, in this chapter we shall present an
alternative adiabatic procedure which (i) in the semiclassical limit reduces
to the well known Fermi’s golden rule [14], and (ii) describes a genuine
Lindblad evolution, thus providing a reliable/robust treatment of energy-
dissipation and dephasing processes in semiconductor quantum devices. We
stress that, contrary to standard master-equation formulations, the pro-
posed adiabatic-decoupling approach does not involve/require any reduc-
tion or average procedure (see below) exactly as in the standard derivation
of the conventional Fermi’s golden rule.

The paper is organized as follows. In Sect. 11.2 we shall review the fun-
damentals of the density-matrix formalism applied to the analysis of solid-
state quantum devices; Section 11.3 will provide a fully-operatorial deriva-
tion of the conventional adiabatic or Markov approximation; In Sect. 11.4
we shall propose an alternative formulation of the Markov limit, leading
to the derivation of a Lindblad-like scattering superoperator in terms of a
generalized or quantum Fermi’s golden rule. Section 11.5 will address the
derivation of effective scattering superoperators describing the electronic
subsystem interacting with various quasiparticles, e.g., phonons, photons,
plasmons, etc. Finally, in Sect. 11.6 we shall summarize and draw some
conclusions.

11.2. Fundamentals of Density-matrix Theory Applied to
Solid-state Nanodevices

The idealized behavior of a so-called “quantum device” [7] is usually de-
scribed via the elementary physical picture of the square-well potential
and/or in terms of a simple quantum-mechanical n-level system. For a
quantitative investigation of state-of-the-art quantum optoelectronic de-
vices, however, two features strongly influence and modify such simplified
scenario: (i) the intrinsic many-body nature of the carrier system under
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investigation, and (ii) the potential coupling of the electronic subsystem
of interest with a variety of interaction mechanisms, including the pres-
ence of spatial boundaries [6]. These systems are characterized by a strong
interplay between coherent dynamics and energy-relaxation/dephasing pro-
cesses; it follows that for a quantitative description of such non-trivial coher-
ence/dissipation coupling the latter need to be treated via fully microscopic
models.

In this chapter we shall provide a comprehensive microscopic theory of
charge quantum transport in semiconductor nanostructures based on the
well-known density-matrix approach. It is worth mentioning that an alter-
native approach, equivalent to the density-matrix formalism employed in
our work, is given by the nonequilibrium Green’s function technique; the
latter can be regarded as an extension of the well-known equilibrium or
zero-temperature Green’s function theory to nonequilibrium regimes, in-
troduced in the 1960s by Kadanoff and Baym [15] and Keldysh [16]. An
introduction to the theory of nonequilibrium Green’s functions with appli-
cations to many problems in transport and optics of semiconductors can be
found in the book by Haug and Jauho [17]. By employing —and further de-
veloping and extending— such nonequilibrium Green’s function formalism,
a number of groups have proposed efficient quantum-transport treatments
for the study of various semiconductor nanostructures as well as of modern
micro/optoelectronic devices [18].

Within the general density-matrix formalism two different strategies
are commonly employed: (i) the quantum-kinetic treatment [5], and (ii)
the description based on the Liouville-von Neumann equation [19].

The primary goal of a quantum-kinetic theory is to evaluate the tem-
poral evolution of a reduced set of single- or few-particle quantities di-
rectly related to the electro-optical phenomenon under investigation, the
so-called kinetic variables of the system. However, due to the many-body
nature of the problem, an exact solution in general is not possible; it follows
that for a detailed understanding realistic semiconductor models have to
be considered, which then can only be treated approximately. Within the
kinetic-theory approach one starts directly with the equations of motion
for the single-particle density matrix. Due to the many-body nature of the
problem, the resulting set of equations of motion is not closed; instead, it
constitutes the starting point of an infinite hierarchy of higher-order density
matrices. Besides differences related to the quantum statistics of the quasi-
particles involved, this is equivalent to the BBGKY hierarchy in classical
gas dynamics [20]. The central approximation in this formalism is the trun-
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cation of the hierarchy. This can be based on different physical pictures.
A common approach is to use the argument that correlations involving an
increasing number of particles will become less and less important [5]. An
alternative quantum-kinetic scheme —based on an expansion in powers of
the exciting laser field— has been introduced by Axt and Stahl, the so-
called “dynamics controlled truncation” (DCT) [21].

Within the treatment based on the Liouville-von Neumann equation,
the starting point is the equation of motion for the global density-matrix
operator, describing many electron plus various quasiparticle excitations.
The physical quantities of interest for the electronic subsystem are then
typically derived via a suitable “reduction procedure”, aimed at tracing
out non-relevant degrees of freedom. Contrary to the kinetic theory, this
approach has allowed for a fully quantum-mechanical treatment of high-
field transport in semiconductors [22], thus overcoming some of the basic
limitations of conventional kinetic treatments, e.g., the completed-collision
limit and the Markov approximation.

As anticipated, primary goal of the present chapter is to discuss in very
general terms the physical properties and validity limits of the so-called
“adiabatic” or Markov approximation. Within the traditional semiclassical
or Boltzmann theory, this approximation is typically introduced together
with the so-called diagonal approximation, i.e., the neglect of non-diagonal
density-matrix elements. However, as described in Ref. 23, the Markov limit
can be also performed within a fully non-diagonal density-matrix treatment
of the problem; this leads to the introduction of generalized in- and out-
scattering superoperators, whose general properties and physical interpreta-
tion are not straightforward. In particular, it is imperative to understand
if —and under which conditions— the adiabatic or Markov approxima-
tion preserves the positive-definite character of our reduced density matrix;
indeed, this distinguished property is generally lost within the quantum-
kinetic approaches previously mentioned [5, 23]. To this end, starting from
the Liouville-von Neumann-equation approach, we shall propose a very gen-
eral derivation of the Markov approximation.

11.3. Fully Operatorial Derivation of the Adiabatic or
Markov Limit

In order to discuss the main features and intrinsic limitations of the conven-
tional adiabatic or Markov limit, let us recall its general derivation following
the fully operatorial approach proposed in Ref. 24. Given a generic physical
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quantity A —described by the operator A— its quantum plus statistical
average value is given by

A= tr{fm} , (11.1)

where p is the so-called density-matrix operator. Its time evolution is
dictated by the total (system plus environment) Hamiltonian. Within
the usual interaction picture, the latter can be regarded as the sum of
a noninteracting (system plus environment) contribution plus a system-
environment coupling term:

H=H,+H". (11.2)

The corresponding equation of motion for the density-matrix operator —
also known as Liouville-von Neumann equation— in the interaction picture
is given by:

dp’
dt

— [Hp} , (11.3)

where H denotes the interaction Hamiltonian H’ written in units of A.

The key idea beyond any perturbation approach is that the effect of
the interaction Hamiltonian H’ is “small” compared to the free evolution
dictated by the noninteracting Hamiltonian H,. Following this spirit, by
formally integrating Eq. (11.3) from —oo to the current time ¢, and inserting
such formal solution for p(t) on the right-hand side of Eq. (11.3), we obtain
an integro-differential equation of the form:

t
G0 ==i[ftw. o) = [ av [ [rensw]] o
We stress that so far no approximation has been introduced: Equations
(11.3) and (11.4) are fully equivalent, we have just isolated the first-order
contribution from the full time evolution in Eq. (11.3).

Let us now focus on the time integral in Eq. (11.4). Here, the two
quantities to be integrated over t' are the interaction Hamiltonian H' and
the density-matrix operator p’. In the spirit of the perturbation approach
previously recalled, the time variation of p’ can be considered adiabatically
slow compared to that of the Hamiltonian H written in the interaction
picture, i.e.,

H(¢) = UN(RUL(t') ; (11.5)



Microscopic Theory of Energy Dissipation and Decoherence 255

indeed, the latter exhibits rapid oscillations due to the noninteracting evo-
lution operator

N _iHot

Us(t)=e 7 . (11.6)

‘ can be taken out of the time

As a result, the density-matrix operator p
integral and evaluated at the current time t¢.

Following such prescription, the second-order contribution to the sys-
tem dynamics written in the Schrédinger picture for the case of a time-

independent interaction Hamiltonian H comes out to be:

7R W P P
) e
with
0 0
K = 2/ dt'"H(t') = 2/ dt'US(tYRU, (') . (11.8)

As discussed extensively in [24], the operator K describes energy-conserving
scattering events (real processes) as well as energy-renormalization contri-
butions (virtual processes); the latter are known to play a minor role in
semiconducting materials, and in general may be safely neglected; such ap-
proximation amounts to impose the following time-reversal symmetry on
the system dynamics:

H() = H(~t') . (11.9)
This corresponds to neglect higher-order effects of the interaction Hamilto-
nian H on the free system evolution U,. This is accomplished by neglecting

contributions related to the commutator between the “dressed” evolution
and the free one, i.e.,

HUH} ,Uj} ~0. (11.10)
Indeed, this is the condition needed in order to get the desired time-reversal
symmetry H*(t) = H(—t).

Within such approximation scheme, the operator K in (11.8) may be
rewritten extending the time integration from —oo to +oo:

“+oo
IC:/ Ul (¢ YROL(t) . (11.11)

The effective equation in (11.7) has still the double-commutator struc-
ture in (11.4) but it is now local in time. The Markov limit recalled so
far leads to significant modifications to the system dynamics: while the
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exact quantum-mechanical evolution in (11.3) corresponds to a fully re-
versible and isoentropic unitary transformation, the instantaneous double-
commutator structure in (11.7) describes, in general, a non-reversible (i.e.,
non unitary) dynamics characterized by energy dissipation and dephasing.
However, since any effective Liouville superoperator should describe cor-
rectly the time evolution of p and since the latter, by definition, needs
to be trace-invariant and positive-definite at any time, it is imperative to
determine if the Markov superoperator in (11.7) fulfills this two basic re-
quirements. As far as the first issue is concerned, in view of its commutator
structure, it is easy to show that this effective superoperator is indeed trace-
preserving. In contrast, as discussed extensively in [24], the latter does not
ensure that for any initial condition the density-matrix operator will be
positive-definite at any time. This is by far the most severe limitation of
the conventional Markov approximation.

By denoting with {|A)} the eigenstates of the noninteracting Hamilto-
nian H,, the effective equation (11.7) written in this basis is of the form:

dp)\l A2

1
i 3 Z [Prire g fxn, — Prsgaa oagae] + He o (11.12)

ALA
with generalized scattering rates given by:

2m «
Prixanay, = fo\l,\/1 ;2,\/25(6,\2 —ex,) (11.13)

ex denoting the energy corresponding to the noninteracting state |\).

The well-known semiclassical or Boltzmann theory [1] can be easily de-
rived from the quantum formulation presented so far, by introducing the
so-called diagonal or semiclassical approximation. The latter corresponds
to neglecting all non-diagonal density-matrix elements (and therefore any
quantum-mechanical phase coherence between the generic states A\; and
)\2), i.e.,

Pride = f)\15)\1)\2 5 (1].].4)

where the diagonal elements f) describe the semiclassical distribution func-
tion over our noninteracting basis states.

Within such approximation scheme, the effective quantum equation
(11.12) reduces to the well-known Boltzmann equation:

dir

i Z(PAA’fA’ —Pyuafa) s (11.15)

2\
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where
2,
P)\A/ :,P)\)\)\/)\/ = f|H>\)\,| (5(6)\_6)\/) (].].].6)

are the conventional semiclassical scattering rates given by the well-known
Fermi’s golden rule [14].

At this point it is crucial to stress that, contrary to the non-diagonal
density-matrix description previously introduced, the Markov limit com-
bined with the semiclassical or diagonal approximation ensures that at
any time t our semiclassical distribution function f) is always positive-
definite. This explains the “robustness” of the Boltzmann transport equa-
tion (11.15), and its extensive application in solid-state-device modeling as
well as in many other areas, where quantum effects play a very minor role.
In contrast, in order to investigate genuine quantum-mechanical phenom-
ena, the conventional Markov superoperator in (11.7) cannot be employed,
since it does not preserve the positive-definite character of the density ma-
trix pa; A, -

11.4. Alternative Formulation of the Markov Limit: Deriva-
tion of a “Quantum Fermi’s Golden Rule”

As anticipated, aim of the present chapter is to propose an alternative
formulation of the standard Markov limit, able to provide a Lindblad-like
scattering superoperator, thus preserving the positive-definite character of
our density matrix. To this end, let us go back to the integro-differential
equation (11.4). As previously discussed, the crucial step in the standard
derivation is to replace p*(#') with p%(¢). Indeed, since in the adiabatic limit
the time variation of the density matrix within the interaction picture is
negligible, the latter can be evaluated at any time. Based on this remark,
what we propose is the following time symmetrization: given the two times
t’ and ¢, we shall introduce the “average” or “macroscopic” time T = %
and the “relative” time 7 = ¢t — t’. The basic idea is that the relevant
time characterizing/describing our effective system evolution is the macro-
scopic time T'. Following this spirit, it is easy to rewrite the second-order
contribution in Eq. (11.4) in terms of the new time variables T" and 7:

= [ ar [ (e g) e (r-5) 0 (T3]
(11.17)

Following again the spirit of the adiabatic decoupling, we shall now re-
T

place p (T — 5) with p(T); the resulting effective equation rewritten in
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the original Schrodinger picture comes out to be:

o[l

Neglecting again renormalization contributions [see Eq. (11.9)], Eq. (11.18)
may be rewritten by extending the time integration over 7 from —oo to +oc:

e I O N Y G BT

o0

By Fourier expanding the above symmetric convolution integral we finally
get the desired Lindblad-like scattering superoperator:

j_f, _ _% /dw (£, [£@). 5] (11.20)

with

o0
£(w) = \/%7 /m dr 0t (%) HU, (%) e (11.21)

We stress how the proposed time symmetrization gives rise to a fully
symmetric Lindblad-like superoperator (expressed in terms of the operator
L only), compared to the strongly asymmetric Markov superoperator in
(11.7).

If we now rewrite the new Markov superoperator in (11.19) in our non-
interacting basis A\, we obtain again the effective equation of motion in
(11.12), but now the generalized scattering rates in (11.13) are replaced by
the following symmetrized quantum scattering rates:

75 //:2_7THI , /*/(5 6)\1—’—6)\2_6A,1—’—€)‘l2
A1 Az, A A P YPVRLP YPYA 5 5 .

(11.22)

The above scattering superoperator can be regarded as the quantum-
mechanical generalization of the conventional Fermi’s golden rule; indeed,
in the semiclassical limit (A1 = A2, \] = A}) the standard formula in (11.16)
is readily recovered.

11.5. Derivation of Effective Scattering Superoperators for
the Electronic Subsystem

Let us now specialize our general result in (11.20) to the case of a semi-
conductor quantum device, for which the unperturbed Hamiltonian H, in
(11.2) can be written as

H,=H.+H, . (11.23)
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This is the sum of the electronic (e¢) Hamiltonian and of the free-
quasiparticle (¢p) Hamiltonian

Hyp = eqbliby (11.24)
a
where the Bosonic operators IA)}; (Bq) denote creation (destruction) of a
generic quasiparticle excitation with wavevector q and energy eq, i.e.,
phonons, photons, plasmons, etc.
In this case, the noninteracting (carrier-plus-quasiparticle) basis states

A = la) ®@ [{nq}) (11.25)

are given by the tensor product of electronic states |a) and quasiparticle
states |{nq}) corresponding to the set of occupation numbers {nq}; the
noninteracting energy spectrum

ex=€at Y €qng (11.26)
a
is then the sum of the electronic and total quasiparticle energies.

For all relevant carrier-quasiparticle interaction mechanisms in semi-
conductor nanostructures —e.g., carrier-phonon, carrier-photon, carrier-
plasmon, etc.— the perturbation Hamiltonian H’ in (11.2) can be written
as:

' =37 (Aabg + HBL) = H + o (11.27)

Here H'q =H jq are electronic operators (parameterized by the quasiparti-
cle wavevector q) acting on the a subsystem only. The two terms in (11.27)
—corresponding to quasiparticle destruction and creation— describe elec-
tronic absorption and emission processes.

As anticipated, the average value of any given physical quantity A can
be easily expressed in terms of the density-matrix operator p according to
Eq. (11.1). In the study of electronic quantum phenomena in semiconduc-
tor nanostructures, most of the physical quantities of interest depend on
the electronic-subsystem coordinates « only (carrier energy loss, electronic
coherence length, carrier-carrier correlation functions, etc.), i.e.,

Ay = Aa,{nq};o/,{nél} = Aaa’é{nq}{ng} . (11.28)

In this case it is convenient to write Eq. (11.1) as

A=tr {Aﬁ} = ZA)\)\’pX)\ = Z Aaa’pZ’a ) (1129)
AN a,a’
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where

on/ = Z pa7{nq};o¢’,{nq} (1130)
{nq}

is the so-called reduced or electronic density matrix. Equation (11.30) can
be also written in an operatorial form as:

[)5 = tr {ﬁ}qp ’ (11'31)

which shows that the electronic density-matrix operator p°¢ is obtained by
performing a trace operation over the quasi-particle variables {nq}. Since ¢
is the only quantity entering the evaluation of the average value in (11.29),
it is desirable to derive a corresponding equation of motion for the reduced
density-matrix operator. However, such trace over the quasiparticle co-
ordinates does not commute with the scattering superoperator in (11.20),
which does not allow to obtain a closed equation of motion for the reduced
density-matrix operator 5°. In order to overcome this problem, the typical
assumption is to consider the quasiparticle subsystem as characterized by
a huge number of degrees of freedom (compared to the subsystem «). In
other words this amounts to say that the quasiparticle subsystem has an
infinitely high heat capacity, i.e., it behaves as a thermal bath; this allows
to consider this subsystem always in thermal equilibrium, i.e., not signifi-
cantly perturbed by the electronic subsystem. Within such approximation
scheme, the global (e plus ¢p) density-matrix operator p can be written as
the product of the equilibrium density-matrix operator for the quasiparticle
subsystem p?% and the reduced density-matrix operator p°:

_ Hgp
e FnT

_Hep Y 7
tr {e ’“BT}

More specifically, let us start by applying the trace over the quasipar-
ticle coordinates to Eq. (11.19); by expanding the double commutator and

e paw PP = (11.32)
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employing the factorization scheme in (11.32) we get:

= (G () el

b el (5) (5},
[ e G ()},
[T (G ()},
[ (R G, ma

To this end, it is imperative to evaluate the explicit form of the interaction
Hamiltonian ‘H*(#') in (11.5). Recalling the explicit form of the noninter-
acting Hamiltonian H, in (11.23), we have:

. e s ’
A iHot iHet! iHgpt ~

Uty =e "h =e " h e 1 =U Uyt . (11.34)

Moreover, employing the bosonic commutation relations for the creation
and destruction operators, we get:

i)él(t/) = ng(t/)i’qﬁqp(t/) =e " bq
i)g(t/) = Ul (10} Uy (t') = €++BL - (11.35)

In view of these two properties, the explicit form of the electron-
quasiparticle coupling Hamiltonian (11.27) written in the interaction pic-
ture comes out to be:

i)=Y (7%; (t)by + ﬂ;(t')ég) (11.36)
q
with
Y Hi(t) _iqv . H(t) | ieqr
Hy (') = —i%——e o, HEW) = qh et™n (11.37)

By inserting the above result into Eq. (11.33) and recalling that

tr {babarp™ b = tr {BhL 57} =0 (11.38)
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as well as HZ (') = HET(t'), we obtain:

s (i) [ o (e ()
52 (M geg) [ o () ()
at o
A (e de ) [T (G )
55 (v geg) [t (-5) () aron
Here
Ny = tr{l}gz}qpqp} (11.40)

denotes the average occupation number for the quasiparticle state q. As
we can see, for each quasiparticle state/mode q we have always two contri-
butions (4) describing quasiparticle emission and absorption.

By regrouping/rearranging the various terms entering the above four
contributions, Eq. (11.39) can be also written as:

i3 X () S e (5) e () 4]
%;i/m ar (W (5) {2t (-5) 7} - (11.41)

— 00
where {A, B} = AB + BA denotes the anticommutation parenthesis.

Let us now discuss the two terms in (11.41). To this end, it is crucial
to recall the physical origin of the quantity (Ng + & & 1) in (11.39). Since
here the £ sign refers, respectively, to emission and absorption processes
[see also Eq. (11.36)] it follows that all absorption contributions are pro-
portional to Ng, while the emission ones are proportional to Ng + 1, the
latter being usually interpreted as the sum of a “stimulated” plus a “sponta-
neous” contribution. Indeed, here the quantum nature of the quasiparticle
subsystem manifest itself via the +1 term (i.e., the difference between to-
tal emission and absorption interaction processes), which follows directly
from the Bosonic commutation relations for our creation and destruction
quasiparticle operators. In view of the above, it is easy to conclude that
the first term in (11.41) describes the interaction of the quantum electronic
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subsystem with a classical quasiparticle field, while the second term de-
scribes the quantum nature of the quasiparticle subsystem via spontaneous-
emission contributions only. Moreover, while the first term exhibits again
the same double-commutator structure of the global scattering superop-
erator in (11.19), the second one contains anticommutator structures as
well. We are then forced to conclude that the total scattering superop-
erator (11.41) is no more Lindblad-like; this is ascribed to the presence
of spontaneous-emission contributions [see last term in (11.41)] previously
discussed.

In the so-called classical or macroscopic limit (i.e., Ng > 1), the last
term in (11.41) vanishes. More specifically, considering that in this limit
Ng + 3 =~ Ng, we obtain:

ey [ el ) e (5) #]) e

As anticipated, also for the present reduced (electronic) description we get
again the double-commutator structure of Eq. (11.19). Indeed, by Fourier
expanding the above symmetric convolution time integral we finally get
the desired electronic scattering superoperator written again in a Lindblad
form:

% B %;N‘l/dwg {ﬁﬁ(% [ﬁi*(w),ﬁeﬂ (11.43)
with
Lq(w 277/ art ( (11.44)

The above result is extremely important: contrary to conventional
quantum-kinetic approaches, we have shown that for the case of a macro-
scopic or classical quasiparticle subsystem, e.g., an external coherent laser
field, the reduction procedure applied to our general formulation based
on the proposed quantum Fermi’s golden rule preserves the Lindblad-like
character of the electronic quantum dynamics. However, in the presence of
significant spontaneous-emission contributions, e.g., electron-phonon inter-
action, the reduction procedure previously discussed does not preserve the
Lindblad character of the original scattering superoperator in (11.20).

Let us finally rewrite the scattering superoperator (11.42) in our elec-
tronic basis {|a)}. By denoting with

HY = (a1|Hglaz) (11.45)

Qo2
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the matrix elements of the electronic interaction operator Hy we get:

dpa « Ne
Po, 1 Ly [Pt samatasPines — Plagajaq Pigas) + Heo  (11.46)

ajay

with generalized scattering rates

e 27T q* €aq T €Ea €q! T €ot
Pa1a27a a - ZN Z ala Haga 6( - 2 = - : 2 . :l:éq)

(11.47)
Again, the above scattering superoperator can be regarded as the quantum-
mechanical generalization of the conventional Fermi’s golden rule describ-
ing our electronic quantum subsystem interacting with a classical quasi-
particle field with amplitude \/N_q. Indeed, in the semiclassical limit
(Pl = fElaar), the effective quantum equation (11.46) reduces to the
following Boltzmann equation for the electronic subsystem:

df o o e o e
d_T = Z (Paa’ o T Pa’afa) ; (].].48)
with
~ 2
oC;ou = Za,a/a/ = % ZNq Z |H2a’|25 (Ea — €o/ + Eq) . (]_]_49)
q +

We finally stress that, as for the general result in (11.22), our Lindblad-
like scattering superoperator corresponds again to fully symmetric scat-
tering rates; this is a distinguished advantage of the proposed adiabatic-
decoupling procedure, compared to the conventional (i.e., non-Lindblad)
quantum scattering rates discussed in Ref. 24:

Pérasaial, = ZNq HY  HY . 6 (cas —€ay £eq) - (1150)

11.6. Summary and Conclusions

To summarize, we have critically reviewed the standard adiabatic or Markov
procedure, showing its intrinsic failure in describing the proper quantum-
mechanical evolution of a generic subsystem interacting with its environ-
ment. More specifically, we have shown that within the Markov approxi-
mation the density-matrix operator is not necessarily positive-definite, thus
leading to highly non-physical results. To overcome this serious limitation,
we have identified an alternative adiabatic procedure which (i) in the semi-
classical limit reduces to the standard Fermi’s golden rule, and (ii) describes
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a genuine Lindblad evolution, thus providing a reliable/robust treatment
of energy-dissipation and dephasing in state-of-the-art quantum devices.

We stress again that, contrary to standard master-equation formula-
tions, the proposed adiabatic-decoupling approach does not involve /require
any reduction or average procedure, exactly as for the standard derivation of
the conventional Fermi’s golden rule. Moreover, the quality of the proposed
adiabatic decoupling is confirmed by our reduced-description analysis: the
resulting electronic scattering superoperators, describing the interaction of
our electronic quantum system with a classical quasiparticle field, are still
Lindblad-like, thus confirming the good property of such effective electronic
description. However, the quantum nature of the quasiparticle subsystem
—resulting in additional spontaneous-emission contributions— cannot be
described via a Lindblad-like superoperator; to overcome this limitation,
effective/approximated thermal models, not discussed here, may be intro-
duced.

At this point a few final comments are in order. As discussed exten-
sively in Ref. 24, also for the simplest case of a standard two-level sys-
tem —i.e., a generic quantum bit— the standard Markov superoperator
predicts a non-trivial coupling between level population and polarization
described by the so-called T3 contributions. In contrast, for a two-level sys-
tem coupled to its environment, the proposed quantum Fermi’s golden rule
does not predict any T3 coupling term, thus providing a rigorous deriva-
tion of the well-known and successfully employed 71T dephasing model [3].
Moreover, it is imperative to stress that in the presence of a strong system-
environment interaction the adiabatic decoupling investigated so far needs
to be replaced by more realistic treatments, expressed via non-Markovian
integro-differential equations of motion (i.e., with “memory effects”) [5].
Again, while for purely atomic and/or photonic systems it is possible to
identify effective non-Markovian evolution operators [25], for solid-state
quantum devices this is still an open problem.
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Chapter 12

Transient Four-wave Mixing of Excitons in Quantum Dots
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The dephasing time of an optical excitonic transition in a semiconductor
quantum dot is of fundamental interest and of key importance in many
recent applications. It sets the time scale during which the coherence
of the excitonic transition is preserved and therefore quantum comput-
ing operations based on coherent-light matter interaction are possible.
The dephasing time scale is strictly related to intrinsic carrier scattering
mechanisms. Direct measurement of the exciton dephasing processes in
epitaxially grown quantum dots has been realized in recent years us-
ing transient four-wave mixing, unveiling a complex dephasing scenario
which has stimulated significant progress in related theoretical models.
We review here the most important results on transient four-wave mixing
of self-assembled InGaAs/GaAs quantum dot ensembles, with particu-
lar emphasis on the temperature-dependent dephasing time and related
exciton-phonon interaction. The recent development of the heterodyne
spectral interferometry technique has also allowed performing transient
four-wave mixing on individual, localized excitons. We present results of
this technique on excitons localized in monolayer islands of GaAs/AlAs
quantum wells and in self-assembled CdTe/ZnTe quantum dots, with
emphasis on the subjects of photon echo formation and coherent control
and readout of the polarization.
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12.1. Introduction

Nonlinear optical spectroscopy is a powerful technique to investigate the
dynamics of charge carriers in semiconductors and semiconductor nanos-
tructures. More specifically, the third-order nonlinearity probed in four-
wave mixing (FWM) or spectral hole burning experiments can be used to
determine dephasing times even in the presence of large inhomogeneous
broadening where linear spectroscopy usually fails. These nonlinear meth-
ods were extensively used in the 90’s to investigate dephasing of excitons
in semiconductor quantum wells (QWs) [1]. However their application to
epitaxially-grown semiconductor nanostructures of reduced dimensionality
such as quantum wires and quantum dots (QDs) turned out to be quite
difficult due to reasons of both signal strength and directional selectiv-
ity. Transient FWM on localized excitons in GaAs islands [2, 3] and II-VI
epitaxially grown quantum dots [4, 5] was reported in the late 90’s, both
systems exhibiting stronger oscillator strengths (radiative lifetimes of 100-
200 ps) than the strongly-confined InGaAs/GaAs self-assembled QDs.
Recently, with the implementation of a sensitive heterodyne detec-
tion, measurements of transient four-wave mixing with a large dynamic
range were reported by us, investigating ensembles of self-assembled In-
GaAs/GaAs QDs with radiative lifetimes in the nanosecond range and sub-
stantial inhomogeneous broadening [6]. Among the epitaxially-grown QD
systems, InGaAs/GaAs QDs are probably the most widely investigated.
Coherent light-matter interaction in these systems is receiving increasing
attention due to possible solid-state implementations in the emerging field
of quantum information processing, as discussed in this book. Moreover,
the application of self-assembled InGaAs/GaAs QDs to optoelectronic de-
vices in the optical telecommunications wavelength window of 1.3-1.5 um
holds the promise of lower costs compared to the present InP-based tech-
nology, combined with expected superior performances arising from the
reduced dimensionality [7]. Beside its fundamental interest, the knowledge
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of the dephasing time, inversely proportional to the homogeneous broad-
ening, of an excitonic transition in a QD is of crucial importance for many
of these applications. The dephasing time sets the time scale during which
the coherence of the excitonic transition is preserved and therefore oper-
ations based on coherent-light matter interaction are possible. This time
scale is strictly related to intrinsic mechanisms such as the coupling to the
radiation field, carrier-phonon scattering and carrier-carrier scattering. Its
study yields a direct probe of those carrier dynamics which ultimately are
limiting the high-speed performances of QD-based lasers/amplifiers. The
direct measurement of the exciton dephasing processes in self-assembled
InGaAs/GaAs QDs using transient FWM has lead to several interesting,
and sometimes surprising discoveries and has stimulated many other exper-
imental and theoretical studies. We will review here our most important
results on transient FWM of self-assembled InGaAs/GaAs QDs, with par-
ticular emphasis on the temperature-dependent dephasing time and related
exciton-phonon interaction.

Although transient FWM on QD ensembles is a valuable tool to mea-
sure dephasing times in inhomogeneously broadened systems, this type of
experiments performed on single QDs are of significant benefit to clearly
distinguish between processes occurring within one dot from those occurring
in different dots and averaged in the ensemble response. With the recent
introduction of the heterodyne spectral interferometry (HSI) technique, we
were able to perform transient FWM measurements on individual, localized
excitons [8-11]. We will review here the results of single-dot transient FWM
performed on individual excitonic transitions localized in monolayer islands
of GaAs/AlAs QWs and in self-assembled CdTe/ZnTe QDs, with emphasis
on the subjects of photon echo formation and coherent control and read-
out of the polarization. The article is organized as follows. In Section 12.2
we recall the basic concepts of transient FWM in homogeneously and in-
homogeneously broadened two-level systems. Section 12.3 is aimed to give
a formal description of the heterodyne detection technique, including HSI
which is discussed in subsection 12.3.1. Transient FWM in InGaAs/GaAs
QD ensembles is discussed in Section 12.4 with particular attention to the
aspect of dephasing by acoustic-phonon interactions. These interactions
result in a non-Lorentzian homogeneous lineshape discussed in 12.4.1, and
in a temperature-dependent broadening of the zero-phonon linewidth dis-
cussed in 12.4.2. The recent achievement of measuring transient FWM on
single QDs is addressed in Section 12.5. The subjects of photon echo for-
mation and coherent control in the regime of optical Rabi oscillations are
discussed in 12.5.1 and 12.5.2, respectively.
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12.2. Transient Four-Wave Mixing: Background

The dephasing time, conventionally called T5, of an optical transition can
be measured experimentally in many ways. The homogeneous width of
the absorption spectral lineshape is inversely proportional to the dephasing
time, thus experiments can be performed either in the time domain to
directly address the transient decay of the polarization induced by a pulsed
coherent light field or in the spectral domain by measuring the steady-state
optical absorption lineshape. Generally, the response of the medium to
the incident field depends on the field intensity. For example, only in the
linear response limit (i.e. in the first order of the incident field amplitude)
the absorption lineshape is Lorentzian with the energy full-width at half-
maximum (FWHM) given by v = 2h/T5. At higher orders, effects such as
the power broadening [12], the quadratic Stark shift [13], and the optical
Stark splitting (the signature of Rabi oscillations in the spectral domain)
become important.

One obvious limitation of linear spectroscopy in determining the ho-
mogeneous lineshape is inhomogeneous broadening, which has to be de—
convoluted from the total line broadening. In the time domain, this trans-
lates into an additional decay rate (sometimes indicated as 1/T5 [14]) of
the macroscopic first-order polarization inversely proportional to the in-
homogeneous spectral width ¢. In strongly inhomogeneously broadened
systems, linear spectroscopy usually fails in measuring the dephasing time
since v <« 0. Note that a recently developed linear technique based on a
time-resolved speckle-analysis of the resonant Rayleigh scattering in sys-
tems with static disorder allows the measurement of the 75 time also in the
presence of large inhomogeneous broadening [15].

Even when isolating one system from the inhomogeneous ensemble, lin-
ear spectroscopy might be severely affected by background light. This is,
for example, the case when light is detected in the transmitted or reflected
directions (which are the directions of propagation of the first order polar-
ization in planar samples) and only a small part of it contains the effect
of the investigated resonance. The analysis of secondary emission, such
as resonant Rayleigh scattering or photoluminescence might overcome the
problem. Indeed, recent achievements in performing photoluminescence
spectroscopy with high spatial and spectral resolutions allowed extracting
the homogeneous broadening from isolated excitons weakly confined by the
lateral disorder in thin GaAs QWs [16] and in strongly confined single In-
GaAs QDs [17].



Transient Four-wave Mizing of Ezcitons in Quantum Dots 273

Experiments based on third-order signals, such as four-wave mixing in
the transient coherent domain after pulsed excitation [1] or spectral hole-
burning in the frequency domain with continuous—wave excitation [18] allow
one to overcome the presence of an inhomogeneous distribution and the
signal can be detected free of background with appropriate selection in the
direction and/or frequency domain. The formal treatment of third-order
non-linearities can be found in Ref. [13] while the application of transient
FWM to measurement of the dephasing time in semiconductors is reviewed
in Refs. [1, 19]. A comprehensive review of laser spectroscopy including
the subjects of nonlinear, coherent and time-resolved spectroscopy can be
found in Ref. [18].

Let us recall the key properties of transient degenerate two-beam FWM.
In this configuration, two exciting pulses are used, spectrally centered at
the same optical frequency w which is usually in or near resonance with the
optical transition of interest. The pulses are described by the complex elec-
tric fields & 2(t) centered at time ¢t = 0, and can be delayed by a variable
delay time 7p so that the total exciting field is £(t) = £1(t) + E2(t — ). To
separate effects at the different orders in the incident field amplitude, the
population and the polarization (or the diagonal and off-diagonal elements
of the density matrix) can be expanded in a Taylor series [1, 13]. Conse-
quently, the optical Bloch equations separate in a series of equations which
can be truncated to a desired order. This perturbation approach allows one
to describe nonlinear signals associated with the third-order polarization,
which for example in media with inversion symmetry is the lowest nonlinear
polarization allowed in the electric-dipole approximation.

In extended media, one can discriminate the orders experimentally us-
ing defined wavevectors (i.e. directions) 151,2 of the excitation fields, in
which case the nth-order polarization P o £ EF™ E52E4™2 with n =
(n1,m1,n2, m2), where the exponents nj 2 and mj 5 are natural numbers
including zero, emits in the direction lﬂ% + ZQEQ with 112 = n1 o — my 2.
For example, FWM signal creating an echo for positive 7p corresponds to
ny = 0,m; = 1,ny = 2, mg = 0 and is emitted in the direction 2152 — El,
which can be intuitively understood as the direction into which pulse 2
is diffracted by the density grating created by the interference of pulses
1 and 2. Since phase matching conditions (i.e. energy and momentum
conservation) result in a critical thickness for the mixing process to be ef-
ficient [13], this directional selection geometry is suited for thin films. For
sub-wavelength sized systems like individual excitonic transitions, the bro-
ken translational invariance prohibits the use of such a wavevector selection.
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On the other hand, we can still use the time invariance provided that there
is a temporal stability of the investigated structure over the course of the
experiment. In this case, the orders of the nonlinear polarization can be
discriminated using a frequency selection scheme. In a degenerate resonant
case this is obtained by slightly shifting the optical frequencies of pulses 1
and 2, for example by radio-frequency amounts 2; o using acousto-optics
modulators, and by repeating the experiment using pulse trains which then
exhibit controlled phase variations given by exp(i€2; ot). Such a frequency
selection scheme, combined with an interferometric detection of the FWM
field amplitude, is the essence of the heterodyne detection scheme which
we used in our experiments. A detailed description of this technique can
be found in the following section 12.3.

The time evolution of the third—order FWM polarization created by
E(t) = &1(t) + E(t — 1) can be solved analytically assuming delta-like
pulses of amplitudes &1g, 20, an approximation physically valid for pulse
durations much shorter than the dephasing time of the optical transition
under consideration. For a system described as a two-level optical transition
without inhomogeneous broadening and with a single exponential decay of
the polarization given by T3 such solution has the form [1]:

Pl o Hte 5, E2,0(7p)0(t — Tp)e I~ (T (19,1

The following notations are used: p projection of transition dipole mo-
ment along the field polarization direction (assuming co-polarized excit-
ing fields), g = iwg + 1/T> (wo resonance frequency of the two-level tran-
sition) and @ the Heaviside function. The above solution also assumes
that the delta-like pulse approximation is valid compared to the time scale
1/(w—uwp). Apart from the oscillatory terms (which reduce to e ~%ot at res-
onance w = wy) the polarization decays exponentially with a time constant
Ty and is non-zero only when 7p > 0 and ¢ > 7p. The corresponding time-
resolved FWM intensity <><|PI§?\’,2,1\/I|2 is shown in the top part of Fig.12.1.
The time-integrated FWM intensity as a function of delay time 7p is also
decaying exponentially as shown in Fig. 12.1, and its decay constant can be
used to measure the dephasing time. The phase conjugation of the g-terms
in Eq. (12.1) which contain the two-level transition frequency wy is of cru-
cial importance when considering the FWM signal for an inhomogeneously
broadened ensemble, i.e. if a distribution of resonance frequencies wo, is
present. At time ¢ = 27p the term e~ (9= @) (t=7P)=(9"+iw)™r gimplifies into
e—2™/T2 independent of wy ;- Therefore, the superposition of the third-order
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Fig. 12.1. Sketch of the time-resolved four-wave mixing (TR FWM) intensity and of the
time-integrated FWM (TI-FWM) intensity versus delay time 7p between two exciting
delta-pulses for both a homogeneously broadened and an inhomogeneously broadened
two-level system.

polarizations from N two-level systems with frequencies wo, will manifest in
a constructive interference at time ¢t = 27p with a total FWM amplitude N
times larger than the individual FWM amplitudes of the single transitions
(assuming identical amplitudes of the individual third-order polarizations).
For other times, the phases are, in general, randomly distributed due to
the distribution of the transition frequencies, and the total FWM ampli-
tude is only about /N times the individual amplitude. In the limit of a
large number of systems in the ensemble, the signal at ¢ = 27p is thus far
larger than at other times, and is called a photon echo. A numerical sim-
ulation showing the echo formation in a transient FWM experiment for a
finite number N of two-level systems with resonance frequencies distributed
according to a Gaussian function is shown in Fig. 12.2.
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Fig. 12.2. Simulated spectrally resolved FWM intensity (left) and time-resolved FWM
intensity (right) for ensembles of N two-level systems with equal transition dipole mo-
ment g and homogeneous linewidth v = 0.04¢, but transition frequencies wy, taken from
a Gaussian distributed ensemble of standard deviation o (indicated as red line in the
N = 1000 FWM spectrum, together with the corresponding FWM echo in the FWM
dynamics).

Let us consider an inhomogeneously broadened ensemble with N so large
that it can be described by a continuous distribution of transition frequen-
cies according to the Gaussian

G(wp) = M] (12.2)

1
o exp {— 572

where NG (w{)dwy is the number of systems with transition frequencies
between w( and w{+dw(. The third-order polarization in Eq. (12.1) summed
over the inhomogeneous distribution is then given by the integral:

+oo
/ Pt (@i, N G(wh)dwh = N P (wo, t) exp [—

— 00

o?(t —22rp)2]

(12.3)

Eq. (12.3) expresses the result that the FWM of a inhomogeneously
broadened large ensemble is a photon echo in real time, i.e. it appears as
a pulsed signal after a time interval 7p from the second exciting pulse [1].
Note that with similar considerations as for Eq. (12.3) one can calculate that
the time evolution of the first-order macroscopic polarization of a inhomo-
geneously broadened large ensemble is given by the product of an exponen-
tial decay with 1/T5 time constant and a Gaussian decay inversely propor-
tional to the frequency width of the inhomogeneous distribution. Therefore,
when o > 1/T5 the dynamic of the macroscopic first-order polarization is
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dominated by the fast decay from the inhomogeneous broadening and the
measure of its time-evolution is not a good probe of the dephasing time
Ts. Measuring the third-order FWM signal associated with the solution in
Eq. (12.3) overcomes the problem of the inhomogeneous broadening since
the photon echo acts as a probe of the homogeneously broadened polariza-
tion at the time t = 27p. A sketch summarizing the real-time evolution of
the FWM intensity as well as the time-integrated FWM (TT FWM) versus
7p is shown in Fig. 12.1. Also for the case of a inhomogeneously broadened
large ensemble, the TT FWM at long delay times decays exponentially with
a time constant proportional to T5 and can be thus used to measure the
dephasing time.

12.3. Heterodyne Detection

An arrangement illustrating the heterodyne technique used in our transient
FWM experiments is shown in Fig.12.3. The pulse train provided by a
mode-locked laser source is divided into co—polarized pump (pulse 1), probe
(pulse 2), and reference pulse trains. The spectrum of the pulse train
consists of a series of frequency modes separated by the repetition rate.
Formally, the electric field describing the pulse train can be written as [20]:

E(t) _ efiwot ZAnefinQrept +ce. (124)

Eq. (12.4) describes a sequence of pulses with a time period of 27/ Qyep.
The right side of Eq. (12.4) (without c.c.) represents the complex field £(t)
and has the form of a Fourier series with the components A,,. The envelope
of the distribution of |A,|? gives the spectrum of a single pulse in the train.

In the heterodyne experiment, the pump and probe pulse sequences are
frequency upshifted in the range of several tens of MHz by acousto—optic
modulators (AOM). We assume that the pulse duration is much smaller
than the period of the AOM radio-frequency (vaom) ™' = 27/Qa0wm, i-e.
that the spectral width Aw of the envelop distribution of |A,|? is much
larger than Q2a0nm. This assumption is satisfied for pulses of subpicosecond
duration and AOM frequencies in the MHz range. The pump pulses are
time-shifted by 7p relative to the probe pulses, positive for pump pulses
leading, by an optical delay line (in the pump beam for Fig.12.3). After
being recombined by a beam splitter (C3), pump and probe pulses are
coupled co-linearly into the investigated sample, which consisted in our
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Fig. 12.3. Experimental arrangement of the heterodyne pump-probe technique. C: cube
beamsplitter; AOM: acousto—optic modulator; L: lens.

earlier work [6] of InGaAs/GaAs QDs embedded in the active region of a
narrow-ridge waveguide with tilted facets to avoid back reflections. In this
case, optimum light coupling into the sample was obtained using a lens
(L1) matching the high-numerical aperture of the waveguide. The signal
at the output of the waveguide (which can be either the transmitted probe
in a differential-transmission experiment or the non-linear combination of
pump and probe fields giving rise to the FWM) is collected by a high
numerical aperture lens (Ly) and recombined with the reference pulse train
in the beamsplitter C3. The reference pulse sequence is obtained from the
undeflected beam at the output of AOM; and it is not frequency shifted,
but can be time-delayed by 7R relative to the signal. Let us write formally
the expression for the reference and signal pulse trains, respectively:

By(t) = e ™olmm) N " Ar em e 7)o, (12.5)
E(t) = e "ot @)t N " g5 eminrent e, (12.6)
In differential transmission, 0s/27 = v (i.e the radiofrequency of AOMy),

while in FWM is Qg/2m = 2v5 — v1. The presence of the pump influences
A$ which will be a function of 7p.
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Fig. 12.4. Electric field transmission/reflection scheme for a 50:50 beam splitter.

The interference between signal and reference beams in C3 can be un-
derstood by considering the field transmission/reflection scheme shown for
a 50:50 beam splitter in Fig. 12.4. Each photodiode in the detection scheme
shown in Fig.12.3 generates a photo-current proportional to the square of
the incoming field time-integrated over the response time Tyt of the diode.
In the differential scheme shown in Fig.12.3 we detect the photocurrent
difference Iq = Iy, — I,:

Iy o dt(E? — E?) dtE, E,

Tdct Tdct
_ / dt le—1(2w0+ﬂs)t+zngR E AiAf’ne—z(n+m)ﬂmpt+1mﬂmpﬁ§
Thet n,m

+e —iQat— %_,D-,—RZAS A*r —i(n—m)Qrept—imQrep TR T c.c. (127)

where Egs. (12.5,12.6) have been used. The terms in Eq. (12.7) which
are rapidly oscillating with 2w, average to zero over Tyes > 27/wg. Con-
versely, terms oscillating at the frequency 25 or smaller can be time resolved
by the detector, i.e. Tyet < 27m/€Qs. The lock-in that detects the oscillat-
ing photocurrent (see Fig. 12.3) can be synchronized, with an appropriate
electrical reference input, to the terms in Eq.(12.7) oscillating with €,
i.e. those with m = n, or to the terms oscillating with lower frequency
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Qg — IQep with [ natural, i.e. those with m = n 4 [. For example, if Qs is
only slightly larger than {2;¢, one can choose m = n + 1 for which we find

Iy e~ HQs—ep)t ,—i(wo+rep ) TR ZAZA:L{HefinQrepTR +ee. . (12.8)

The integration over Tget does not appear in Eq. (12.8) since the os-
cillation with frequency Qs — Qcp is slowly varying over Tye, ie. can
be time-resolved by the diodes. Note that the tg-dependent term which
multiplies the term e~ (% —rep)
n-th Fourier component being A5 A", . The previously imposed condition
Aw > Qpom implies that we can approximate A7, with A7". The re-
sulting term A A*" is the n-th Fourier component of the cross—correlation
C(mr) between the complex reference and signal fields &, ¢ described by
the first part of the rhs of Eq. (12.5,12.6), respectively. Detecting the pho-
tocurrent with a dual-phase lock-in both the real and the imaginary part
of C(7r) can be measured, i.e. one is sensitive to pump—induced amplitude
and phase changes of the signal.

As shown in Fig. 12.3, the distinction between pump, probe and FWM
is made in heterodyne detection as follows. The interference between probe
and reference pulses gives rise to a beating signal at the radiofrequency
vy of AOMjy (and its sidebands separated by the repetition rate of the
pulse train). The interference of pump and reference beams also gives rise
to a beating signal but at the frequency vy of AOM; and its sidebands.
Similarly, the interference between FWM signal and reference gives rise to
a beating signal at the frequency 2v, — 11 and its sidebands which again
can be distinguished from v; and vs.

In the first version of this technique described in Refs. [21, 22], the
laser source was at high repetition rate (~ 100 MHz), probe and reference
beams were frequency shifted by AOMs with 1 MHz frequency difference,
and the frequency filtering of the interference signal between probe and
reference beams was achieved by using a high—frequency radio receiver at
1 MHz. For differential measurements, modulations were induced by chop-
ping the pump—beam and their amplitude was measured by a lock—in ampli-
fier after the radio receiver. Switching between amplitude-modulation and
frequency-modulation operations of the radio receiver allowed to alterna-
tively detect pump—induced amplitude or phase changes of the transmitted
probe field, i.e gain or refractive index changes in a semiconductor optical
amplifier with bulk or QW active medium. However, for the measurements

t has the form of a Fourier series with the
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of refractive index changes, a calibration with respect to a known optical
phase change was necessary. Moreover, in these previous experiments the
full amplitude noise from the laser source was detected.

A non-degenerate version of the heterodyne pump-probe was also
demonstrated, with pump and probe pulses having independent wavelength
and pulse widths. This technique provided both time and spectral-domain
information and was utilized on InGaAs/AlGaAs strained-layer single QW
optical amplifiers [22, 23].

It was pointed out theoretically [24] and experimentally [25] that the
heterodyne detection allows measurement of transient four-wave mixing in
active waveguides and overcomes the problem of a critical interaction length
that occurs in FWM experiments with spatial selection geometry, since
phase-matched conditions are met with co—linear propagation. Measure-
ments of the dephasing time performed with FWM in heterodyne detection
were reported on bulk InGaAsP optical amplifiers operating at 1.55 ym at
room temperature [25, 26], and indicated a dephasing time of ~ 100fs.

We demonstrated a novel version of the detection scheme [26], with
a dual-phase lock—in amplifier and a balanced detector for signal recov-
ery. Two photodiodes detect the signal in the differential scheme shown
in Fig.12.3 to reject the common mode laser noise. By creating an elec-
tric signal for the reference channel of the lock—in, synchronized with the
optical interference signal, the lock—in amplifier directly recovers the in-
terference signal at the proper beat frequency and provides amplitude and
phase measurements at the same time, with no need of absolute phase cal-
ibration. This novel detection scheme was first demonstrated using a low
(300 kHz) repetition rate laser system and measuring the interference signal
at the lowest sideband between the AOM frequency and the laser repetition
rate, which was detectable by a low—frequency (< 100kHz) lock—in and a
low—frequency balanced detector [26]. Using this technique we also pointed
out [27] that the coherent nonlinearity affecting the differential transmission
signal around zero pump-probe delays (the so—called coherent artifact) can
be experimentally separated from the incoherent transient by measuring its
mirror component, i.e. the background—free FWM at 211 — vs.

For the experiments which will be discussed in Section 12.4, a high rep-
etition rate (76 MHz) laser source was used. In this case, high—frequency
photodiodes and a high-frequency lock-in (< 200MHz) were necessary. The
pump pulse train was frequency shifted by 1 = 80 MHz while the probe
pulse train was shifted by vo = 79 MHz. Differential transmission and FWM
were detected at the lower sideband of vo and 2vs — v; separated by the
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laser repetition rate, i.e. at 3 MHz and 2 MHz respectively. Moreover, the
sample was held in a specially designed cryostat for temperature-dependent
measurements, allowing for light—coupling in and out of the waveguide with
high numerical aperture.

12.3.1. Heterodyne spectral interferometry

We here discuss more in detail the modifications to the heterodyne detection
created to allow the measurement of transient FWM of individual quan-
tum dots [9]. A schematic diagram of the experimental setup is given in
Fig.12.5. Similar to the set-up described in the previous subsection, optical
pulses of about 150fs duration at a repetition rate of Q,ep = 27 x 76 MHz
were produced by a mode-locked Ti:sapphire laser and were split into two
beams Bj 5 that were subsequently phase and frequency shifted with AOMs
by ¢1,2 = Qq,2t with Q; 5 = 27 x (79,80) MHz. They were then recombined
in a beam-splitter cube into the same spatial mode Bs, with a relative delay
time 7p, positive for pulse 1 leading. A reference beam B, (the part of By
not deflected by the AOM) was propagating close to By and filled, as with
By, the far-field plane (FF) of the microscope objective (MO). By pass-
ing through the same optical elements after the beam splitter cube, phase
fluctuations between B, and B were minimized. The path over which the
beams travel separately was encapsulated, minimizing phase fluctuations
due to air turbulence. The whole setup was temperature stabilized. The
beams were coupled into the MO using a beam splitter of only 4% reflec-
tivity in order to reduce the losses in the subsequent transmission in the
detection path. The beams were focussed onto the sample plane, called the
near-field (NF), by an achromatic MO of 0.85 numerical aperture. This MO
was mounted in the cryostat sample chamber on a piezoelectric translation
stage, allowing for fine positioning of the focus with 10 nm sensitivity. The
response field emitted in the reflected direction was collected by the same
MO and spatially filtered at an intermediate image plane to keep only the
zeroth order of the Airy diffraction created by the objective aperture for
both B, and Bs (see NF image in Fig. 12.5). From there, a dual lens system
(L2,L3) imaged the FF into a mixing AOM, in which B, and By spatially
overlap. The NF was instead imaged into the directions at the AOM, so that
the spatial separation between B, and Bs in the NF (= 9 um) corresponded
to different directions in the AOM. The angle between these directions was
chosen to match the AOM Bragg diffraction angle (0.015rad). By this ar-
rangement, the diffracted beam of B, overlapped with Bg and vice versa.
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The resulting mixed beams B, 1, passed through a dual lens system (L4,L5)
that imaged the NF into the input slit of a high resolution (15 ueV) imag-
ing spectrometer where B, were spatially separated, while the FF was
imaged onto the spectrometer grating to avoid vignetting. The spectrally
and time-resolved intensities I, p(w,t) of B,1, were detected by a liquid
nitrogen cooled silicon charge coupled device (CCD) at the output focus
plane of the spectrometer. The mixing AOM was driven with an electric
field o cos(2pt + @), so that By acquired a phase shift —Qpt — ¢ when
diffracted into B,, while B, was phase-shifted by Qpt + ¢ when diffracted
into Bs, where ¢ is an adjustable phase offset. The diffraction efficiency
was adjusted to ~ 50%. This scheme provides a simultaneous measurement
of all spectral components of the signal in both amplitude and phase, al-
lowing the determination of the signal in both frequency- and time-domain
by Fourier-transform.

- cryostat
0, = 0yt Q, o= 0, sample

~ /"j
F——

1 B
4L>

o] < ™
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4 ®, = opt

®
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Fig. 12.5. Scheme of the experimental setup. Boxes: Acousto-optical modulators of the
indicated frequency. MO: High numerical aperture (0.85) microscope objective, L1-L5
achromatic doublet lenses. Spectrometer: Imaging spectrometer of 15 ueV resolution.
NF': near field of sample, FF: far-field of sample.

To describe the interference of the reference and signal fields E; ¢ de-
tected in the heterodyne spectral interferometry, we express a pulse train
in time domain as a superposition of short pulses with envelope A(t) and
central optical frequency wg separated by the time 7yep = 27/Qhep. This ap-
proach is complementary to what shown in the previous subsection, where
a Fourier series in frequency domain was used. The unshifted reference field
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is given in this notation by:

E,(t) = e~ ot Z Ar(t — nTrep) +cc. = & F cc (12.9)

When frequency shifted by an AOM, we can assume that the pulse
duration is much shorter than the inverse of the AOM frequency, so that
the AOM generates a phase shift which is constant over the pulse envelope,
but is different between the pulses in the train. The signal field Es generated
by the exciting pulse trains can be separated into terms proportional to the
polarization P!z which is the sum over all P™) with equal l1,ls. The
signal field E!+'2 (i.e. containing P!*'2) including the effect of the mixing
AOM when diffracted into B, can then be written as:

Eél,l2 (t) _ e_'LWO(ll"rlQ)t E e—l(llQH-lQQg—QD)"TrcpAil,12 (t _ ,r”.rep) +ece.

n

=&l pee (12.10)

The spectrally resolved field £(w,t) detected after a grating spectrometer
at the time ¢ for an input field £(t) is given by [28]

t
E(w,t) = / dt'e= =g (1), (12.11)
t—Tm

where 7, is the maximum time difference in the spectrometer introduced by
the grating, which is related to the spectral resolution intensity FWHM by
Aw = 5.6/m, and is of the order of 100 ps in our experiment. The detected
spectrally and time-resolved intensity I(w,t) is then up to a constant factor
given by I(w,t) = (€(w, ) +c.c.)?, resulting for the intensity of beam B, in

L(w,t) = (Ec(w,t) + E(w,t) + c.c.)? (12.12)
= 2 [|&:(w, D) + [Es(w, ) + 2R(E; (w, 1) Es(w, 1))]

where we have neglected terms oscillating with 2w which are rapidly aver-
aging to zero. Let us now focus on the interference term Iins = £F&. Since
the repetition period 7y of the pulse train is assumed to be much longer
than the duration of the reference pulse A,, the signal field Ag, and the
spectrometer time difference 7, only fields corresponding to the same rep-
etition index n in Eq. (12.9) can interfere after the spectrometer, Eq. 12.11.
Therefore we find for the contribution of the field £/12 to this interference
term:
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It () t) Z/ dtpe(t= ”/ dtge @ t=ts) (12.13)
t—Tm T

m

A* (tr _ nTrep)A l1,l2 (ts _ nTrep)elwo(tr—(l1+l2)ts)e—i(1191+l292—QD)TLTmp
T S

We detect Iint(w,t) integrated over the CCD exposure time T, = 50 —
1000 ms, resulting in

l1,l2 ll,l2
1nt / dt[lnt ) (1214)
l1,l2 ( § ezwo 1=l — lQ)TLTlepe*i(llﬂl+l29279D)nTrep
single
n=0

with the number of repetitions within the exposure time N = T, /Tyep, and
the single repetition interference

I (w) / dt’ /t dtp e —t) /t dtge~ @t ~ts) 5
'—Tm '—Tm

A () ALt (1 )eioo (b= (Bt l2)te) (12.15)

Only signal fields with the same carrier frequency as the reference con-
tribute to I, ilﬁt’lz (w), since fields with other carrier frequencies, such as second
harmonic generation, create interferences oscillating with multiples of wy,
averaging rapidly to zero. This leaves only terms with /1 4+ lo = 1, and
simplifies the summation in Eq. (12.14) to the frequency-filtering function

N_
Z e~ invo — Me*i (N—=1)¢o/2 (12.16)
sin (09 /2)

where @o = (111 + 12Q2 — Op)Tvep = QiTrep. This function has maxima
at o = 2mm, m integer, corresponding to €5 = ml.p, around which it
has the behaviour of a low-pass filter sin(x)/x with x = Te( — mQrep) /2,
suppressing signals with frequency differences larger than 4/T.. By the
choice of 21, Q9 and €, the ; corresponding to different l1,2 are differing

. S 7 11,1
in the MHz range. In iy, which is a sum over all Iullt 2, we select I, "

by using Qp = 121 + 129, Wthh shifts ; to zero, so that 12" s not

int

suppressed in [ins, while other Ilrllt’ 2 are suppressed by factors of ToQ! > 10°.

To detect the interference term I; (w) only, we measure the intensities of
both beams I, p(w), and determine Iy, (w) = I, — Iy. In order to suppress
erroneous signal due to systematic variations of detection efficiencies in

I, p(w), e.g. due to inhomogeneities in the CCD response, the offset phase ¢
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of the detection AOM drive is cycled between 0 and 7 in adjacent exposures,
and we use 214 = I£=0 —I¥=" to determine R([;ny) = I4/2. In this way, the
classical noise and systematic errors from the non-interfering term |£;|? +
|&|? are largely suppressed, and the weak interference signal can be detected
shot-noise limited. Note that & contains also the linear reflection of &1 2(¢),
which is typically by far dominating its intensity, and that |£;|?> has to be
significantly larger than |&|? to reach shot-noise limited detection of the
interference term. This results in a weak interference due to £+ typically
below 1073 relative modulation in I, ;(w), which can only be detected in a
well balanced scheme.

Elvlz s determined in amplitude and phase by spectral interferome-
try [29] from the measured interference intensity I4, using the experimen-
tally adjusted property of &, to precede the signal field in time ¢. Using
this property, we can apply F(0(t)F~!(I4(w))) = 2&; (w)E "2 (w) with the
Heaviside function O(¢), and the Fourier-transform operator F. The ref-
erence field amplitude can be determined by blocking Bs and measuring
Lp = 2|&]?. The time-range of the resulting time-resolved signal field
of this technique is limited by the spectral resolution of the spectrometer
to Tm, approximately 100 ps in our experiments. Since &, is the reference
pulse reflected by the sample it is helpful to arrange that the reflection
is not strongly modifying its spectrum. This can be achieved by a metal
coating on the sample with an opening at the signal beam, or by using
a surface reflection that is dominated by a non-resonant refractive index.
Different €42 including their relative phase can be measured sequentially
during the passive phase stability time of the setup. In order to correct for
long-term drifts of the relative phase between signal and reference within
a measurement consisting of many CCD exposures, the phase of the mea-
sured signal is determined for subintervals of the total acquisition time. If
the non-linear signal in the subintervals is too weak to determine the phase,
one can monitor the phase drifts of £20 oc €1 and EX! o< €2 instead.

In this way, different material responses can be measured sequentially:
For Q4 = Q1 2, the reflected excitation pulses 1,2 are measured, while for
Qg = 2Qy — Q, the emitted FWM field oc £;£2 is measured. Higher-order
non-linearities, like six-wave mixing, can be detected analogously.
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Fig. 12.6. Amplified spontaneous emission (ASE) spectra at 25K at low (0.5mA)
and high (20mA) electrical injection current from an ensemble of self-assembled
Ing.7Gagp.3As/GaAs QDs embedded in the active region of a p-i-n ridge waveguide. GS
and ES indicate the ground-state and first optically active excited state transition, re-
spectively. The spectrum of the exiting pulse used in the FWM experiment is also shown.
After [6].

12.4. Transient FWM in InGaAs/GaAs Quantum
Dot Ensembles

Using transient two-beam FWM in heterodyne detection, we measured the
dephasing time and its temperature dependence in an inhomogeneously
broadened ensemble of self-assembled Ing 7;Gag 3As/GaAs QDs embedded
in the active region of a 5um wide and 0.5 mm long ridge waveguide [6].
The sample consisted of 3 QD layers separated by 35-nm GaAs spacers in
the intrinsic region of a p-i-n diode structure allowing for electrical injection
and representing a QQD-based semiconductor optical amplifier (a sketch of
the structure is given in the inset of Fig. 12.6). Low—temperature amplified
spontaneous emission (ASE) spectra shown in Fig.12.6 allowed us to infer
a Gaussian inhomogeneous broadening of 60 meV and an energy separation
of 65 meV between the excitonic ground-state (GS) transition and the first
optically-active excited state(ES) transition, visible for high injection cur-
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rents for which saturation of the QD ground state occupation is reached.
Photoluminescence on a reference sample showed a wetting layer transition
~210meV above the dot ground-state, a signature of the strong carrier
confinement in the QDs.

The FWM experiment was performed using exciting pulses with an
optical frequency tuned to the center of the GS transition (as shown in
Fig.12.6) which was ranging from fuw=1.059eV (1170nm wavelength) at
300K to 1.158eV (1070 nm wavelength) at 7K. At the center of the GS
transition we estimated a negligible contribution (2%) of the ES to the
optical density of states. The two exciting pulses were co-polarized and co-
linearly propagating into the TE waveguide mode which, compared to TM
polarization, maximizes light-matter interaction with the QD excitonic GS
transition, according to polarization selection rules in these systems [30].

Transient FWM measurements at 50 K are shown in Fig. 12.7. The ex-
periment was performed without injection current, i.e. the transition from
the crystal ground state to the GS exciton was probed. In the figure, g
measures the delay of the reference pulse with respect to pulse 2 (probe),
ie. pulse 1 (pump) is at 7p = —7p. As expected for a dominantly in-
homogeneously broadened ensemble, we observe a FWM signal centered
at TR = 7p, 1.e. the time-resolved FWM is clearly a photon echo (see also
Fig.12.1). The TT FWM versus 7p is obtained by integrating the TR FWM
field amplitude versus 7, and it is shown in the right part of Fig. 12.7 for
different pulse intensities of the exciting beams. In the figure the intensity
of pulse 2, which was twice that of pulse 1, is indicated and Iy corresponds
to an energy per pulse < 0.1pJ. Using this excitation intensity as pump
intensity in differential transmission we found an absorption bleaching of
~10% relative to the maximum absorption of the investigated waveguide
(~ 30cm™!, 1.5 optical density) corresponding to only 0.1 electron-hole
pairs excited per dot on average. With increasing excitation intensity the
TI FWM signal scaled as a third-order response and finally saturated at
> 81y. Note also the presence of beats in the initial TT FWM dynamics. We
interpreted these beats as exciton—biexciton beats [6, 31] and from the beat
period we inferred a biexciton binding energy of 3meV, consistent with
other findings in the literature for InGaAs QDs [32]. At high excitation
intensity the exciton—biexciton beats change, similar to what is observed in
quantum wells when fifth-order contributions are important [33].
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Fig. 12.7. Time-resolved four-wave mixing field amplitude versus reference delay time
at 50K on an ensemble of self-assembled Ing.7Gag.3As/GaAs QDs. The delay time
between the exciting pulses varies in 300 fs steps from 0.1ps to 2.8ps. In the inset, the
time-integrated four-wave mixing is shown versus delay between the exciting pulses for
different excitation intensities. After [6].

12.4.1. FExciton acoustic-phonon interaction:
Non Lorentzian homogeneous lineshape

Among the physical mechanisms responsible for the dephasing, the inter-
action of excitons with phonons in QDs is a topic intensively discussed in
the literature. Our measurements of the transient FWM decay of the GS
excitonic transition and its temperature dependence in an inhomogeneously
broadened ensemble of self-assembled Ing 7Gag 3As/GaAs QDs revealed a
rather complex, unusual scenario [6]. In Fig. 12.8 the time-integrated FWM
is shown as a function of delay time between the exciting pulses, measured
for different temperatures in the range from 300K to 7 K. While from 300 K
to 125 K the dynamics is dominated by a dephasing time below 1 ps, for tem-
peratures below 100K a slow component appears which becomes dominant
at smaller temperatures. This component has a mono-exponential decay
with a time constant which is increasing with decreasing temperature. An
impressive change of the measured dephasing time by more than three or-
ders of magnitude over the investigated temperature range is found. At
300K the dephasing time is as fast as 200 fs corresponding to 6 meV homo-
geneous broadening FWHM, while at T=7 K the dephasing time deduced
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from the mono-exponential FWM decay is 630 ps, equivalent to only 2 ueV
homogeneous broadening.
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Fig. 12.8. Time-integrated four-wave mixing field amplitude on an ensemble of self-
assembled Ing 7Gag.3As/GaAs QDs at different temperatures as indicated. The dephas-
ing times inferred from the exponential decays are indicated together with the exponen-
tial fits. After [6].

These results pioneered a new physical understanding of the interaction
of excitons with acoustic phonons in self-assembled InGaAs/GaAs QDs.
The strongly non-exponential behavior with a fast initial dephasing over
few ps followed by a long mono-exponential decay is now understood theo-
retically within the independent Boson model as the manifestation in time
domain of a non—Lorentzian homogeneous lineshape with a narrow zero-
phonon line (ZPL) and a broad band from pure dephasing via exciton-
acoustic phonon interactions [34—41]. The starting point of this treatment
considers that the crystal ground state and the state where the localized
exciton is optically created correspond to different adiabatic potentials for
the nuclear motion. The modification of the adiabatic potential for the
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nuclear motion due to the electronic excitation can be expressed in differ-
ent orders of the nuclear displacement coordinates. A shift of the potential
minimum in the lattice displacement coordinates is a linear contribution
while a change of the curvature is a quadratic contribution. A relative shift
between the potential minima in the absence and in the presence of the
localized exciton implies that optical transitions can occur with absorption
and emission of phonons, similar to the electronic transitions in molecules
showing roto-vibrational bands governed by the Franck-Condon principle.
The mathematical treatment of an exciton—phonon interaction which is
linear in the phonon displacement operators and does not involve excited
excitonic states is given in Refs. [34, 37, 40]. In this case, the form of
the exciton-phonon Hamiltonian is reduced to that of the independent Bo-
son model and allows for an analytical solution giving polaronic eigenstates.
The exciton—phonon interaction in this form does not lead to a change of the
excitonic population and thus accounts only for pure dephasing. Note that
the importance of pure dephasing via exciton-phonon interaction in semi-
conductor quantum dots was already pointed out in earlier works [3, 42]
which used perturbation theory as opposed to the analytical solution of the
independent Boson model.

When LO phonons are considered, the absorption (emission) spectra
calculated for InGaAs QDs exhibit several side lines, separated by the LO
phonon frequencies, above (below) a central line, consistent with experi-
ments [43]. When acoustic phonons are taken into account as a continuum
of bulk-like modes, which is a good approximation for dots embedded in a
matrix with similar elastic properties such as InGaAs QDs in GaAs barriers,
the central line decomposes into a sharp zero-phonon line and a broad band
caused by the continuum of acoustic-phonon assisted transitions, which at
low temperature forms a shoulder toward high (low) energies in the ab-
sorption (emission) spectrum. The width of the broad band increases with
decreasing size of the dot (i.e. of the excitonic wavefunction) [34], while
the weight of the ZPL (ratio of the ZPL area to the total area of the line)
decreases with decreasing size of the dot or increasing temperature.

As shown in Fig. 12.8, the amplitude of the fast initial FWM dynamics
increases with increasing temperature, which corresponds to a decrease of
the weight of the ZPL with increasing temperature well explained theoreti-
cally within the independent Boson model. This composite non—Lorentzian
line-shape is expected to be more visible in more strongly confined dots
and was experimentally observed in the photoluminescence spectra of 11—
VI epitaxially—grown QDs [34] while is hardly resolved for excitons weakly
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confined by the lateral disorder in narrow GaAs quantum wells [44-46].
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Fig. 12.9. Left: Real part of the Fourier transform of the TI FWM field amplitude mea-
sured for different temperatures on an ensemble of self-assembled Ing.7Gag.3As/GaAs
QDs (indicated as sample A1.15.m ). A fit (dashed line) to the data at 75 K is also shown.
Right: Ratio between the area of the ZPL and the total area of the line (ZPL weight)
for sample A1.15um together with results measured on InAs/GaAs QDs emitting near
1.3um at room temperature (sample Bl‘gum). The solid lines are exponential fits to the
data. After [47].

Since the time—-integrated photon echo versus the delay 7p between the
exciting pulses is a probe of the time evolution of the first—-order polar-
ization, the Fourier transform of the TI-FWM versus 7p is similar to the
homogeneous lineshape [38]. In Fig.12.9(left) the real part of the Fourier
transform of the TI-FWM amplitude is shown, where the long exponential
decay results in a sharp Lorentzian ZPL and the fast initial dephasing gives
rise to the broad band. It can be shown that the real part of the Fourier
transform of the first-order polarization amplitude is identical to the sym-
metrized absorption lineshape if the ZPL width is small compared to the
width of the broad band [48]. By analyzing the lineshape in Fig. 12.9(left)
as the sum of a Lorentzian and a cosh™? function, well fitting the ZPL
and the broad band respectively (see red dashed line in Fig. 12.9(left)),
we have inferred the ZPL weight Z also taking into account that the TI-
FWM amplitude actually yields a weight Z2, i.e. the third power of the
weight obtained with the first-order polarization amplitude [38, 49]. The
ZPL weight Z is shown in Fig. 12.9(right) together with results measured
on InAs/GaAs QDs emitting near 1.3um at room temperature and thus
more strongly confined [47]. The ZPL weight decreases exponentially with
increasing temperature and is lower for the QDs which are more strongly
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confined, as expected.
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Fig. 12.10. Non-resonantly excited photoluminescence spectra at room temperature of
thermally-annealed InAs/GaAs QD ensembles. The nominal annealing temperature is
given for each sample. Spectra are vertically displaced for clarity. The barrier (GaAs),
wetting-layer (WL) and QD transitions are indicated.

We performed a systematic study of the dependence of the ZPL weight
on the extension of the excitonic wavefunction in a series of InAs QDs where
the in-plane confinement potential was tuned by thermal annealing over
nine samples [49]. The investigated samples were planar structures contain-
ing InAs/GaAs self-assembled QDs grown on a GaAs(100) substrate using
molecular-beam epitaxy. 10 stacked layers of QDs were grown separated by
100nm GaAs spacing layers and with 2 — 3 x 10'° cm™2 areal density, i.e.
quantum—mechanically uncoupled. QDs were obtained by deposition of a
nominal coverage of 2.1 monolayers of InAs at a substrate temperature of
515 °C resulting in the formation of InAs islands that were overgrown with
8nm GaAs at a reduced substrate temperature of 505 °C. After the growth,
nine pieces of the wafer were subjected to rapid thermal annealing of 30
seconds at temperature ranging from 800 °C to 960 °C in order to decrease
the depth of the in-plane confining potential by thermally induced In dif-
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fusion, most important along the growth direction [50]. Fig.12.10 shows
room—temperature photoluminescence spectra under non-resonant excita-
tion (in the GaAs barrier) for some of the samples. The lowest energy peak
corresponds to the GS excitonic transition, showing a sizeable inhomoge-
neous and also homogeneous broadening at room temperature. We observe
that thermal annealing shifts the GS excitonic transition strongly to higher
energies, while the wetting layer transition shifts only slightly. Therefore,
the energy distance from the GS to the wetting layer transition is tuned in
the QD series from 332meV to 69 meV. This energy distance will be called
in the following confinement energy FE.. Similarly, the energy separation
between ES and GS is tuned in this series from ~90meV to ~25meV.
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Fig. 12.11. Left: Time-integrated FWM field amplitude at 50 K in thermally-annealed
InAs/GaAs QD ensembles with 140 meV confinement energy, together with an exponen-
tial fit of the dynamics at long delay times (dotted line). The initial FWM dynamics
dived by the exponential fit is shown in the inset together with a Gaussian function
(dotted line) fitting the initial decay. The asymptotic value at large delay (dashed line)
is used to calculate the ZPL weight, as indicated. Right: ZPL weight versus lattice tem-
perature for three QD samples with different confinement energies, as indicated. Solid
lines are theory curved calculated according to the model by Vagov et al. [52]. After [49].

Using the heterodyne technique (combined with a directional selection
geometry in these planar samples [51]) we measured transient FWM in res-
onance with the center of the inhomogeneously broadened GS transition on
the sample series [49]. From the non-exponential FWM decay we deduced
the ZPL weight, as shown in Fig12.11. To extract the ZPL weight Z from
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the FWM data we used the results of Refs. [38, 39], in which the time-
resolved FWM field is calculated within the independent Boson model for
infinitely short exciting pulses and, assuming an infinitely large inhomoge-
neous broadening (i.e. an infinitely short photon echo in real time), the TI
FWM field envelop G (7p) in a photon echo experiment (normalized to 1
at 7p = 0) is derived. Both assumptions are valid approximations if the
pulse and the photon echo durations are much shorter than the intrinsic
acoustic phonon dynamics. These conditions were met in our experiment,
in which the inhomogeneous broadening and the Fourier-limited pulse spec-
tra were much wider than the acoustic-phonon band. We therefore could
use the results of Ref. [39] for G (7p) and for the envelop function of the
linear polarization in real time Gy, (t):

Goo(Tp — 00) = |Giin(t — 00)|> = Z° . (12.17)

To compare Eq. (12.17) with the experiment, we had to remove from the
experimental data the effect of the long time decay of the polarization (i.e.
the ZPL width) not included in Eq. (12.17). We have done so by dividing
the data through the observed exponential decay of the ZPL (see dotted
line in Fig. 12.11(left)), which results in the solid curve shown in the inset.
This procedure assumes that the polarization decay can be factorized in
the product of the fast decay predicted by the independent Boson model
with the long exponential decay [40], i.e. that the same dephasing of the
ZPL is present also in the phonon-assisted transitions of the independent
Boson model. Moreover, since for |7p| < 300 fs the data were dominated by
non-resonant FWM in the GaAs barrier, the TI FWM amplitude at 7p = 0,
which is needed to calculate the normalized function G o (7p), was estimated
by fitting the initial decay with a Gaussian (dotted curve shown in the inset
of Fig.12.11(left)). The deduced ZPL weight Z is indicated in the inset
of Fig.12.11(left). Using this procedure, the temperature-dependent ZPL
weight was determined for three QD samples having different confinement
energies as shown in Fig.12.11(right). We found a systematic decrease
of the ZPL weight with increasing temperature and confinement energy,
in quantitative agreement with the prediction of the independent Boson
model, where the solid lines in Fig. 12.11(right) are calculations of the ZPL
weight by Vagov et al. [53].

Not only the ZPL weight but also the time scale of the initial FWM
decay was compared with the model by Vagov et al. [53]. For this com-
parison, the initial FWM dynamics was divided by the exponential decay
at long delays, the asymptotic value was subtracted, and the data were
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Fig. 12.12. Initial FWM decay time in thermally-annealed InAs/GaAs QD ensembles
with 140 meV and 332meV confinement energy as a function of lattice temperature. Solid
lines are theory curved calculated according to the model by Vagov et al. [53].

normalized to their maximum value. We then evaluated the delay time at
which the normalized signal has dropped by half of its initial amplitude.
The extracted times are plotted in Fig. 12.12 as a function of temperature
for two samples. Experiments and theory confirm the tendency of a faster
decoherence (i.e. a larger width of the acoustic-phonon broad band) for
the smaller extension of the excitonic wavefunction, present on the more
strongly confined (un-annealed) dots. Moreover, a non-monotonous tem-
perature dependence of the initial decoherence time scale is observed. Such
non-monotonous dependence, somewhat unusual, was well explained by
the theory and is believed to be a general property of the coupling of lo-
calized electronic excitations to a continuum of vibrational modes [53]. It
derives from the development of the phonon-assisted transitions from an
asymmetric lineshape at low temperatures to a symmetric one at high tem-
peratures for which the thermal energy is larger than the energy of the
coupled phonons.

12.4.2. Temperature-dependent dephasing: Width of the
zero-phonon line

The theoretical description of the exciton—acoustic phonon interaction men-
tioned in the previous section is able to explain the experimental observa-
tion of a decrease of the ZPL weight with increasing temperature. How-
ever, within the independent Boson model the ZPL is un-broadened, in
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clear contrast to the experimentally observed broadening of the ZPL which
increases with increasing temperature [6, 17]. For a theoretical descrip-
tion of the width of the ZPL, two types of dephasing mechanisms can be
distinguished: i) population transfer such as radiative recombination and
phonon-assisted transitions toward other confined electronic levels, and ii)
pure dephasing processes that do not change the carrier occupation.

From our FWM measurements of the dephasing time on an ensemble
of Ing 7Gag.3As/GaAs QDs embedded in the active region of narrow ridge
waveguide [6] we deduced a temperature dependence of the width of the
ZPL as shown in Fig12.13. The ZPL FWHM is given by v = %—Z where Ty
is the mono-exponential dephasing decay time (see Fig12.8). Below 100K
the ZPL width measured by us is well fitted by the expression (see solid
line in Fig.12.13) v = v + a7 + b/(exp(Ea/kpT) — 1) with the following
parameters: 9 = 0.67ueV, a = 0.22 + 0.01peV/K, Ex = 16 £ 1meV,
b=1.1+0.2meV.
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Fig. 12.13. Homogeneous linewidth of the ZPL full-width at half maximum together
with fits (solid lines) on an ensemble of self-assembled Ing.7Gag.3As/GaAs QDs. After [6]

The measured broadening was first interpreted in Ref. [6] as a inelastic
broadening given by the recombination lifetime (7o) and by one—phonon-
assisted transitions into other exciton states. A linear temperature depen-
dence is actually not expected in QDs [16], contrary to bulk and QWs [54].
In fact, in QDs one-phonon absorption from the excitonic ground state
occurs toward energetically well separated excited states. The individual
transitions consequently should contribute to the temperature dependence
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of v with the phonon occupation Bose functions having activation energies
equal to the energy separation between the ground and the involved excited
states [16]. If transitions occur into exciton states separated by less than
kT even at small temperatures, Bose functions reduce to a linear tem-
perature dependence. This linear dependence was therefore attributed to
transitions among the fine-structure states of the exciton ground state which
are usually separated by only ~ 100 zeV or less in InGaAs QDs [31]. How-
ever, this interpretation is in conflict with measurements showing an exciton
spin—flip time much longer than the radiative lifetime [55]. The activated
temperature dependence was attributed to the one-phonon-absorption tran-
sition toward the excited exciton state separated by Ea involving the first
excited hole level, which is consistent with typical energy level spacings
calculated in InGaAs QDs [56]. However this interpretation was not sup-
ported by the systematic experimental study of the ZPL width which we
performed on the series of annealed QDs [49], as we discuss below.

At higher temperatures from 100 K to 300 K the measured homogeneous
linewidth of Ing 7Gag 3As/GaAs QDs was dominated by a broadening in the
few meV range which increases approximately linearly with temperature [6,
17, 57] (see Fig.12.13) and is of comparable magnitude as the broadening
of excitons in (In,Ga)As/(Al,Ga) QWs [54, 58]. Its interpretation is even
more complex than for lower temperatures, since the role of the exciton
excited states in the modelling of the dephasing (inelastic and pure) cannot
be neglected [59]. Moreover, both optical and acoustic phonons have to be
taken into account, which still awaits theoretical treatment in the coupled
exciton-phonon model including excited states.

The main results of our systematic study of the ZPL width and its tem-
perature dependence in the range 5-100 K in the series of annealed QDs is
summarized in Fig. 12.14. The FWHM of the ZPL is shown versus temper-
ature for the unannealed QDs having 332 meV confinement energy, together
with a fit to the data in Fig. 12.14(left). We found that a good fit to the
temperature dependence of « for all investigated QDs in the series was ob-
tained using two Bose functions with activation energies E; and Fs and
coefficients b; and bs:

1 1
T=" +b o fkeT — 1 by oBa/keT _ |

(12.18)

where vy represents a temperature independent broadening. Remark-
ably, the activation energies F; and Es were found to be constant within
error (10%) for all investigated samples, i.e. independent of the confinement
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energy. The parameter by was also roughly constant (4 + 1 meV), while b,
systematically increased and 7y decreased with increasing E., as shown in
Fig 12.14(right). When fitting the data with Eq. (12.1) including a linear
term a7, we find in all samples that a« = 0 + 0.02 ueV/K, i.e. the linear
term is zero within error.
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Fig. 12.14. (Left) Homogeneous broadening (ZPL width) versus temperature (square
symbols) in the un-annealed InAs/GaAs QDs together with a fit to the data (solid
line) according to Eq. (12.18). The contribution of the activated term with E1 (E2) in
Eq. (12.18) is given, including 7o, as dashed (dotted) line. (Right) Top: Zero-temperature
extrapolated width of the ZPL (square symbols) versus confinement energy in the series
of annealed InAs/GaAs QDs compared with a curve (solid line) proportional to the
inverse square root of the confinement energy E. times the optical transition frequency
w. Middle (Bottom): Coefficient by (b2) of the thermally activated increase of the ZPL
width with activation energy Ep (E2), versus confinement energy. Dotted lines are
guides to the eye. The size of the symbols is equal or bigger than the error bars of the
parameters from the fits. After [49]

The zero-temperature dephasing rate g is given by the radiative life-
time Tiaq (i-e. 0 = 7i/Trad), as we experimentally demonstrated [60] by
comparing the polarization decay with the strength of the FWM signal and
thus of the transition dipole moment. The radiative lifetime in InGaAs
QDs depends on the electron-hole wavefunction overlap and on the exci-
ton coherence volume [7]. Both quantities are influenced by the annealing.
In particular, the reduction of the in—plane confinement potential by an-
nealing [50] results in an increased extension of the excitonic wavefunction
in—plane and thus in an increased exciton coherence area. If the in—plane
exciton confinement potential is approximated by a two—dimensional har-
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monic oscillator potential of depth E. (neglecting the zero-point quantiza-
tion energy) reaching the wetting layer at a fixed diameter, the coherence
area can be shown [60] to scale like 1/y/E.. Consequently the radiative de-
cay scales like (see Eqgs. (45),(46) in Ref. [61] or Eq.(5.62) in Ref. [7]) wy/E.
where w is the frequency of the optical transition, i.e. hiw = Ewr, — E. with
Ew1 the energy of the wetting layer transition. The solid line in the top
part of Fig. 12.14 shows this trend which well reproduces the experimental
dependence for confinement energies E. < 200 meV. The deviation at large
confinement energies could be due to an asymmetry of the In distribution
in the growth direction, resulting in a decreased electron—hole wavefunction
overlap and thus in a decreased radiative rate. This asymmetry is removed
in the first stage of annealing. Measurements of the biexciton binding en-
ergy in the same sample series are indeed consistent with the presence of an
asymmetric In distribution in the growth direction which is symmetrized
by annealing. An increase in the electron—hole wavefunction overlap in the
initial stage of annealing also reduces the charge separation and thus re-
sults in a reduced repulsive exciton—exciton interaction and in an increased
biexciton binding energy which we have measured [31].

Concerning the temperature-dependent width of the ZPL, the activa-
tion energy Ey = 28 meV is close to the range of optical phonon energies
(29-36 meV) observed in InGaAs QDs [62, 63]. Optical phonons feature a
density of states peaked at a certain energy. If the involved optical phonon
interaction would be a one-phonon absorption process, electronic excited
states at the distance of the optical phonon energy would have to be present.
While for confinement energies less than 100 meV, this could be due to the
continuum of hole states in the wetting layer, at larger confinement energies
no such continuum is expected, in contrast to the observation of a rather
constant coefficient by versus F.. An alternative pure dephasing mecha-
nism via elastic interaction with longitudinal optical phonons, which have
a finite lifetime due to the decay into acoustic phonons, was discussed in
Refs. [36, 59]. For a phonon lifetime smaller than the exciton dephasing
time, which is the case in most of our measurements, a ZPL broadening
is predicted, having a temperature dependence proportional to 7(n + 1)
with the phonon occupation 7. Since 7 < 1 in the measured temperature
range, this dependence is similar to the one used in Eq. (12.18). Also the
observed value of by is within an order of magnitude equal to the result of
Ref. [59] for a similar QD structure. However, in Ref. [64] it was shown
that the derivation of a finite dephasing in Ref. [59] is an artefact and that
dispersionless LO phonons quadratically coupled to a single QD transition
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produce no broadening of the ZPL. On the other hand, the same authors
of Ref. [64] have recently shown that, when all exciton levels are included
in the calculations, dephasing from quadratic-coupling to LO phonons is
indeed present [65].

Turning to the activation energy E1 = 6 meV, we first note that acous-
tic phonons do not have a concentrated density of states at this energy.
The phonon energy for transitions involving one—acoustic phonon absorp-
tion into higher energy states should thus be given by the discrete energy
level spacing in the QDs. In the investigated series of QDs, the energy sep-
aration from GS to ES transitions was measured to change from ~70meV
to ~25meV with decreasing F. from 332meV to 69meV. Our finding of
a constant activation energy FE7, therefore, clearly contradicts the impor-
tance of such phonon absorption processes for the dephasing. Furthermore,
acoustic phonons have a long lifetime, so that a discussion similar to the one
mentioned above for the optical phonons is not likely. Recent theoretical
models have suggested a broadening of the ZPL via pure dephasing mecha-
nisms. In Ref. [40] a temperature-dependent acoustic phonon damping by
lattice anharmonicities was introduced semi-phenomenologically in quali-
tative agreement with our experimental data of Ref. [6]. In Ref. [66] an
acoustic phonon damping by surface roughness scattering was introduced,
leading to a zero-temperature offset and a linear temperature dependence
of the exciton dephasing, in contrast to our experimental observations in
the annealed QD series. In Ref. [41] it is shown that phonon-assisted vir-
tual transitions into higher electronic states can be cast into an effective
quadratic coupling in the phonon displacement, which is known to lead to
a temperature-dependent pure dephasing of the ZPL for a thermal phonon
population. This approach predicts a dephasing reproducing the main fea-
tures of the temperature dependence observed by us, but a quantitative
comparison with the dependence on confinement energy was not shown.
In synthesis, the discussion about the relevant dephasing mechanisms in
quantitative comparisons with experiments is still rather unsettled. We
should also point on the experimental finding that the coefficient b; is in-
creasing with increasing E.. This behavior contradicts the intuitive idea
that strongly confined QDs should have a homogeneous broadening less
sensitive to temperature due to inhibited phonon—assisted transitions be-
tween confined electronic states and further supports the importance of
pure dephasing mechanisms.

Prior concluding this section, we should remark on the presence of a lin-
ear increase with temperature (a7") of the ZPL width which we observed on
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the Ing 7Gag.3As/GaAs QDs in Ref. [6] but not in the annealed InAs/GaAs
QD series. Since the sample investigated in [6] was in a p-i-n diode allowing
for electrical injection, we believe that the vicinity of QDs to free carriers in
the doped cladding layers and the consequent Coulomb interaction is likely
to explain the measured a in that sample.

12.5. Transient FWM in Single Quantum Dots

Recent experiments have circumvented the effect of inhomogeneous broad-
ening by performing linewidth measurements on single localized exciton
states in semiconductor quantum dots. Most of these experiments consist
of spectrally—resolved single-dot photoluminescence where the measurement
time has to be much longer than the dephasing time in order to collect a
sufficient number of photons. During this time, fluctuations of the en-
vironment lead to slow spectral diffusion of the frequency of the investi-
gated transitions (e.g. by the Stark effect), resulting in an inhomogeneous
broadening in the measurement due to the time-ensemble [67]. As a result,
the typical line-width of semiconductor quantum dots at low temperatures
(5-10K) measured in single-dot photoluminescence is 10-1000 ueV [68-71],
much larger than the homogeneous line-width determined in photon echo
experiments [6, 72, 73]. Transient FWM spectroscopy on individual exci-
ton transitions can distinguish between these two broadening mechanisms.
Moreover, this technique is a powerful tool to explore quantum state ma-
nipulation of single excitonic transitions as a route toward quantum com-
puting. Using the heterodyne spectral interferometry technique discussed
in Section 12.3.1 we measured transient FWM on individual excitons local-
ized by lateral disorder in thin GaAs/AlAs quantum wells [8, 9, 11] and in
self-assembled epitaxial CdTe/ZnTe quantum dots [10]. In the following
subsections we review two main outcomes of this experimental work: i) the
evolution of the time-resolved transient FWM from free polarization decay
of a single transition to the photon echo formation for many transitions, ii)
the coherent control and read-out via Rabi oscillations in the polarization
of individual excitonic transitions.

12.5.1. Photon-echo formation

As discussed in Section 12.2, the superposition of the third-order FWM
polarizations from a inhomogeneously broadened ensemble of N two-level
systems results in a constructive interference at the photon echo time after
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the arrival of the second exciting pulse, which is equal to the delay time
between the two exciting pulses. The constructive interference enhances
the FWM intensity at the echo time by a factor N compared to other
times (see Fig.12.2) We investigated experimentally the formation of the
photon echo with increasing size N of the ensemble by measuring transient
FWM on localized excitons in a thin GaAs/AlAs QW grown with a growth
interruption [8, 9, 11]. The sample consisted of an AlAs/GaAs/AlAs single
QW grown by molecular beam epitaxy with a thickness increasing from
approximately 4nm to 10nm over a total lateral displacement of 200 mm.
The growth was interrupted for 120s at each interface, allowing for the
formation of large monolayer islands on the growth surface. The sample was
antireflection coated, and was held in a helium cryostat at a temperature of
T=5K. This type of sample is described in [74] and was also investigated by
time-resolved and spectrally resolved speckle analysis [75, 76]. A detailed
theoretical model of the interface structure and the excitonic properties is
given in [77].

For non-resonant excitation at 1.96 eV, spatially focussed to the diffrac-
tion limit of the MO, the confocally detected photoluminescence of an ap-
proximately 6 nm thick region of the QW is shown in Fig.12.15a. In order
to select individual states within the optical resolution of the experiment
(0.5 um), we adjusted the fractional monolayer thickness of the QW to be
about -0.2 ML, yielding a low density of localized exciton states in the
largest monolayer (ML) thickness [77]. This was done by monitoring the
PL spectrum while moving the excitation spot along the QW thickness
gradient. Individual emission lines are visible in the low-energy part of the
spectrum, corresponding to individual localized excitons. Due to the diffu-
sion of the excited carriers prior to recombination, the spatial resolution of
the PL spectrum is determined by the resolution of 0.61A\/NA in the emis-
sion imaging. The same region was investigated by the FWM technique.
The excitation spectrum (see Fig.12.15b) was resonant only to excitons
localized in the lower monolayer in order to avoid creating large exciton
densities. The measured spectrally resolved FWM for a small positive delay
time between the exciting pulses of 1 ps is shown in Fig. 12.15b. It consists
of several sharp resonances of 20-30 ueV FWHM. Since the FWM intensity
is proportional to the third power of the excitation intensity (in the low
excitation intensity limit), the spatial resolution in the FWM can be im-
proved to 0.36\/NA =~ 320 nm. FWM resonances of significant strength are
only observed at the higher energy side of the PL emission, and the FWM
intensities of the resonances are not clearly correlated to the PL intensities.



304 P. Borri and W. Langbein

This is due to the different properties probed by PL. and FWM. The FWM
intensity is (in the low excitation intensity limit) proportional to the eighth
power of the optical transition dipole moment y of the resonance. The PL
intensity instead is determined by the radiative rate, proportional to u?,
but also by the relaxation dynamics of excitons into the localized state.
Additionally, in the PL we use non-resonant excitation, for which charged
exciton emission [78], having a binding energy of about 4meV, could be
present, explaining the PL below 1.630eV in the PL.

,a)
=
w L -
c
g
£ L i
-
Q- - —
0 | | |

: ——

rb) ——FWM
2 -----excitation |
a f

- PR TNV i b -
3 /.‘,\/\
£ ;s
= [ T
=
T L i
0

e L i LA AL Ll U .
1.630 1.635 1.640
photon energy (eV)

Fig. 12.15. a) Confocally excited / detected PL spectrum of a (0.5um)? area of a
AlAs/GaAs/AlAs QW with a thickness of about 20.8 ML (6 nm). b) Spectrally resolved
FWM intensity of the same area at 1ps delay time between the exciting pulses. The
spectrum of the excitation pulses is shown as dotted line.

The temporal sequence of the transient FWM experiment, consisting of
the arrival of pulse 1, pulse 2, and the subsequent emission of the FWM in-
tensity can be measured in the heterodyne detection by choosing 4 equal
to Q1, Qo, or 205 — 4, respectively, as discussed in Section 12.3.1. Further-
more, the fact that we can determine, in the spectral domain, the number
of states contributing to the time-domain FWM signal allowed us, by ap-
propriate selection of regions of the sample, to control the size of the state
ensemble probed in the FWM. By systematically increasing the number of
participating transitions from one to many, we followed the formation of
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the photon echo with increasing ensemble sizes. This evolution is shown
in Fig.12.16 for ensembles of about 1, 4, and 10 transitions. With in-
creasing ensemble size N, the intensity enhancement in the photon echo
increases roughly oc N, as expected (see Section 12.2). The peaks off the
photon echo time are due to subsidiary constructive interferences of state
subgroups, which are prominent due to the small number of participating
states.
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Fig. 12.16. FWM intensity for a delay time between the exciting pulses of 20 ps, spec-
trally resolved (left) and time-resolved (right), for exciton state ensembles of different
size. The estimated fractional enhancement by the constructive interference at the pho-
ton echo time ¢ = 20 ps is indicated. After [8]

Apart from the evolution from a free polarization decay to a photon
echo by increasing the number of individual transitions in the ensemble, we
find that even individual transitions can show a photon echo in the FWM
when measured by the heterodyne spectral interferometry technique. This
is due to the fact that pulsed measurements on single transitions need sum-
mation over a large number of repetitions, as the signal created upon an
individual pulsed excitation is small: At maximum one can detect a single
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photon after a single excitation, but typically in average only 10~2..107°
photons are detected due to the limited collection efficiencies, detection
efficiencies, and also to less than one photon being initially emitted. In
the measurements presented here, we average over 1-100 seconds for each
FWM spectrum, corresponding to 10'°..10'2 repetitions. During this time,
slow fluctuations of the environment of the probed transition can lead to
a variation of its frequency (e.g. by the Stark effect due to local electric
field variations), resulting in an effective inhomogeneous broadening in the
time-ensemble probed by the measurement [67]. This manifests itself by a
typical line-width of individual excitonic transitions in semiconductor quan-
tum dots at low temperatures measured in single-dot photoluminescence of
100-1000 eV [71, 79-81], much larger than their homogeneous line-width
as determined in large ensemble photon echo experiments in the 1-10 ueV
range [6, 72]. Since the heterodyne technique measures the FWM field
summed over the number of repetitions, also this effective inhomogeneous
broadening leads to the formation of a photon echo. In the GaAs/AlAs
samples only weak spectral wandering is observed, leading to a negligible
photon echo formation from an individual excitonic transition under av-
eraging over multiple repetitions. Much stronger spectral wandering was
observed on CdTe quantum dots, and allowed measurements of the photon
echo formation due to multiple repetition averaging of the transient FWM
field from an individual excitonic transition [10], as will be reviewed in the
following.

The investigated sample consisted of self-assembled epitaxial
CdTe/ZnTe quantum dots (QDs) grown by molecular beam epitaxy on
an undoped [001] ZnTe substrate. Details on the growth and characteriza-
tion of such structures can be found in Refs. [10, 80]. The quantum dot
density in the investigated sample was several 10!° /cm?, so that within the
spatial resolution typically some 10-100 QDs were probed. Due to the large
inhomogeneous broadening (of about 100 meV) the emission energies of in-
dividual QDs were in general spectrally well separated, allowing to perform
spectral filtering to isolate the FWM from a single QD.

The spectral FWM intensity from a sample region with exciton states of
significant line-width (and hence ones expected to show effects from spec-
tral wandering) is given in Fig. 12.17. The inset magnifies a line-shape from
a single transition of about 0.35meV FWHM, which is much larger than
the homogeneous linewidth estimated to be less than 0.1 meV as will be dis-
cussed below [10]. To investigate the time-evolution of the FWM from this
single transition, we spectrally filtered the measured FWM with a Gaussian
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of 0.62meV FWHM around the transition (see inset in Fig. 12.17). The re-
sulting time-evolution of the FWM intensity is given in Fig. 12.17 for various
delay times between the exciting pulses. A shift of the FWM with increas-
ing delay time is observed. The transition thus does show a photon echo
behavior as opposed to a free polarization decay, indicating that it is dom-
inantly inhomogeneously broadened most likely due to spectral wandering
originating from the quantum confined Stark effect of fluctuating local elec-
tric fields. The homogeneous broadening of the transition is consequently
estimated from the decay of the photon echo intensity with delay time
ox exp(—47p /T3), resulting in To = 20+ 5ps or a FWHM of 2/T5 = 66 peV.
This dephasing time is significantly shorter than the typical PL emission
lifetime after non-resonant excitation of 100-200ps [80, 82], indicating that
the dephasing time might not be radiatively limited, as opposed to the
dephasing in InGaAs QDs as discussed in Section 12.4.2. However, the ra-
diative lifetime in the investigated CdTe QDs is not well known, and it can
in principle take values between the radiative lifetime of excitons in ideal
CdTe quantum wells of about 1 ps and the strong confinement limit in the
nanosecond range, depending on the size of the localized exciton wavefunc-
tion. Additionally, we need to consider that the FWM signal intensity is
scaling with the forth power of the radiative decay rate, so that we will
preferentially select states with short radiative lifetimes in our experiment.
For comparison, excitons in GaAs quantum wells have radiative lifetimes
of 10-30ps and excitons localized in interface fluctuations discussed previ-
ously showed dephasing times of 20 - 50 ps, close to the quantum well value
indicating a weak confinement.

We should mention that, similar to what measured in InGaAs/GaAs
QDs and discussed in Section 12.4.1, excitons localized in CdTe/ZnTe QDs
also exhibited a non-Lorentzian homogeneous lienshape consisting of a
sharp ZPL superimposed to a broad band from exciton—acoustic phonon
interactions [34]. However, its manifestation in the FWM response of a
single excitonic transition was challenging to detect. At 7K a ZPL weight
of ~0.9 was estimated from the intensity of the spectrally-resolved FWM
field, as discussed in [10]. It might be expected that the exciton states best
observable in FWM were the ones with the weakest phonon band, since
a strong FWM implies a large transition dipole moment, which in turn
implies a large coherence volume and thus a large wavefunction size.
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Fig. 12.17. Time-resolved FWM from a single excitonic transition in a CdTe/ZnTe

quantum dot at various delays between the exciting pulses. The inset shows the spectrally
resolved FWM intensity at 7 ps delay, and the filter function used to isolate the single
transition (red solid line). After [10].

12.5.2. Rabi oscillations

The coherent control and detection of spin states via nuclear magnetic res-
onance (NMR) was first demonstrated more than 50 years ago [83]. Shortly
thereafter, pulsed techniques were developed to control spin systems, and
to measure decoherence and dissipation rates. Applying radio-frequency
pulses defined by 7 or 7/2 pulse areas, a spin state can be switched in
phase and orientation. This quantum state manipulation resulted in many
proof-of-principle demonstrations of quantum algorithms by liquid state
NMR. While conventional NMR. approaches build on well-developed exper-
imental capabilities to create and control the quantum properties necessary
for quantum computation in ensembles, solid-state approaches towards co-
herent control can draw on existing nanostructure fabrication technologies
for the addressing of individual qubits. By combining the coherent control
techniques of NMR with ultrafast pulses in the optical frequency range, en-
gineered exciton and spin-based scalable quantum information processing
(QIP) devices are expected to be realizable. The sub-picosecond time scale
of the optical pulses allows for a the execution of a significant number of
elementary operations within the exciton decoherence time — a feature of
fundamental importance for any useful QIP device.

Self-assembled InGaAs/GaAs QDs are good candidates for optical co-
herent control and possible solid-state implementations of QIP, due to
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the long dephasing time of the excitonic ground-state transition in the
nanosecond range at low temperature [6], the strong confinement energy of
100-300meV resulting in well separated energy levels and the large tran-
sition dipole moments compared to atoms [84, 85]. Using excitonic tran-
sitions in self-assembled InGaAs QDs at low temperature, one qubit rota-
tions via Rabi oscillations have been recently demonstrated both in single
QDs [86-91] and QD ensembles [84], the latter case being mainly limited
by a distribution of transition dipole moments in the ensemble.

Transient FWM combined with heterodyne spectral interferometry of-
fers a powerful way to resonantly drive and coherently manipulate a sin-
gle exciton state with two excitation pulses, and recover the time-resolved
induced polarization in both amplitude and phase. This is particularly
relevant since the implementation of quantum computational devices will
require the ability to place a qubit in a given configuration, allow it to evolve
(with the possible application of additional pulses to further affect the qubit
state) and then readout the results of the evolution. Although the appli-
cability of this technique to single InGaAs/GaAs QDs appears to be chal-
lenging and has not been demonstrated yet, we succeeded in demonstrat-
ing its potential for coherent control and polarization readout of individual
states on excitons confined by interface fluctuations in a AlAs/GaAs/AlAs
QW [11].

Fig.12.18a shows the measured FWM intensity and phase spectrally res-
onant to an individual excitonic transition as function of the pump pulse
area ©1. The FWM field created by the probe pulse (in this case at a
5ps delay after the pump pulse) is proportional to the phase—conjugated
polarization created by the pump pulse (see Section12.2). In a two-level
system, Rabi oscillations would be expected as the Bloch-vector rotates due
to the pump pulse (see sketches in Fig. 12.18a), with the polarization being
zero both when the system is purely in the ground or the excited state,
i.e. with a period of 7 in the pulse area. The corresponding polarization is
o sin(01), and thus the FWM intensity o sin?(©1), shown in Fig.12.18a
as solid line. The experimental pulse area unit was adjusted to reproduce
the position of the first minimum at ©; = 7. From the focus size and the
pulse duration, we estimated a transition dipole moment of 30-40 Debye.
For ©; < 1.27, the data are in agreement with the two-level prediction.
Additionally, the predicted 7 jump in the phase is observed since the polar-
ization changes sign across ©1 = 7. For larger pulse areas, significant devi-
ations from the prediction are present. Such deviations were observed in a
pump-probe experiment sensitive to the population inversion [92], and were
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Fig. 12.18. FWM spectrally resonant to a single exciton state localized by interface
fluctuations in a thin AlAs/GaAs/AlAs QW. a) As a function of pump pulse area ©1
for a probe pulse area ©2 = w. Circles: measured intensity. Solid line: Expected
two-level result o sin?(01). Dashed line: calculated FWM including multiexcitons (see
text). The sketches indicate the state vectors after the pump pulse in a Bloch sphere.
Crosses: measured FWM phase. The two curves indicate the limits of a systematic error
due to a phase drift. Top: line width v (FWHM) of the exciton state measured in the
FWM spectrum. b) Intensity as a function of ©2 for ©1 = 7/2. The solid line is the
expected two-level result oc sin(@2/2). The sketch indicates the corresponding state
vector positions 0: initially, 1: after the pump, 2: after pump & probe. The energy
density per excitation pulse was 2.2 uJ/cm? for ©1 2 = 7. After [11]

interpreted as an increased dephasing rate induced by an optically created
carrier density, called excitation-induced dephasing (EID), and well known
in quantum wells. This mechanism was also discussed for Rabi-oscillations
in InGaAs quantum dots [90]. In our experiments, we could directly mea-
sure the dephasing of the transition after the application of both excitation
pulses using the linewidth ~y of its third-order polarization. From the miss-
ing photon echo signature in the corresponding time-resolved FWM, we
could exclude a significant influence of inhomogeneous broadening due to
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e.g. spectral wandering. We observed that v as function of pulse area
O; (see Fig.12.18a top) was constant within error, inconsistent with the
EID hypothesis. We suggested that the deviations from the two-level result
might originate from the presence of near-resonant transitions to multi-
excitonic states into which the system is driven by the excitation pulses -
a coherent process which does not affect the dephasing of the fundamental
exciton transition [11]. To support this interpretation, we calculated the
FWM intensity (see dashed line in Fig.12.18a), neglecting dephasing, in
presence of 3 transitions to biexcitonic states with binding energies of 0.5,
-0.6, -0.8 meV and transition dipole moments 30% of the exciton transi-
tion. A decay superimposed to the Rabi-oscillations was observed in the
simulation, qualitatively reproducing the measurement.

The FWM polarization phase-conjugated to the pump-induced polariza-
tion can be also coherently controlled by the probe pulse area ©5. In a two-
level system, the FWM intensity created by the probe is o sin*(©4/2) [83],
with the ideal phase conjugation being achieved by rotating the Bloch-
vector by an angle of O = 7 [14]. This prediction is in quantitative agree-
ment with the experiment (see Fig.12.18b), and represents the verification
of a basic two-pulse coherent control on a single excitonic transition. In
Ref. [11] we also demonstrated coherent control of the polarization in both
amplitude and phase with non-resonant excitation pulses and simultaneous
Rabi flopping of several spatially and energetically close exciton states.

12.6. Summary and Outlook

In summary, the ability to perform transient FWM in ensemble and single
semiconductor QDs using a sensitive heterodyne detection technique has
opened the possibility not only to measure dephasing times and investigate
the physical origin of dephasing processes in these systems but also to
demonstrate protocols of coherent manipulation and polarization readout,
all of which is of key importance for a possible solid-state implementation
of quantum computing using excitonic transitions in QDs as semiconductor
quantum bits.

From the point of view of the dephasing processes in InGaAs/GaAs
QDs, the finding of a radiatively limited dephasing time of the zero-phonon
line in the nanosecond range even at finite (5 K) temperature is very promis-
ing because, if the homogeneous lineshape would be given by the ZPL only,
coherent-light matter interaction in these systems would last as long as
the radiative decay, without disruptive effects from pure dephasing. This
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is also very important to generate indistinguishable photons from single
QDs [93]. On the other hand we showed that, in agreement with the in-
dependent Boson model, even at low temperatures the zero-phonon line is
superimposed to a broad acoustic phonon band, especially for strongly lo-
calized dots, corresponding to an initial non-exponential decoherence from
pure dephasing by acoustic-phonon interaction. Thermal annealing plays a
useful role by reducing the strength of quantum confinement and thus in-
creasing the weight of the ZPL at a given temperature. However, this effect
is significant at high temperature (>20K). At 5K about 20% of the initial
FWM amplitude is already lost after few picosecond, corresponding to a
ZPL weight of ~0.9 in all thermally annealed QDs investigated by us. It
has been suggested recently that the detrimental effect of such decoherence
during an operation performed by a sequence of fixed number of pulses can
be significantly reduced by using pulses of finite duration optimized so that
the spectral overlap with phonon modes is minimized [94]. Concerning the
temperature dependence of the ZPL width, there is clearly the need to go
beyond the independent Boson model. However, the comparison of exper-
imental findings with theory is still partly unsettled. Experimental results
point towards pure dephasing mechanisms playing a major role, rather than
one-phonon absorption processes. A ZPL width from pure dephasing is ex-
plained in the theory via a quadratic coupling to both acoustic and optical
phonons. However a quantitative modeling is still missing.

The possibility recently opened to perform transient FWM, time and
spectrally resolved, in single QDs using heterodyne spectral interferometry
is holding great potential. This approach compared to ensemble measure-
ments has the advantage to distinguish between processes occurring within
one dot from those occurring in different dots and averaged in the ensem-
ble response. However, the ability to perform this type of measurements in
single InAs QDs remains the challenge for future work. The experimental
demonstration of this method was shown for excitons localized by interface
fluctuations in thin AlAs/GaAs/AlAs quantum wells and in self-assembled
CdTe/ZnTe QDs. These measurements allowed to time resolve the forma-
tion of photon echo in the third—order polarization response, when more
than one localized excitonic transition contributes to the response. They
also showed the ability to distinguish the effect of spectral wandering, a well
known problem that limits the measurement of the homogeneous linewidth
of a single QD with photoluminescence experiments. Spectral wandering,
conversely, manifests as a photon echo in the FWM field amplitude summed
over many repeats which is detected by the heterodyne spectral interferom-
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etry, and therefore does not prevent the measurement of the homogeneous
broadening via the decay of the time-integrated photon echo versus delay
time. Finally, optical coherent control and polarization readout of individ-
ual excitonic states was demonstrated, paving the way for the experimental
demonstration of solid-state based quantum computing using optical transi-
tions in quantum dots. Furthermore, the detection of amplitude and phase
of the signal allows the implementation of a two-dimensional femtosecond
spectroscopy [9], in which mutual coherent coupling between individual
quantum dot states can observed and quantified.
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In this chapter, recent progress in cavity-quantum electrodynamics ex-
periments on single quantum dot microcavity systems is reviewed. Of
particular interest is the strong coupling regime, which is characterized
by a coherent exchange of energy between a discrete quantum emitter
and the cavity mode. Strong coupling is observed when the emitter-
photon coupling rate is larger than any dissipative decay rate in the
system. Key issues for the optimization of both the emitter and the cav-
ity characteristics are discussed. Differences between weak and strong
coupling are illustrated experimentally in the framework of cavity quan-
tum electrodynamics. Furthermore, the demonstration of the quantum
nature in a strongly coupled quantum dot micropillar system as well as
a coherent photonic coupling of quantum dots mediated by the strong
light field in high-Q micropillar cavities are addressed.
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13.1. Introduction

Coherent interaction between bare quantum states is the basis for any type
of Qubit. Here the focus will be on the realization of flying Qubits realized
by coherent light-matter interaction in solid state. These kind of inter-
action is described in the framework of cavity quantum electrodynamics
(CQED) and can be observed in systems based on high quality microcav-
ities in combination with atom-like emitters [1-3]. CQED addresses in
particular a modification of the emitter’s spontaneous decay in the pres-
ence of confined optical modes in cavities with small mode volumes. In
real cavities, photons are not confined for an infinitive amount of time but
leave the cavity after a characteristic time, which is inversely proportional
to the quality (Q) factor of the latter. The escape of photons through
leaky modes introduces dissipation in the system. Now, if the coupling rate
between an atom-like emitter and the photonic cavity mode is lower than
the photon escape rate irreversible decay dominates, which is described in
terms of weak coupling. It is characteristic for the weak coupling regime
that spontaneous emission of an emitter can be enhanced or reduced com-
pared with its vacuum value by tuning discrete cavity modes in and out of
resonance [4-6]. Recently, due to the enormous progress in nanotechnol-
ogy processing, it has become feasible to realize quantum dot microcavity
systems in which the light-matter coupling rate exceeds any dissipative
decay rate [7-9]. In this case, the conditions for strong coupling are ful-
filled and vacuum field fluctuations initiate a reversible exchange of energy
between the emitter and the cavity. This coherent coupling introduces
entanglement as it is associated with the formation of new ’dressed’ quan-
tum states and may provide a basis of quantum dot-microcavity systems
for future applications in quantum information processing or schemes for
coherent control [10-13]. Evidence of strong coupling is usually manifest
in the emission spectrum that displays anti-crossing between the quantum
dot (QD) exciton and cavity-mode dispersion relations. Strong coupling is
characterized by a vacuum Rabi splitting of up to a few 100 peV in state-of-
the-art semiconductor structures. In the following, several aspects of strong
coupling will be addressed exemplarily for quantum-dot micropillar cavity
systems.
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13.2. Theoretical Background

Different theoretical schemes have been applied to describe the interaction
of a single quantum dot exciton coupled resonantly to an empty mode of
a microcavity. These range from a simple two coupled harmonic oscillator
model to a fully quantum mechanical theory [14-16]. In the ideal case for
which the emitter’s relaxation and cavity losses can be neglected, sponta-
neous emission becomes reversible, i.e. the emitted photon is reabsorbed
and reemitted again and again. This gives rise to vacuum Rabi oscillations
which frequency is proportional to the strength of the atomfield coupling,
and hence to the vacuum field amplitude at the emitter’s location.

The parameter g is the so-called coupling constant, which is defined as
a scalar product of the transition matrix element of the dot dipole moment
d with the local value of the electric field E at the dot position in the cavity
(9 = [{d - E)|). For the case of the emitter (exciton dipole) placed at the
maximum of the photon electric field distribution in the microcavity, the
coupling constant can be expressed in terms of the oscillator strength (OS)
f = 2muwod?/(e*h) as [15]

1/2
g:< ! ”le) (13.1)

Amereg mV

where €y and €, are the vacuum and relative medium permittivity, m
is the free electron mass, f is the oscillator strength of the QD transition,
and V corresponds to the effective cavity mode volume.

The nonperturbative dynamics of the QD transition coupled to a cav-
ity mode can be described by quantum-mechanical theory. The relevant
Hamiltonian is

1
H = hwobs + hw, (&L&# + 5) +ihw, (6-af, + 6_a},) (13.2)

where 6_ , 64 ,03 are pseudospin operators for the two-level system
with ground (excited) state |g > (e >). The spectrum of this Hamiltonian
consists of a ground state |g,0 > and a ladder of doublets |e,n >, |g,n+1 >,
n = 0,1,... which in the resonance case wg = w,, give rise to dressed states

split by 2hgv/n + 1.
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In real cavities photons leak out of the cavity and spontaneous emis-
sion is coupled into a continuum of non-resonant modes. If decoherence
processes affecting either the photon or the emitter, are slow enough on
the scale of the Rabi period, the coupled system is still in a strong cou-
pling regime and experiences damped Rabi oscillation. Faster decoherence
processes lead to overdamping; in this so-called weak coupling regime, the
emitter relaxes monotonically down to its ground state. When the main de-
coherence process is due to cavity damping, characterized by the resonance
quality factor QQ of the mode it is still possible to modify the spontaneous
emission of the this emitter to a large extent and in particular its spon-
taneous emission rate 1/7.4,, by varying the strength of the emitter-field
coupling (i.e. V') or the cavity losses (i.e. Q).

Basically, the energies of these two modes (exciton and photon) at res-
onance can be expressed by the following formula [14, 15]:

B2 = Eo—i(ye +7x)/4£ Vg% — (7 — 7x)?/16) (13.3)

where Ej is the energy of the uncoupled modes, and v¢ and vx are the
full widths at half maximum of the cavity mode and exciton line, respec-
tively.

From Eq. 13.3 the vacuum Rabi splitting for the system under consid-
eration can be obtained directly as

AFE =210 = 24/92 — (e — 7x)?/16 (13.4)

According to Eq. 13.3, any mode splitting due to strong coupling ap-
pears when

9% = ((7e —7x)?/16 > 0 (13.5)

Since for present microcavities the QD exciton linewidth is usually much
smaller (by an order of magnitude at least) than the photon mode linewidth,
the condition in Eq. 13.5 can be simplified to [7]
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9> /4 (13.6)

This is the threshold condition for strong coupling of a single QD exci-

ton and a microcavity photon. Using Eq. 13.1 which tells that g \/f/V
and considering that the cavity quality factor is defined by @ = E./~., one

obtains from Eq. 13.6 the figure of merit Q\/f/V for the observation of
strong coupling. For pillar microcavities, the mode volume scales approxi-
mately with the square of the cavity diameter d¢, which leads to Q+/f/d.
as a quantity for technological optimization. Thus, it is necessary to max-
imize the oscillator strength of the QD exciton transition and the Q-factor
to micropillar diameter ratio simultaneously. The optimization of both, the
quantum dot properties as well as the cavity finesse, will be described in
detail in the subsequent sections.

13.3. Sample Fabrication

13.3.1. Growth of quantum dot structures

Pronounced light-matter coupling effects are observed for QDs with a large
oscillator strength in low mode volume, high-Q microcavity systems. There-
fore, optimization of the quantum dot growth aims at the realization of
large dot structures with large dipole-moment and large oscillator strength,
respectively. Self-assembled semiconductor quantum dots provide a three-
dimensional confinement potential for the carriers and consequently have a
discrete energy spectrum with d-like density of states and an ultra-narrow
gain spectrum [17]. They have already been utilized in electronic and op-
toelectronic devices, such as semiconductor lasers [18], and more recently
also for single photon sources [19, 20].

In the well known Stranski-Krastanov growth mode [21], the formation
of quantum dots is initiated by strain relaxation during epitaxial growth
of GalnAs on a GaAs substrate as the deposited layer exceeds a criti-
cal thickness. As a result, the growth characteristic switches from a two-
dimensional to a three-dimensional growth mode. In this way, high quality
low dimensional nanostructures are formed as the strain is elastically re-
laxed without introduction of crystal defects. The dot size, area density,
and optical properties can be widely controlled by growth parameters, such
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as growth temperature, growth rate and III/V-ratio. The In,Ga;_,As
quantum dot structures are typically grown in solid source molecular beam
epitaxy (MBE) systems on (0 0 1) undoped GaAs substrates. Hereby,
varying systematically the In content allows one to address the influence of
strain on the shape and the optical properties of the QDs [22]. For such
studies, a 300 nm GaAs buffer is grown on the substrate before the QD
layer is formed using submonolayer deposition of InAs and GalnAs.

Fig. 13.1. Surface scanning electron microscope (SEM) images of uncapped
Ing.6Gag.4As (left panel), Ing.45Gag.55As (center panel) and Ing.3Gag.7As (right panel)
quantum dot samples. The surface is tilted by 70° to enhance the height contrast.

Strongly strained Ing ¢Gag.4As dots (QD1) form by depositing a nom-
inally 1.4 nm thick InGaAs layer of 7 cycles of 0.1 nm InAs and 0.1 nm
Ing.20Gag.spAs. The strain is reduced for Ing 45Gag 55 As dots (QD2) grown
by depositing a nominally 2.1 nm thick layer via submonolayer deposition
of 11 cycles of 0.07 nm InAs and 0.12 nm Ing 125AsGag g75. In addition,
Ing.30Gag.70As dots (QD3) can be realized by depositing a nominally 4.5
nm thick layer via deposition of 30 cycles of 0.03 nm InAs and 0.12 nm
Ing.12Gag ggAs. A growth temperature of 590°C is used for the GaAs buffer,
470°C for sample QD1 and migration enhanced growth at 510°C for the
low-strain dot layers QD2 and QD3. A cap of 20 nm GaAs is deposited in
case of the overgrown samples used for optical studies at the same growth
temperature as used for the QD growth.

The influence of the strain on dot nucleation and morphology, is investi-
gated on uncapped dot samples with different In content. Surface scanning
electron microscope (SEM) images of the samples labelled QD1 (a), QD2
(b) and QD3 (c) are shown in Fig. 13.1 under an angle of 70° to enhance
the height contrast. High strain results in diameters between 10 — 15 nm
and a rather high dot density of about 1 —2x 10" em ™2 for the Ing ¢Gag.4As
QDs. For CQED experiments on the single dot level the dot density should
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be much lower. A lower dot density of about 1 — 2 x 10'%cm ™2 and larger
dot diameters of 20-25 nm are realized for sample QD2 for which the In
content was reduced to 45%. The larger diameter of these QDs is partly
related to the lower strain due to the lower In content and to a higher
growth temperature of 510°C in comparison to 470°C used for QD1. The
higher growth temperature results in a larger migration length on the sur-
face which reduces the dot density and enlarges the dot diameter [23)].

Still larger dot dimensions were realized for sample QD3 by decreasing
the In content to 30% as can be seen in 13.1. Due to a further decrease of
strain, the island growth is mainly initiated by crystal steps on the surface.
As a consequence elongated dot structures with typical lengths of 50 — 100
nm and widths of about 30 nm form preferentially orientated along the [011]
direction. Due to the larger dimensions, the dot volume is increased by one
order of magnitude in comparison with the state of the art circular shaped
high In-containing GalnAs or InAs dots with diameters of 15 — 20 nm. In
addition, a further decrease of the dot density down to about 6—9x10%m ™2
is achieved for Ing 3Gag.7As QDs.
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Fig. 13.2. Low temperature PL spectra of the GalnAs dot samples with an In content
of 60% (QD1), 45% (QD2), 30% (QD3).

PL spectra of GalnAs dot samples with In contents of 60% (QD1), 45%
(QD2), and 30% (QD3) are summarized in Fig. 13.2. The PL emission of
QD1 is centered at 1.283 eV with an inhomogeneous linewidth of 45 meV.
The larger dot sizes of sample QD2, shifts the emission energy to lower
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energies (1.242 eV) even though less In was supplied during growth. A
very inhomogeneous size distribution and a broadening of the linewidth to
62 meV is attributed to the reformation of some circular shaped dots to
elongated dash-like structures during the overgrowth process. Sample QD3
with 30% In content and a deposited nominal layer thickness of 4.5 nm is
just above the critical condition for dot formation and shows a double peak
emission. In fact, an In content of 27% seems to be already too low to
reach the critical thickness for dot formation. Related to this observation
the high energy peak of QD3 is interpreted as a quantum well transition.
The second peak at lower energy (1.315 eV) is associated with transitions
of large elongated QDs. Here, the much lower In content of QD3 shifts
the QD emission to significantly higher energies in comparison to QD1 and
QD2 samples.

13.3.2. Realization of active high-Q micropillar cavities

The interaction of electromagnetic radiation with single quantum states,
e.g., an electron state in an atom or in a solid state quantum dot structure,
is rather weak due to the low oscillator strength. However, this interaction
can be strongly increased by several orders of magnitude by embedding the
atom or the QD in a high quality (Q) resonator. Semiconductor systems
in particular have the advantage of allowing one to embed QDs into the
fabrication process of high-Q cavities. Different approaches were investi-
gated and published in the literature to improve the Q-factor in semicon-
ductor microcavities. Promising candidates for high-Q low mode volume
microcavities are photonic crystal membrane structures [24], semiconductor
microdisk structures [25] and micropillar cavities [26, 27], respectively.

Micropillars have some advantages compared with other microcavity
approaches in terms of mode control and overlapping between light field
and quantum dots. In micropillars large overlap of the central fundamental
mode with the quantum dot states can be achieved and the confined mode
spectrum can be directly controlled by the post diameter [28, 29]. In ad-
dition, the possibility of optical excitation and detection perpendicular to
the sample surface facilitates optical experiments.

Of special interest are micropillars with large Q-factors and embed-
ded low density self-assembled quantum dots with high oscillator strength.
Cavity structures are usually grown by solid source molecular beam epitaxy
GaAs substrates and consist of bottom distributed Bragg reflector (DBR)
followed by a one A GaAs cavity and a top DBR. The DBRs are realized



Light-matter Interaction in Single Quantum Dot 331

Fig. 13.3. Cross section SEM images of a
planar cavity structure with 23/27 (MC2)
mirror pairs in the upper/lower DBR. In-
set: Scanning transmission SEM image of
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Fig. 13.4. Reflectivity spectrum of MC1
measured at 300 K with a stopband of
113 nm and a resonance peak at about
1.29 eV.

the center region.

by a stack of alternating quarter-wavelength thick GaAs and AlAs mirror
pairs. The reflectivity of the DBRs increases with the number of mirror
pairs and high-Q cavities are designed with nearly identical reflectivities of
the bottom and the top DBR. A cross section SEM image of a structure
with 23/27 mirror pairs in the upper/lower DBR is shown in Fig. 13.3. The
DBRs are separated by a one A thick GaAs cavity. A QD layer is placed in
the middle of the cavity, i.e., at the antinode of the electrical field.

A rather low dot density of ngp < 1 x 10'%m™2 is chosen in order
to allow single dot investigations and to reduce damping of the optical
modes by bandgap absorption in the active layer. The planar cavity struc-
tures show a pronounced stopband which can be characterized by reflectiv-
ity measurements, usually performed at room temperature. In reflectivity
measurements of planar cavity structures, the spectral resolution is limited
by the finite acceptance angle because of the continuous in-plane mode dis-
persion. A typical reflectivity spectrum of a planar microcavity structure
with 20/24 mirror pairs in the lower (upper) DBR is shown in Fig. 13.4.
Here, the cavity resonance can be seen at 1.29 eV as a small dip within the
stopband with a width of about 113 nm.

Based on planar microcavity structures, high quality, low mode volume
micropillars with circular cross-sections and a diameter range between 1 pm
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Fig. 13.5. SEM image of a high-Q mi- Fig. 13.6. Pillar Q-factor as a function
cropillar cavity with a diameter of 1.3 pm. of pillar diameter for three microcavity

layouts with different numbers of mirror
pairs in the DBRs.

and about 4.0 um are fabricated by means of modern semiconductor nan-
otechnology. As a first step, micropillars are defined into resist (PMMA)
by high resolution electron beam lithography. After evaporation of a metal
mask (Ni) and a subsequent lift-off process, the semiconductor material is
removed at unexposured regions down to few remaining layers of the lower
DBR by reactive ion etching. This process is performed either with induc-
tively coupled plasma (ICP) or electron cyclotron resonance (ECR) etching.
Optimization of the plasma etching allows the realization of very smooth
sidewalls and avoids a degeneration of the top mirror. This reduces opti-
cal losses due to photon scattering at surface irregularities, and provides
strong and uniform optical confinement in the micropillars. Here, ECR
etching has the advantage that undercutting of the lower DBR observed
for ICP etching is almost negligible [27]. An SEM image of a micropillar
with a diameter of 1.3 um and a height of about 6 ym is shown Fig. 13.5.
In this example, the bottom mirror was removed except for the last 2 - 3
GaAs/AlAs mirror pairs.

For practical reasons, it is interesting to study the influence of the mi-
cropillar geometry on the resonance Q-factor defined as the ratio E./v. of
the emission energy E. and the mode linewidth ~. (FWHM). This allows
one to address the influence of the number of mirror pairs in the DBRs on
the resonator quality and to choose micropillars with the maximum Q/d.
ratio for investigations of strong light-matter interaction. the measured
Q-factors are depicted in Fig. 13.6 versus the pillar diameter in the range
between 1 and 4 ym for three microcavity designs with 20/24 (MC1), 23/27
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(MC2) and 26/30 (MC3) mirror pairs in the upper/lower DBR.

Some interesting features can be identified in the data displayed in
Fig. 13.6. First of all, it is seen that the Q-factor drops with decreas-
ing cavity diameter d.. For sample MC1 with 20/24 mirror pairs, which
was processed by ICP etching, the Q-factor saturates above d, =~ 2.0 pym at
a value of about 10000 and decreases down to 5000 at d. ~ 1.0 um. Higher
Q-factors of up to 30000 were determined for MC2 with 20/24 mirror pairs
as a result of the higher reflectivity of the DBRs [27]. However, because
of strong underetching a strong decrease of the Q-factor is observed due
to diffraction losses in the underetched lower mirror. An increase of the
mirror pairs to 26/30 in case of MC3 further reduces the losses through the
DBRs in vertical direction leading to Q-factors of up to 90000 for a pillar
diameter of 4 um. For such high number of mirror pairs, the Q-factor de-
pends strongly on the influence of residual bandgap absorption in the limit
of large diameters. In the low diameter limit, the @) is mainly limited by
leaky modes and diffraction losses [30]. The latter could be strongly de-
creased due to optimized pillar processing using ECR etching with almost
no underetching. This certainly contributes to the significantly higher Q-
factors of MC3 exceeding 20000 below d. = 2 pum in comparison with MC2.
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For the experimental realization of strong coupling, large QDs provid-
ing a high oscillator strength are embedded in high-Q micropillar cavities
with a large number of mirror pairs in the lower and upper DBR. Here it
is crucial, to have the fundamental mode of the micropillar cavity located
in the low energy tail of the QD emission band with a low spectral density
of QD exciton lines in order to allow single dot investigations. A compar-
ison of the microcavity mode spectra with the ensemble QD emission of a
structure with an removed upper DBR is shown in Fig. 13.7. For the shown
micropillar diameters, the modes match the range dominated by single dot
lines seen on the low energy tail of the QD emission band as required for
single dot investigations. For a given cavity design, pillars with the maxi-
mum @/d. ratio have the highest coupling constant and are therefore most
suitable for investigations of strong coupling. Fig. 13.8 shows a diameter
dependence of typical Q-factors and @Q/d,. values for pillars based on MC1.
The highest Q/d, ratio of about 5000 um~1! is obtained for pillars with a
diameter of about 1.5 um which are the best candidates for the observation
of strong coupling. In addition to the spectral matching, spatial matching
with the field in the cavity is required to obtain the maximum coupling
strength. This requires the QD to be located laterally in the center of the
cavity which introduces some randomness, since it cannot be controlled
in the present technology due to the random distribution of the QDs in
the plane of the active layer. Thus, further technological optimization will
probably aim at the controlled positioning of QDs in the field maximum of
micropillar cavities in order to ensure a maximum coupling strength [31].

13.4. Experimental Techniques

Light-matter interaction in individual micropillar cavity structures is usu-
ally studied by means of micro-photoluminescence techniques. For optical
excitation, the laser-beam is focused into a few micron diameter spot, cen-
tered at the pillar by a microscope objective. Usually, continuous wave
(CW), non-resonant excitation at either 514 nm or 532 nm is used for op-
tical pumping. However, for photon correlation experiments described in
section 13.6 it is necessary to work with pulsed resonant excitation using a
mode-locked pulse Ti:sapphire laser in conjunction with an Hanbury-Brown
and Twiss setup [32]. The micropillar geometry is very advantageous with
respect to in- and outcoupling of light and the microscope objective applied
for excitation can also be used to collect the emission of the sample. The PL
is usually detected by a high resolution spectrometer in combination with
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a nitrogen cooled silicon CCD camera. For the tuning through resonance
the different temperature variation of the band gap and of the refractive
index n is exploited. The temperature dependence of the emission energy
of the quantum dot excitons (typically -0.04 meV/K at 25 K) is governed
by the temperature dependence of the band gap, whereas the temperature
dependence of the cavity modes (about -0.005 meV /K at 25 K) is deter-
mined by the much weaker temperature dependence of the refractive index.
By selecting micropillars with single QD exciton lines near, i.e., within a
range of 1 meV above the energy of the cavity resonance, it is possible to
tune the QD excitons in and out of resonance with the cavity mode.

13.5. Weak Coupling and Strong Coupling in
Micropillar Cavities

Light-matter interaction of single quantum dots in micropillar cavities was
first investigated about a decade ago [4, 5]. In the early works enhancement
and inhibition of spontaneous emission was observed in the weak coupling
regime. However, the onset of strong coupling was not reached in these
studies. Due the strong improvement in semiconductor technology it has
become feasible to fulfill the condition for strong coupling, i.e., the rate of
energy exchange exceeds any dissipative decay rate. This becomes possible
by optimizing both the quantum dot as well as the micropillar properties
as discussed in the previous sections [7].

13.5.1. Weak coupling

If the rate of exchange of energy between an quantum dot exciton and the
cavity mode is smaller than the underlying decay rates, then the exciton-
photon system is in the regime of weak coupling which is usually manifested
by an enhancement of the exciton recombination rate accompanied by an
increase of the QD emission intensity at resonance with the cavity mode.
The enhancement of recombination rate is described in terms of the Purcell-
effect [33] and can be observed in the PL spectra shown in Fig. 13.9. Here,
the temperature tuning of a single QD line through resonance with the
fundamental mode of a 1.8 ym micropillar cavity is presented. The energy
of the resonance has been placed at zero detuning. In this example stan-
dard (small volume) Ing ¢Gag.4As self-assembled quantum dots were used
in combination with a cavity exhibiting a rather low Q/d. = 3600 ym~—?!
ratio.
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Fig. 13.9. Light-matter interaction in the weak coupling regime. Temperature tuning
between 15 and 35 K is used to shift a single QD exciton X into resonance with the fun-
damental mode of a 1.8 um diameter micropillar cavity with a Q of 6500. On resonance
an enhancement of the emission intensity is observed due to the Purcell-effect.

The variation of the mode energies of the spectra shown in Fig.13.9 is
depicted in Fig. 13.10 (upper panel) as a function of detuning. As expected
for the weak coupling regime simple, crossing of the exciton line (X) and
the cavity mode (C) occurs at resonance, which can be explained in terms
of Eq. 13.3 when g? < (7. — 7x)?/16 and both eigenenergies have the same
real part. However, the emitter relaxation into its ground state which is
characterized by an exponential decay, is enhanced by the Purcell-factor
Fp,. A maximum Purcell-factor is expected for an ideal, resonant emitter
located at the field maximum with its dipole moment aligned along the
local electrical field. In this case F}, is given by

F, = Tree _ 3Q0/n)’ (13.7)
P Tcav 471'2‘7 ’ ’

where Tfpce and Tcq, denotes the spontaneous lifetime of the emitter in
free space and in the cavity, respectively [33]. In a real system spatial mis-
matching and emission into leaky modes reduces the experimental Purcell-
factor [4]. In the present case, the QD emission intensity is enhanced by
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Fig. 13.10. Mode energies (upper panel) and intensity of the QD exciton (lower panel)
as a function of detuning between the exciton (X) and photon mode (C). The weak
coupling regime is characterized by a simple crossing behavior of the mode energies and
an enhancement of the exciton intensity at resonance.

a factor of about 5 at resonance compared with its off-resonance value for
large detunings. This behavior typical for the weak coupling regime is il-
lustrated in the lower panel of Fig. 13.10, where the exciton intensity is
plotted versus detuning.

13.5.2. Strong coupling

Considerably different spectra have been recorded for an optimized pillar
structure with d. = 1.5 um and Q/d. = 4900 pm~!, and low density layer
of enlarged volume Ing 3Gag 7As quantum dots embedded in the center of
the A cavity. Temperature tuning of this optimized quantum dot - micropil-
lar structure is shown in Fig. 13.11 in a range of PL spectra 5 - 30 K. In this
example a clear qualitative difference in the emission properties is observed
in comparison with the data depicted in Fig. 13.9. First of all, an increase
of intensity at resonance is almost absent. Secondly, no simple line crossing
typical for the weak coupling but a well pronounced anticrossing (polari-
tonic) behavior is observed near resonance. Furthermore, the exciton and
photon modes exchange their properties, i.e., linewidths and intensities at
resonance. This is a clear signature of coherent coupling of two modes as
expected in the strong coupling regime [7].

In Figure 13.12 the measured peak energies and FWHM values for a
1.5 pm micropillar are plotted as function of the temperature [7]. For
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Fig. 13.11. Light-matter interaction in the strong coupling regime. Temperature tuning
between 5 and 28 K is used to shift a single QD exciton X through resonance with
the fundamental mode of a 1.5 pym diameter micropillar cavity with a Q of 7350. On
resonance at about 20 K pronounced anticrossing is observed as a fingerprint of the
strong coupling regime.

the strongly coupled system, the energies of the higher lying mode show a
rather strong variation before reaching resonance at about 20 K and a much
weaker dependence below 20 K. On the other hand, the lower laying mode
displays only a weak temperature variation at low temperature and changes
to a stronger temperature dependence above 20 K, i.e., after passing the
resonance. Here, the strong variation with temperature is associated with
excitonic behavior while the weaker temperature dependence identifies the
cavity mode. Therefore the anticrossing leads to a change from an exciton
like dispersion to a cavity mode like one for the upper branch, whereas the
lower branch changes from a cavity mode dispersion to that of an exciton
with increasing temperature. The energy separation of the coupled modes
on resonance of about 140 peV corresponds to the vacuum Rabi splitting of
this coupled single QD exciton solid state cavity system. Strong coupling
leads to a normal mode mixing at resonance which is reflected in equal
mode linewidths on resonance. For increasing temperature up to 30 K two
distinct modes are identified in the emission spectrum. However, at 30 K
the components of the emission have exchanged their properties in a way
such that the low energy line has a FWHM similar to that of the excitonic
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mode located at 5 K at higher energy. Simultaneously, at 30 K the high
energy line displays a FWHM which correspond to the values for the cavity
mode at low temperature.
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Fig. 13.12. Emission energy and linewidth (FWHM) as a function of detuning between
the exciton (X) and photon mode (C). The strong coupling regime with a vacuum Rabi
splitting of 140 peV is reflected in the anticrossing behavior of the mode energies and
the exchange of linewidth at resonance.

The discussed features are clear fingerprints of strong coupling between
the single QD exciton and the single photon mode. It is interesting to
estimate the coupling constant g from the experimentally obtained value
for vacuum Rabi splitting (AE, = 140 peV). Taking the measured cavity
linewidth into account the coupling constant equals to 80 ueV according to
Eq. 13.4. This value exceeds clearly the threshold g./4 = 45 peV (Eq. 13.6)
for the observation of strong coupling and confirms again that the strong
coupling regime has been reached. It is interesting to estimate the oscil-
lator strength according to Eq. 13.1 for the present coupling constant and
a mode volume of about 0.3 ym?® calculated numerically for the 1.5 pum
diameter micropillar cavity. One obtains an effective oscillator strength
of about 50 which is about five times higher than the values reported
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for self assembled InAs QDs. This indicates that the larger extension of
the Ing 3Gag7As QDs results in higher dipole moment. Similar oscillator
strengths are reported for natural quantum dots realized by monolayer fluc-
tuations in GaAs/AlGaAs quantum wells. It is clear that dots with large
oscillator strengths are crucial for the observation of strong coupling as the
threshold value g = ~./4 would not be reached for self assembled InAs dots
with a typical oscillator strength of about 10 for the present Q/d¢ values.

It is important to note that strong coupling refers here to the empty cav-
ity (vacuum) Rabi splitting and the strong coupling occurs between a single
QD exciton and single photon. A careful adjustment of the experimental
parameters is required for the demonstration of vacuum Rabi splitting. For
example, low excitation powers were applied in order to ensure that multi-
exciton effects can be ruled out. Still, the QD line could be a superposition
of two or more degenerated single exciton transitions related to different
dots. However, due to the low spectral density of QD emission lines which
is typically about one line per meV, the probability to find 2 lines emitting
within the spectral resolution of 50 peV is less than 1 %. This estimation
shows that multi-emitter contributions are very unlikely for the present
example of strong coupling. Nevertheless, it is interesting to prove the sin-
gle emitter regime experimentally by studying the photon statistics of the
emitted light which will be addressed in the next section of this review.
Also, the average photon number in the cavity mode must be much lower
than unity for the investigation of vacuum field Rabi splitting. Since most
of the applied laser power (2 uW, 532 nm) is absorbed in the GaAs sections
of the upper Bragg reflector it can be estimated that only a small fraction
of about 1 nW reaches the cavity. In the worst case estimation, all the
photons reaching the cavity are absorbed there, and the resulting carrier
pairs all relax in the dot under consideration. This results in an average
photon number of less than 1% in the present cavity with a photon lifetime
of about 5 ps. Therefore, effects due to the population of the cavity with
more than one photon at a time are considered to be negligible as required
for the observation of vacuum Rabi splitting.

13.6. Photon Antibunching in the Single QD Strong
Coupling Regime

In this section evidence will be presented that the emission from a strongly
coupled single QD-microcavity system is dominated by a single quantum
emitter. In particular, it will be shown that the strong light matter in-
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teraction originates from a single quantum emitter coupled to the cavity
mode. It is clear that this regime corresponds to the most fundamental
situation of light-matter interaction in semiconductors and needs to be dis-
tinguished from the semiclassical case of vacuum Rabi-splitting in quantum
well-mirocavity structures for which a large number of quantum well exci-
tons contribute to the coupling [29, 34]. Proofing the quantum nature of the
strongly coupled QD-microcavity system exploits the fact that photon emis-
sion from a single quantum emitter is antibunched [19]. Such a non-classical
emission behavior is expected for a single quantum dot strongly coupled to
a microcavity mode. The key to the observation of antibunching in such a
system is to resonantly pump a selected QD via an excited state. In this
case background population of the cavity mode by non-resonant emitters
which are usually excited by an above-band pump [7-9], is strongly reduced.
This is crucial for photon correlation experiments aiming at the proof of
the single dot regime since background population by non-resonant emitter
leads to uncorrelated photon emission of the cavity mode which masks the
antibunching property of a single resonant emitter.
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Fig. 13.13. PL spectra of a 1.8 pum micropillar under nonresonant and resonant p-shell
excitation at 725 nm and 931.1 nm, respectively.
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Studies of the photon statistic of a strongly coupled single quantum
dot-micropillar cavity system were performed on a sample based on a pla-
nar cavity with 26/30 mirror pairs in the upper/lower DBR and InGaAs
QDs with an In content of about 40% in the active layer. For this struc-
tures the highest @/d.-ratios are observed for 1.8 pm diameter pillars,
which typically exhibit Q-factors of 10000 - 20000, for a mode volume of
Vin = 0.43 pm~3. Usually, quantum dots in microcavities are excited non-
resonantly, i.e., above the bandgap of the surrounding GaAs cavity layer. In
this case, no cavity emission is expected if no QD level is resonant with the
mode. However, studies of QD high-Q microcavity systems show strong
cavity emission even when no QD is resonant with the cavity mode [7].
Here the coupling mechanism is most probably related to energy transfer
by acoustic phonons but no detailed study of the underlying processes has
been reported so far. Population of the cavity mode by non-resonant emit-
ters can be strongly suppressed by tuning the laser to resonantly pump the
excited state, i.e. p-shell exciton, of a selected QD [35] which quickly ther-
malizes to the QD ground state (s-shell). The effect of resonant pumping
on the cavity emission is illustrated in Fig. 13.13. CW above-band pumping
shown in the lower trace in Fig. 13.13 results in a strong cavity mode emis-
sion even though no resonant QD is present. In contrast, resonant pumping
of an excited state for a specific QD (937.1 nm in this case) allows a selec-
tive excitation of a chosen QD and reduces background cavity emission by
almost an order of magnitude.

Strong coupling of a resonantly excited QD with the mode of a 1.8 um
with a Q of 15200 is demonstrated in Fig. 13.14. Similar to Fig. 13.11
clear anticrossing is observed by temperature tuning of a selected QD
mode through resonance with the cavity mode. The mode dispersion and
linewidths of this resonantly pumped QD-cavity system show again an ex-
change of properties of the two lines where almost identical linewidths are
observed at the resonance temperature. Here, the vacuum Rabi splitting
amounts to 56 peV which corresponds to a coupling constant of g = 35 peV,
significantly higher than the threshold value ~./4 = 21 peV for strong
coupling. This coupling constant corresponds to an estimated oscillator
strength of about 20 which is notably lower than the one observed for
Ing.3Gag.7As QDs. The difference in oscillator strength is related to a lower
dipole moment of the 40% In QDs in consistence with their smaller lateral
extension. The smaller size of QDs is also reflected in a higher splitting
between the p- and s-shell of 25-30 meV in comparison to about 5 meV
reported for Ing 3Gag.7As QDs [36]. Even though the coupling constant is
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Fig. 13.14. Temperature dependent PL spectra of a 1.8 pm micropillar under resonant
p-shell excitation at 936.25 - 936.45 nm. Resonance characterized by a vacuum Rabi-
splitting of 56 peV is observed at 10.5 K.

lower for the smaller 40% In QDs they are more suitable for photon corre-
lation experiments since the larger sp-splitting facilitates resonant p-shell
pumping.

The quantum nature of the strongly coupled QD-microcavity system
and the single emitter regime is verified by measuring the photon autocor-
relation function g%(7) = (: I(t)I(t + 7) :)/(I(t))? of the PL emission. On
resonance, the lifetime of the emitter is strongly reduced to about 15 ps
which is twice the cavity lifetime. Photon antibunching at such short time
scales can not be resolved by conventional photon counting modules under
CW excitation. In fact, pulsed excitation is required to circumvent the
problem of limited temporal resolution. Under pulsed resonant excitation
the photons collected from the coupled QD-cavity system at resonance show
pronounced antibunching which is presented in Fig. 13.15. The observed
value of the autocorrelation function gZ,.(0) = 0.18 < 1/2 proves that the
emission from the coupled QD cavity is indeed dominated by the single
QD emitter. Further insight of the single quantum dot-microcavity system
is obtained by cross-correlation experiments under off-resonance condition.
First of all, for a detuning of 0.4 nm to lower energies the emission of the
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Fig. 13.15. Photon correlation function of the strongly coupled single quantum dot-
micropillar cavity system on resonance.

resonantly excited QD is antibunched as expected with gg(CQJ)C(O) = 0.19 as
can be seen in the left panel of Fig. 13.16. Interestingly, even under off-
resonance conditions the cavity emission with géQC) (0) = 0.39 < 1/2 shows
antibunching, which means that the cavity emission is dominated by a single
quantum emitter (Fig. 13.16, center panel). However, the slightly higher
value 9523 (0) = 0.39 indicates that even under resonant excitation some
background emitters contribute weakly to the cavity emission. Most inter-
estingly, the cross-correlation function between the QD exciton and cavity
emission 93(022 reveals strong antibunching with gfg = 0.22 (Fig. 13.16, right
panel) and conclusively proves that the single QD emitter is responsible
for both peaks in the PL spectrum. This strong correlation for the largely
detuned system implies that the QD emission is coupled efficiently into
the cavity mode which cannot be explained by radiative coupling. Further
studies are necessary to determine the exact mechanism responsible for this
coupling but most probably it is mediated by the absorption or emission of
thermally populated acoustic phonons.

13.7. Coherent Photonic Coupling of Quantum Dots

Coherently coupled solid state systems formed by interacting semiconduc-
tor quantum dots are of considerable interest for fundamental studies and
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Fig. 13.16. Photon correlation functions of the single quantum dot-micropillar system
for a detuning of the exciton line by 0.4 nm from the cavity mode. Left panel: Autocor-

relation function gf)z () of the exciton. Center panel: Autocorrelation function of the

(2)

cavity mode ggg (7). Cross-correlation function g, (7) of the exciton and cavity mode.

for applications including quantum information processing [11]. For ap-
plications in quantum information processing systems, energetically close
entangled transitions such as in excitonic molecules, where excitons are
located in two electronically coupled quantum dots, or biexciton transi-
tions in a single quantum dot have been proposed. These investigations of
coherent coupling between quantum dots have focused on electronic cou-
pling by Coulomb interaction or by quantum mechanical tunnelling of car-
riers [37-39]. The latter coupling mechanism has stringent technological
requirements primarily due to the short interaction length of the tunnelling.
In order to show significant tunnelling, the two quantum dots should be lo-
cated within a few nanometers of each other and their energy levels should
match. A long range photonic coupling of quantum dots can be mediated
by the optical mode of a micropillar cavity providing three dimensional op-
tical confinement. Here, the coupling of the dots results in a large splitting
of 250 peV at resonance due to the coherent interaction with two emitters.

In this section, it will be shown that a photonic coupling can be used to
provide a coherent interaction between two quantum dots and an optical
mode of a micropillar cavity. This system represents a new type of quantum
dot molecule with greatly reduced requirements for the spatial separation
of the dots (on the order of the wavelength of light, i.e., a few 100 nm) in
comparison with electronically coupled molecules (a few nanometers). A
system in which two quantum dot excitons are coupled coherently by the
optical mode can be realized only if the quantum dot exciton transition
energies are sufficiently close, i.e., if they have a spectral separation smaller
than or comparable to the exciton - photon coupling energy. The transition
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energies of the quantum dot excitons formed by self assembly in epitaxy
of non-lattice matched semiconductors vary due to size and composition
fluctuations. This allows us to observe two QDs with spectrally distinct
but energetically close exciton emission lines. The large photon field in a
micropillar cavity can then be used to couple the emitters coherently in
the regime of strong coupling. In particular, a light - coupled coherent QD
system is realized when two quantum dot excitons are tuned on resonance
with the optical mode and interact jointly with photons in the optical mode
of the cavity.

C
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aadih — 340K

Intensity (a.u.)

= o—
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1 1 1 1 1

1.3266 1.3269 1.3272 1.3275 1.3278
Energy (eV)

Fig. 13.17. Temperature dependent PL spectra of a 1.8 pum micropillar showing coherent
photonic coupling of two QD excitons (labeled X1 and X2) mediated by the strong light
field of the cavity mode C. Resonance with the cavity mode is observed for 29.5 K.

Coherent photonic coupling is demonstrated in a micropillar with a
diameter of 1.6 pm and a Q of 9600 for which two almost degenerate
Ing.3Gag.7As QDs show strong coupling with the cavity mode. The low tem-
perature (22 K) emission of the respective structure is shown in Fig. 13.17
and consists of the cavity line (C) located at about 1.3273 eV and two
higher lying excitonic transitions of two different QDs, which are labelled
X1 (exciton at about 1.3276 V) and X2 (exciton at about 1.3277 eV) [40].
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As will be shown below, it is crucial for the observation of coherent pho-
tonic coupling that the energetic spacing between the two X lines (about
120 peV) is smaller than the linewidth (FWHM) of the cavity mode of
about 140 peV in the present case. Again, temperature tuning is applied in
order to shift the QD excitons through resonance with the common cavity
mode. At low temperatures the cavity mode is located at lower energy
than both X1 and X2. At above 30 K the cavity mode has become the
highest lying component of the spectrum. At low or at high temperatures,
i.e. for an uncoupled system, the cavity mode is characterized by a higher
intensity and a larger spectral width in comparison with the dot lines. No
crossing of the lines is observed in the whole temperature range and all lines
have similar intensities and widths near resonance, as expected for strong
coupling. Unlike to the situations discussed in the previous sections, strong
coupling involves simultaneously two QD excitons and the cavity mode and
mode mixing of three modes occurs.

More information on the underlying coupling mechanisms and the re-
spective coupling constants is obtained by studying the dispersion rela-
tions. The respective energy dependencies of the QD excitons and the
cavity mode are obtained from evaluations of the experimental data using
Lorentzian lineshape fits and are plotted in Fig. 13.18 for coherent (up-
per panel) coupling as a function of detuning. The quantum dot excitons
X1 and X2 (open triangles and squares) and the cavity emission (full cir-
cles) have characteristic temperature dependences out of resonance, which
can be used to identify them as cavity mode (weak temperature (T) de-
pendence) and quantum dot excitons (stronger T-dependence). In case of
the coherent coupling, the temperature dependencies of two of the three
lines clearly change character when going through resonance at about 29.5
K. Above the resonance temperature the high energy line shows a weak
temperature dependence, like that of the cavity at low temperatures, and
the two lines now at low energy have acquired the characteristic strong
temperature dependence observed for the QD excitons below resonance
temperature. The smallest separation between the two outermost lines of
the triplet is reached at resonance with a splitting of 250 peV. In addition
to the experimental data, results of calculations which have been obtained
by using a model of three coupled oscillators are presented in Fig. 13.18 as
solid lines. The calculations are based on an extension of earlier two os-
cillator calculations and allow the determination of the coupling constants
under the assumption that the dots are positioned in the maximum of the
electromagnetic field of the fundamental mode in the micropillar cavities.
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Fig. 13.18. Emission energies of the excitonic (X1: v, X2: [), cavity (C:e) and mixed
modes (%) of the experimental spectra shown in Fig. 13.17 and Fig. 13.19, respectively.
The upper panel corresponds to coherent photonic coupling of X1 and X2 while sequential
strong coupling is illustrated in the lower panel. Results of modelling the experimental
data by a three oscillator model are plotted in solid lines.

This is ensured for the vertical direction by the position of the QD layer in
the center of the cavity while the positions of the self-assembled QDs are
random in the plane of the dots as discussed in section 13.3.2. The Rabi
splitting is characterized by the scalar product of the dipole moment and
the electrical field. Thus, the above assumption results in a tendency to
underestimate the dipole moments of the excitons in the evaluation. Using
the the experimental Q-values and the experimental values for the spec-
tral separation of the two dot excitons as input, the dispersion relations
can be modelled in good agreement with experiment. The modelling yields
values for the exciton - photon coupling constants of the two excitons of
g1 =66 pueV (X1), go = 76 peV (X2). The individual values are consistent
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with the oscillator strength 40 - 50 of the large Ing.3Gag.7As QDs used in
the present investigation.

X1 X2

C
_/\"\—___41.0 K.

Intensity (a.u.)

'22.0K - ¢ X1 X2
1.3265 1.3270 1.3275 1.3280
Energy (eV)

Fig. 13.19. Temperature dependence of photoluminescence spectra for a micropillar
cavity (dc = 1.8 um) showing a sequential strong coupling of two excitons (X1 and X2)
with the cavity mode (C). Resonance with the cavity mode is observed for 33 K (X1)
and 37 K (X2), respectively.

Coherent photonic coupling needs to be distinguished from a sequen-
tial strong coupling which can appear when the energetic separation § be-
tween two excitonic transitions is significantly larger than the cavity mode
linewidth. Resonance tuning of such a system is presented in Fig. 13.19
which shows temperature dependent PL spectra of another micropillar with
a cavity mode C and two nearby QD excitons X1 and X2. In this case, § is
notably larger then the cavity mode linewidth of 160 peV and amounts to
315 peV. When the temperature is increased from 22 K to 41 K, first the
exciton X1 goes into the strong coupling with the cavity mode. The cor-
responding vacuum Rabi splitting is about 100 peV, which is significantly
smaller than in the previous case of two QDs. For higher temperature, the
cavity mode has a separate anticrossing of a similar magnitude with the
second dot exciton X2. These two strong interactions are well separated
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and correspond to the behaviour of an individual QD exciton in strong
coupling with an optical mode. The solid lines show results again from
calculations which provide coupling coefficients of the two quantum dot
excitons of g1 = 62 peV, and g2 = 56 ueV.

The total splitting in the coherent coupling case exceeds values for the
vacuum Rabi splittings from individual dots in similar pillars by a factor of
about 2. The observed splitting is attributed to both the cavity-exciton in-
teractions as well as to the splitting § of the two QD excitons at low T. Here,
the coherent coupling part can be described by the effective Hamiltonian
(neglecting dephasing) of three interacting oscillators:

H= Y EBadbio—(1/2) Y ga [aﬁcaa +atac] +Cy (13.8)
a=C,X1,X2 a=X1,X2
where E¢, Ex1 and Exo are the energies of the cavity mode, and ex-
citons X1 and X2. a, and af, denote the corresponding destruction and
creation operators, g1 and go represent the two exciton-photon coupling
constants, and Cy = (E¢ + Ex1 + Ex2) /2. This results in the following
determinant for their eigenvalues:

E.—FE ¢ 92
g Exi—E 0 =0 (13.9)
g2 0 Exs—FE

In the degenerate case with Ex; = Exs and g1 = g2, the vacuum Rabi
splitting arises due to the coherent interaction with two equal emitters and
the effective coupling \/¢% + g3 = V/2g increases by a factor of v/2 compared
to the single dot case which is well known for strongly coupled systems [41].
In the general case, the splitting is also influenced by the energetic splitting
between the two excitons and one obtains

AE ~2./2¢g2 + (62/4) + [(A +5/2)?] /3 (13.10)

for the total splitting of the three modes, where A = Ex1—F¢, and g1 =
g2 = g is used for simplicity. On resonance, i.e. A = 0, both the coherent
part g as well as the splitting § give contributions to the total splitting.
In case of the data shown in Fig. 13.17 the coherent part dominates while
d =~ 120 peV contributes only by approximately 20% to the increase of
the splitting in comparison with to the single dot case. For large enough
energy differences between the two quantum dot excitons, they will come
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into resonance with the cavity mode in sequence rather than simultaneously
as shown in Fig. 13.19.

13.8. Conclusion

In conclusion, single quantum dot - micropillars have been proven to be
an attractive system for CQED experiments on fundamental light-matter
interaction. Due to the enormous progress in semiconductor technology
in recent years, both the properties of the single quantum emitters, i.e.
quantum dots, as well as the optical properties of low mode volume mi-
cropillar cavities have been improved considerably to allow now studies on
the single particle level. In particular, the long sought solid state imple-
mentations of strongly coupled cavity mode - two level emitter systems has
been demonstrated by using single quantum dots in high quality factor cav-
ities with small mode volumes. In this article we have also presented proof
of the quantum nature of the strongly coupled quantum dot-micropillar
cavity system which is nicely reflected in pronounced photon antibunching
of the emitted photons. Also the feasibility of coherent photonic coupling
of quantum dots has been demonstrated which could be a versatile basis of
quantum information building blocks in the solid state.
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Chapter 14

Entangled Photons via Biexciton-Resonant
Hyperparemetric Scattering
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Generation of polarization-entangled photons from a biexciton via reso-
nant hyperparametric scattering is reviewed and discussed. The quan-
tum state of the generated photon pair is characterized using quantum
state tomography.
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14.1. Introduction

Entanglement is one of the essential resources of quantum information and
communication technology. The non-local nature of entanglement con-
flicts with classical local realism, as pointed out by Einstein, Podolsky and
Rosen [1]. The existence criterion of the non-local quantum correlation
was formalized by Bell’s inequality [2] and by its generalization known
as CHSH-Bell’s inequality [3]. From the 1960s through the 80s several
experiments [4-9] had been carried out to test Bell’s inequality; they had
demonstrated the violation of Bell’s inequality and thus manifested the exis-
tence of non-local quantum correlations brought by entanglement. In these
early experiments, photon pairs emitted from atomic cascades are used to
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Fig. 14.1. Schematic diagram of entangled photon pair emission via atomic cascade in
calcium.

hold entanglement in their polarization states. Following to such pioneer-
ing works, a number of methods to generate entangled photons have been
proposed. To date, parametric down-conversion (PDC) has been being the
most popular and powerful method to obtain entangled photons [10, 11].
Most recently, entangled photon generation using semiconductor materi-
als [12-16] attracts attention because of its potential for the realization
of entangled photon emitting diodes in the near future. In these experi-
ments, cascaded photon emission from a biexciton, a solid state analogue
of the atomic cascade, was used to generate polarization entanglement [17].
In this chapter, we review the experimental results on the generation of
polarization-entangled photons from a biexciton in a CuCl crystal via res-
onant hyperparametric scattering [12, 16], and discuss the quantum state
of the generated photon pairs.

14.2. Entangled Photon Generation via Atomic and
Biexciton Cascades

Prior to describing the entangled photon generation via biexciton in semi-
conductor materials, it is worth noting atomic cascade emission; both have
the same principle in the entangled photon generation. Entangled photons
emitted from atomic cascades were investigated using calcium [4, 5, 8, 9]
and mercury [6, 7] atoms. For example, a diagram of the atomic cascade in
calcium is illustrated in Fig. 14.1. The atom is excited from its ground state
lg)=(4s? 1Sp) to the excited state |e)=(4p? 1Sy) by two-photon excitation

[8]. The excited state consists of two excited 4p electrons forming zero
total angular momentum (J=0). Thus, the angular momentum part of the
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Fig. 14.2. Schematic diagram of entangled photon generation via cascade emission from
a biexciton.

excited state is

&)=~
YTV
where |m); denotes the state of each excited electron (i=A or B) represented
by the orbital magnetic quantum number m . The excited state decays to
the intermediate state |i)=(4s4p 'P;) by emitting a visible photon (wave-
length A = 551.3 nm), and the intermediate state decays back to the ground
state |g) by emitting another photon (A = 422.7 nm). In this scheme, the
total angular momentum J of the atom changes as J =0 — 1 — 0. As-
suming that the two photons are emitted along the quantization axis, the
second term in Eq. (14.1) does not contribute to the optical transition. As
a result, if we observe the two photons emitted to opposite directions, the
photon pair is entangled so that their polarization state is the maximally
entangled state

1 1
=—(L)alL)s + |R)a|R)B) = —= (JLL) + |RR)), 14.2
[¥) ﬂ(l )all)p + [R)a[R)B) ﬂ(l ) +IRR)) (14.2)
where L and R denote the polarization state (L: left circular, R: right
circular) of each photon. The polarization entangled state (14.2) can be
rewritten in linear polarization bases as

1
¥ = 75

where H and V denote horizontal and vertical linear polarizations, respec-
tively. Thus, from this atomic cascade, generation of entangled photons in
the triplet Bell state is expected. For instance, Aspect et al. performed the
test of CHSH-Bell’s inequality [3] utilizing the photons thus generated [8, 9].

The excitonic system in a semiconductor quantum dot (QD) can also
be used to generate entangled photon pairs. Benson et al. pointed out that

(I+Dal =D = 10)al0)s + | = 1)al+ 1)s), (14.1)

(IHH) —[VV)), (14.3)
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cascaded two-photon emission from a biexciton, i.e., a bound state of two
excitons, can be used to generate polarization entanglement [17]. Similar to
the atomic cascade described above, the biexciton decays into the ground
state via an exciton state emitting two sequent photons. The lowest bound
state of the biexciton has zero total angular momentum (J = 0). The
optically-allowed (bright) exciton is J = 1 and the ground state is J = 0.
Thus, the change in angular momentum of the biexciton cascade is the
same as that of the atomic cascade, resulting that the emitted photon pair
has the polarizatioin entanglement:

1 1
¥ =7 7

Note that we assume here that we observe the two photons emitted to the
same direction, whereas we assumed to observe the two photons emitted to
opposite directions in Eqgs. (14.2) and (14.3)

In spite of the theoretical prediction described above, entangled photon
generation from semiconductor QD has not been successful until most re-
cently, mainly for the following reason. Most of self-organized QDs have
small asymmetry in shape that induces the splitting of the exciton energy

(JILR) + |RL)) = (JHH) + [VV)). (14.4)

levels depending on their polarizations. In practice, it is quite common
that the spactra of single QD emission (biexciton as well as exciton emis-
sion) splits into two components depending on the polarizations [18, 19].
The splitting causes the distinguishability between the photon pairs emit-
ted from the biexciton cascade depending on the polarization. Let the two
principal axes of the polarization be set as H and V. Note that the two-
photon polarization state is no longer the superposition of the two as shown
in Eq. (14.4) but the statistical mixture of |[HH) and |VV). The density
matrix representation of the state is

p =5 (HH)(HH] + [VV)(VV]) (14.5)

which is the mixed state that has only a classical correlation. The state
shows classical correlation when the polarization is observed along their
principal axes; it however does not exhibits any correlation when observed,
for instance, in circular polarization or £45° polarization bases. Thus,
the state (14.5) is not entangled. Such mixed state of the two-photon
polarization was observed experimentally [20]. Most recently, two exper-
imental groups reported the generation of polarization entangled photons
from a single QD [13-15]. The two groups took different approaches to
realize the entanglement. One used QDs having reduced asymmetry and
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Fig. 14.3. Schematic diagram of biexciton-resonat hyper parametric scattering (RHPS).
(a) A simple picture that explains two pump photons (frequency: wp) are converted to
the two scattered photons (ws, wgr). (b) The diagram taking account of the exciton-
polariton dispersion drawn in two dimensions of momentum space. The red curve on the
polariton-dispersion surface indicates the states on which the phase-matching condition
can be satisfied.
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Fig. 14.4. Observed RHPS spectrum of CuCl crystal at 4 K. The downward arrow
indicates the photon energy of the pump light (hw,=3.1861 eV). The peaks indicated
by ws and wgs are the lights emitted via the RHPS. The peaks My, and Mt are resonant
biexciton luminescence leaving longitudinal and transverse excitons, respectively.

added in-plane magnetic field to match the spectra for H and V polariza-
tions [13, 14]. The other used spectral filtering of the emission spectra
selecting identical spectra from the overlapping spectral range of the two
polarized emissions [15].

Entangled photon pairs can also be generated using biexcitons in bulk
semiconductor crystal, via the process called biexciton-resonat hyper para-
metric scattering (RHPS) [12, 16]. In the process, as illustrated in Fig. 14.3,
two pump photons (frequency: w,,) create the biexciton by resonant two-
photon excitation. The biexciton decays into the ground states emitting
two scattered photons (ws, we). Figure 14.4 presents an example of the
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RHPS spectra observed in a CuCl crystal. The two peaks indicated by wg
and wg are the signals emitted via the RHPS. The photon pairs thus gen-
erated also hold the polarization entanglement (14.4), reflecting the zero
angular momentum of the biexciton. Although the RHPS, or two-photon
resonant Raman scattering in other words, has been extensively studied
since the 1970s [21-28], the applicability of the process to the generation of
entangled photons was theoretically pointed out only recently [29]. RHPS
is a x® nonlinear process concerning four photons, whereas PDC is a y(?
nonlinear process concerning three photons. In the RHPS, the photons
concerned must obey a certain phase matching condition, as in PDC. Since
the photons in the crystal forms exciton-polaritons as a consequence of
strong exciton-photon interaction, the phase matching condition must take
the dispersion of the exciton-polariton into account [21-28]. The result is
that the two scattered photons are emitted along the two almost identical
conical surfaces, as in the type-I1 PDC’s case [11]. In addition, recent theo-
retical works have predicted that RHPS will be dramatically enhanced in a
microcavity [30, 31] or films having specific thickness [32]. In this context,
RHPS in CuCl film has been demonstrated experimentally [33].

14.3. Observation of Entanglement

14.3.1. Polarization correlation measurement

In order to observe and evaluate entanglement held by photon pairs, we
must perform (i) simultaneous measurement of physical quantities of con-
stituent photons and (ii) analysis of correlation between them. In the ob-
servation of polarization entanglement, projection measurement of the two-
photon polarization state incorporating coincidence measurement is neces-
sary. Let the polarization states of photons selected by the two polarization
analyzers be a and (3, respectively. For instance, « and 3 may be H, V| L,
or R. The two-photon polarization sate onto which the state is projected
is |af). The probability p.sthat finds the system in the polarization state

laf) is
pap = Tr{plaB)(ab}, (14.6)

where p is the density matrix of the two-photon polarization state. If the
polarization state of the photon pair is in a pure state |¢), p = [¢)(¢)] and

Pap = [(aBlY) . (14.7)
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Fig. 14.5. Schematic illustration of the experimental setup for observing entangled pho-
ton pairs generated from RHPS in CuCl crystal. SHG: second harmonic generation. ND:
neutral density filter. PMT: photon counting photomultiplier.

The rate of coincidence measurement of the photon pairs in which the po-
larization state is projected onto |a3) is proportional to pag. For example,
if the state is in the entangled state (14.4), it is expected that the projection
measurement gives equal probabilities 1/2 for LR, RL, HH and VV polar-
ization combinations. Note that if the state is in the mixed state (14.5),
which has only a classical correlation, it shows perfect correlation in the lin-
ear polarization bases (H, V) but no polarization correlation in the circular
bases (L, R).

Figure 14.5 presents the experimental setup used to observe entangled
photon pairs generated from RHPS in a CuCl crystal [16]. In this ex-
periment, a femtosecond mode-locked Ti:sapphire laser having a 1 GHz
repetition rate was used as a pump source. The high repetition pumping
is essential for the reduction of accidental background signals. The second
harmonics of the pump light was then spectrally filtered by a zero-dispersion
double monochromator to be in the two-photon resonance with the lowest
biexciton (fiw,=3.1861 ¢V). The output light from the monochromator was
focused on the sample through an ND filter. In order to suppress the ac-
cidental coincidence of uncorrelated photons, the pump power was set to
around 10 pW. The emitted photons from the sample were fed into the op-
tical multi-mode fibers connected to the two monochromators. Using the
polarization analyzers consisting of a quarter wave plate and a polarizer in
front of each fiber, we measured the polarization projection measurement
as described above. The photons having appropriate frequencies, ws and
wg (See Figs. 14.3 and 14.4), were selected by the monochromators #1
and #2, and were detected by the two photomultipliers. The time-interval
analyzer recorded the difference in arrival time between the photons.
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Fig. 14.6. Time correlation histograms of the photon pairs generated from RHPS in
CuCl crystal. Polarization correlation measurements were made in circular (L, R) and
linear (H, V) polarization bases. The central peak at 7 = 0 is the correlated two-photon
coincidence signal originating from one biexciton. The background signal at 7 # 0 results
from the uncorrelated photons.

Figure 14.6 presents an example of the polarization correlation measure-
ments thus obtained [16]. In the figure, histograms of the coincidence count
rate are shown for a set of polarization combinations, as a function of delay
time 7 between two photons detected. In the histogram, the central peak
at 7=0 is the correlated two-photon coincidence signal originating from a
biexciton. Thus, the polarization correlation of this central peaks presents
the quantum correlation. On the other hand, the noisy background sig-
nals that appear at 7 # 0 originate from uncorrelated photons generated
by independent pump pulses (interval: 1 ns) and have no polarization cor-
relations. In these histograms, it is clear that the coincidence signals at
7=0 appear for counter circular (LR and RL) or parallel (HH and VV)
polarization combinations, in consistent with the theoretical prediction in
Eq. (14.4).

14.3.2. Violation of Bell’s inequality

An explicit and quantitative prove of the non-local quantum correlation
brought by entanglement is to examine the inequality proposed by Clauser,
Horne, Shimony and Holts (CHSH) [3]. According to the CHSH theory,
Bell’s inequality can be written as

S =|E(0a,08) — E(0a,05) + E(04,08) + E(04,05)| <2, (14.8)
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and E(fa,0p) is given by

C(0a,08) + C(0x,05) — C(0x,08) — C(0a.05)
C(0a,05) + C(0%.0%) + C(0x,05) + C(0.0%)

where C(0a,60B) is the coincidence count for each polarization angle and
0} = 0; + 90°. The maximally entangled state (14.4) violates Bell’s in-
equality; we obtain S = 2v/2 > 2 at 0, — 0x = 45°, O — A = 22.5°, and
0 — 0a = 67.5°.

In order to confirm experimentally that the generated photon pairs ac-
tually violate CHSH-Bell’s inequality (14.8), we must measure the polariza-
tion correlation for 16 combinations of analyzer setting (64 = 0°, 45°, 90°,
135°; 0 = 22.5°, 67.5°, 112.5°, 157.5°). From the measurements similar
to those in Fig. 14.6, coincidence counts C(64, 0p) were recorded for the 16
polarization combinations. From the result, the S value of 2.34 £+ 0.10 > 2
was obtained. It is clear that the S value apparently violates Bell’s inequal-
ity by more than 3 times the standard deviation. Although the obtained S
value violates Bell’s inequality, the obtained S value was smaller than the
ideal value 2v/2. This indicates the degradation of entanglement to some
extent, as discussed below.

E(0,08) = (14.9)

14.3.3. State tomography

Polarization entanglement between two photons is evaluated from their den-
sity matrix. The density matrix for the entangled state (14.4) is expressed
as

1001
1 1{0000

p = 5 ([HEH) +[VV)) (HH|+ (VWD = 5 | g 00 (14.10)
1001

In this matrix representation, |[HH), |HV), [VH), and |VV) are used as the
basis set. The maximally entangled state holds full coherence between the
constituent bases and thus the diagonal (|HH)(HH| and [VV)(VV]) and off-
diagonal (JHH)(VV| and |[VV)(HH]|) elements have the same absolute value
1/2 in the density matrix (14.10).

In order to obtain experimentally the density matrix of two-photon po-
larization states, we must observe the polarization correlation described in
Sec. 14.3.1 for various polarization combinations. Then, using the proce-
dure called state tomography [34], we can reconstruct the density matrix
that is estimated from the experimental data. The number of bases, or the
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dimension of Hilbert space, of a 2 qubit system is 2 X 2 = 4, and thus the
minimal number of polarization combinations in the correlation measure-
ment required to reconstruct the density matrix is 42 = 16. Mathematically,
we can reconstruct the density matrix from the 16 combinations of the ex-
perimental data by linear algebra. In practice, however, errors and noises
in the experimental data usually make the reconstructed density matrix
unreliable; sometimes it produces unphysical density matrices that have,
for instance, negative eigenvalues. In such cases, we should reconstruct the
density matrix from more than 16 experimental data by maximum like-
lihood estimation [34] so that the resultant density matrix is not to be
unphysical.

Fig. 14.7. Reconstructed density matrix of the two-photon polarization state for the
photon pairs generated from RHPS in CuCl.

Figure 14.7 shows the histogram of reconstructed density matrix of the
two-photon polarization state of the photon pairs generated by RHPS in a
CuCl crystal [16]. To obtain the density matrix, data of 22 combinations in
polarization correlation measurements, including those shown in Fig. 14.6,
were used. The diagonal elements reflect the polarization correlation in
the linear polarization bases (HH, HV, VH, and VV) in Fig. 14.6 and the
off-diagonal elements show the coherence between them. We see that the
values of diagonal elements (|HH)(HH| and |[VV)(VV]) and the off-diagonal
elements ([HH)(VV| and |[VV)(HH]) are close to 0.5 and other elements are
almost zero. Thus we see that the experimentally reconstructed density
matrix is quite close to the expected one shown in Eq. (14.10).

Strictly speaking, however, there are some deviations from the ideal
one indicating that the entanglement is degraded to some extent by, for in-
stance, imperfection of the source and disturbance from environment. The
first signature of the degradation is an imbalance between the coefficients of
|[HH)(HH| and |[VV)(VV]. This degradataion comes from the experimen-
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tal condition in which we expect the geometrical imbalance between the
intensity of H and V polarizations of the generated photons [16, 25, 26].
The second signature is the appearance of diagonal elements [HV)(HV]|
and |[VH)(VH| that are not expected originally to appear. This may hap-
pen when some noises are mixed up to the original state. Actually, such
a noise comes from the accidental coincidence signals originating from un-
correlated photons. The third signature of the degradation, which is not
significant in our reconstructed density matrix, is a disordered phase rela-
tionship between |HH) and |VV). In this case, the amount of off-diagonal
elements (JHH)(VV| and |[VV)(HH|) becomes smaller. The extreme case of
the phase disorder results in the classical mixed state such as Eq. (14.5), in
which all the off-diagonal elements are 0. Thus, by analyzing the density
matrix, we can make an estimation of the degree of entanglement and the
origins of its degradation.
The fidelity (F') defined by

F = Wl (14.11)

is a measure that evaluates the closeness of the state expressed by the
density matrix p to the ideal pure state |¢). More generally, the fidelity of
the state p to the state expressed by a density matrix pg is defined by

F= <Tr \/p_op\/%>2. (14.12)

F takes a value in the range from 0 to 1. It is obvious that F=1 for the
ideal state: p = pg. The fidelity of the reconstructed density matrix shown
in Fig. 14.7 to the ideal maximally entangled state (14.10) is calculated
to be F=0.85. The fidelity of the classically correlated states (14.5) to
the maximally entangled state is F'=0.5; this is the upper bound of the
fidelity of any classical state to the maximally entangled state. Thus the
result F'=0.85 manifests that the observed two-photon polarization state
has true entanglement beyond the classical limit. If one consider a state
that models the degradation of entanglement assuming the imbalance of
the polarization at the source and the mixture of noise originating from
uncorrelated photons, the fidelity of the reconstructed density matrix to the
model state is 0.94. This means that the degradation of entanglement in the
observed sate is almost expressed by the two origins modeled in the analysis.
It is noteworthy that a part of such degradation can be compensated by
local filtering of the polarization, i.e., by entanglement distillation [35].
Entanglement of formation (EF), or ebit, is a measure of entanglement; 1



366 K. Edamatsu

ebit corresponds to a pair of qubit in a maximally entangled state and Ep
quantifies how much ebit can be constructed from the state concerned, or
how much ebit is necessary to construct the state, by use of local operation
and classical communication (LOCC) [36]. Concurrence (C) and tangle
(T = C?) are also used as quantitative measures of entanglement. In a
2-qubit system, C' and T' can be calculated from a density matrix and then
we can obtain Er [37]. The value of Er obtained from the density matrix
shown in Fig. 14.7 is Er=0.65. It means that if we have 100 sets of the
two-photon state, we can get 65 pairs of maximally entangled photons via
LOCC. Taking account of the fact that Er=0 for the classically correlated
state (14.5), our state shown in Fig. 14.7 has considerably high degree of
entanglement, even though it is not perfect.

14.4. Summary and Outlook

We have discussed the generation of entangled photons via biexciton-
resonant hyperparametric scattering in a CuCl crystal. From the first
realization of entangled photons using atomic sources, a lot of works on
the generation of entangled photons have been carried out. Biexciton cas-
cades in semiconductor materials will open the way of realizing entangled
photon emitting diodes. Such a practical source of entangled photons is
one of the key technologies in the development of quantum information
and communication technology.
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Chapter 15

Entangled Photon Pair Emission and Interference from
Single Quantum Dots

R. M. Stevenson, R. J. Young, and A. J. Shields

Toshiba Research Furope Ltd., Cambridge Research Laboratory, 208
Cambridge Science Park, Milton Road, Cambridge CBj 0GZ, United
Kingdom

We review in this chapter our recent realization and development of en-
tangled light emission from individual InAs quantum dots. We describe
how energetic which-path information is circumvented by attention to
the confinement energy of the dot, resulting in generation of entangled
photon pairs with up to 76% fidelity. Improvements in device design are
detailed that reveal the importance of controlling the charge of the dot
in order to maximize both emission intensity and fidelity. Finally we
present interferometric measurements of the entangled biphoton state
that shows a two-fold enhancement of the de Broglie wavelength com-
pared to single photons.
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15.1. Introduction

Entanglement between two qubits is a fundamental requirement for quan-
tum computing, and for optical qubits this resource takes the form of a pair
of entangled photons. The importance of entangled light states extends into
other quantum optical technologies, such as secure quantum communication

369
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over long distances [1], and quantum interferometry and metrology [2-5].

Generating entangled photon pairs with semiconductor devices is very
appealing, the technology is convenient, well-established and lends itself
well to low cost mass production. A more subtle advantage for semicon-
ductor light sources is the possibility to link solid-state quantum operations
with optical qubits, which are otherwise only weakly interacting.

We review here the first experimental realization of a semiconductor
source of triggered entangled photons. The triggered nature of the device
limits the emission to no more than one photon pair per emission period.
This is essential to avoid errors in applications, and is a precursor to an
on-demand source required for efficient quantum computing. We go on
to identify the factors limiting the performance of the entangled photon
source. Of particular interest, we find that operation of the device is close
to the limit of slow spin scattering, and this situation can be furthered by
the control of the exciton-charging probability. In addition, we find that the
entangled biphoton is surprising robust against dephasing, in stark contrast
to the devastating effect of decoherence upon single photons emitted by
similar structures.
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Fig. 15.1. (a) An energy level diagram illustrating the optical transitions involved in the
decay from the biexciton state (XX) through the intermediate exciton states (X) in an
ideal quantum dot. (b) Polarized photoluminescence spectra from a single quantum dot,
the peaks correspond to emission from the XX and X states as indicated. (c¢) The energy
level diagram for the optical decay of the biexction state modified by a splitting between
the bright exciton states. Colors indicate photon polarizations; black (white) corresponds
to left (right) hand circular and red (grey) corresponds to vertical (horizontal).

The device design employs a single quantum dot as the active region,
which was previously proposed as a source of entangled photon pairs by
Benson et al. [6]. In the ideal case, the emission sequence is represented by
figure 15.1(a), and proceeds as follows. The quantum dot is excited into
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the biexciton state (XX) consisting of two electrons and two heavy-holes.
Only recombination of an electron and hole with opposing spins can couple
to the optical modes. Recombination of the spin-up electron, followed by
the spin-down electron, emits a o~ polarized photon followed by a ot
polarized photon, or, vice versa. Provided that there is no additional way
to distinguish the polarization of a photon, the order of recombination is
unknown until measured. Thus the emitted pair exists in a superposed,
maximally entangled state (|[RxxLx) + |[LxxRx))/v/2, where L and R
denote the left and right hand polarizations of the circular basis, and the
XX and X subscripts denote the biexction and exciton photons respectively.

Unfortunately, the situation in reality is generally not ideal [7—9]. The
expected entangled state ([RxxLx) + |LxxRx))/v/2 can be re-written
as (|HxxHx) + |[VxxVx))/v/2 in the rectilinear basis, and ([DxxDx) +
[AxxAx))/+/2 in the diagonal polarization basis, where H, V, D, and
A represent horizontal, vertical, diagonal, and anti-diagonal polarizations.
Thus the polarization of the second photon is expected to correlate with the
first, and have the same linear, or opposite circular, polarization. Initial ex-
periments showed that only rectilinear polarization correlation is observed,
and thus the emission from the quantum dots is not entangled [7-9]. The
lack of entanglement is attributed to distinguishability of the orthogonally
polarized two photon states by energy, and photoluminescence reveals po-
larization dependent splitting of both the biexciton and exciton photons
as shown in figure 15.1(b). [8, 10]. Due to the common initial (biexciton)
and final (ground) states, the origin of the splitting is governed by the level
structure of the intermediate exciton state. As shown in figure 15.1(c),
the degeneracy of the exciton state is lifted in ordinary dots, resulting in
fine structure splitting of the exciton S. Structural asymmetries in-plane,
such as the strain, composition and shape, unbalance the exchange inter-
action, which in turn results in the hybridisation of the exciton spin states
to produce linearly polarized eigenstates [11, 12].

Control of the polarization splitting S is crucial in order to emit en-
tangled photon pairs. The strategy we use for the devices measured here
is based on using a growth process capable of directly producing quantum
dots with zero polarization splitting. For this, we rely upon the discov-
ery that the splitting is strongly dependent on the emission energy of the
dot [15]. Figure 15.2(a) plots the polarization splitting S as a function of
the emission energy for a number of quantum dots. As the emission energy
increases, the splitting decreases. At ~ 1.4eV the splitting is zero, so we
design our devices to operate at this wavelength. The origin of the depen-
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Fig. 15.2. (a) Exciton emission energy plotted as a function of the splitting between
the bright exciton states for a number of quantum dots. (b) Several polarized photolu-
minescence spectra from the exciton state in the same dot, between each set of spectra
from top to bottom the dot was annealed for 5 mins at 675°C. (¢) The exciton splitting
for a single dot plotted as a function of an applied in-plane magnetic field. The solid
line show a fit according to expected behaviour.

dence of S with emission energy is attributed to the changing confinement
of the quantum dot. Previous measurements have indicated that the area
of the exciton increases with decreasing emission energy, which would re-
sult in weaker overlap of the electron and hole, and hence smaller exchange
energies and splitting [15].

Alternative schemes exist to reduce the splitting. Another permanent
approach is to anneal the quantum dot, which also has the effect of reducing
the confinement [13-17]. A similar relationship between the splitting and
emission energy after anneal is found compared to that of growth alone [15].
Furthermore, the spitting of a selected dot can be tuned to zero after fabri-
cation [17]. This is achieved by first protecting the device from desorption
of As by encapsulating with an insulator such as silicon nitride, and re-
peatedly annealing the device for 5 mins at 675°C. The results of such a
process are illustrated in figure 15.2(b), which shows the relative energies
of the H and V polarized exciton emission, as a function of the annealing
time. After a total anneal of 20 min, the final splitting is -1.84+2 peV, i.e.
zero within error. Schemes allowing the reversible control of the splitting
include the application of external electric [18, 19], strain [22] and magnetic
fields [23]. The latter has been shown to enable entangled photon emission
from suitable dots [20], and its control over S is demonstrated in figure
15.2(c), which plots the splitting as a function of field. The splitting in-
creases approximately quadratically with field, as expected [23]. However,
in this work we use the in-plane magnetic field only to increase the split-



Entangled Photon Pair Emission and Interference 373

ting S, and deactivate entanglement. A final strategy to generate entangled
photons with quantum dots does not control splitting, and instead employs
energetic post-selection of the emitted photons [24].

15.2. Sample and Experimental Design

We now describe the devices and experiments that demonstrate the emis-
sion of entangled photon pairs from single quantum dots. The sample
used was grown by MBE on a GaAs substrate, and included a single
self-assembled quantum dot layer, with the thickness of InAs optimised
to achieve the desired quantum dot density of 1um~2 [20]. Background
light from the wetting layer is suppressed by a 20° C increase in the growth
temperature, which results in a blue-shift of the wetting layer due to inter-
mixing of the InAs wetting layer with the surrounding GaAs [21].

AlAs/GaAs distributed Bragg reflectors were grown above (2 repeats)
and below (14 repeats) the dot layer to form a planar microcavity, resonant
with the optimum quantum dot energy of 1.4eV. The cavity enhances
the light collection efficiency from the top of the sample by an order of
magnitude.
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Fig. 15.3. A schematic of experimental setup used to measure polarized cross correla-
tion between the biexciton (XX) and exciton (X) photons. Quarter-wave plates (Q1 and
Q2) and Half-wave plates (H1 and H2) were inserted in front of the entrance slits to the
two spectrometers (Mx and Mx x). A beam-splitter (BS) was used to divide the pho-
toluminescence into the two spectrometers. A polarizing beam-splitter was placed prior
to Avalanche Photodiodes (APD’s) following M x and a linear polarizer (LP) between
Mx x and APD 1. The inset illustrates the basic sample design, the InAs quantum dots
are grown in the center of an optical cavity formed by alternating layers of AlAs (light)
and GaAs (dark).
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Photoluminescence (PL) was excited non-resonantly at ~ 10K, using
a 635nm laser diode emitting 100 ps pulses at 80 MHz. The properties
of photon pairs emitted by a selected quantum dot were analyzed by po-
larization and time dependent correlations between the XX and X pho-
tons, as shown schematically in figure 15.3. Emission was isolated by two
spectrometers, tuned to the XX and X emission energies. The insertion
of appropriately oriented quarter-wave or half-wave plates preceding each
of the spectrometers allows any polarization measurement basis to be se-
lected. The spectrally filtered XX, and X emission passed through a linear
polariser, and polarising beam splitter respectively, and was detected by
three silicon avalanche photo-diodes (APDs). The time between detection
events on different APD’s was measured, to determine the second order
correlation functions. Finally, the number of counts was integrated over
each quantum dot decay cycle.

The probability of detecting coincident photons is dependent on the
excitation rate, which drifts and fluctuates during the integration time of
our experiments. This can be compensated for by comparing the simul-
taneous correlation measurement of the XX detection channel with each
of the orthogonally polarised X detection channels [20, 21]. For an unpo-
larised source as verified for our dots, we define the degree of correlation

as C= (gXXX gg?)x X)/(gg?)x X—l—gg?)x <), where the second order correla-
@) @

tion functions, g x.x and g xxx are the simultaneously measured, nor-
malised coincidences of the biexciton photon with the co-polarised exciton
and orthogonally-polarised exciton photons respectively. We use the degree
of correlation C as the primary measure of polarization correlation, due to
its robust nature against systematic errors. C takes the values 1, -1, and
0 for perfect polarization correlation, anti-correlation and no polarization
correlation, respectively. Note that the probability that a photon pair is
correlated has a linear relationship to C.

15.3. Correlations for Entangled and Classical Photons

Figure 15.4(a) shows the degree of correlation between H polarized XX and
rectilinearly polarized X photons, as a function of the time delay between
the photons, in cycles, for a quantum dot with S~0. For non-zero time
delays, C~0, indicating that there is no polarization memory from one cycle
to the next. The noise on the data is caused by the random errors associated
with the finite number of counts. At zero time delay, the large peak of 70%
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Fig. 15.4. The degree of correlation C between the biexciton and exciton photons (de-
fined in the text) in three different polarization bases as labelled as a fucntion of the
delay between the two photons for (a) a dot with S~0 and (b) S=25peV.

demonstrates a strong polarization correlation between H polarized excitons
and biexcitons in this dot. A similar magnitude of polarization correlation is
present for the diagonal, and circular measurement bases, as shown. These
results are consistent with the expected polarization correlation in the linear
bases, and polarization anti-correlation in the circular basis. In fact, the
total magnitude of the correlation in the three measured independent bases
can only be explained by entanglement.

In contrast, the situation for a quantum dot with finite splitting is very
different. Figure 15.4(b) shows the results of a similar experiment on a
dot with S = 25 eV, induced by an in-plane magnetic field. A similar
degree of rectilinear polarization correlation is observed to the entangled dot
shown in (a). However, no discernable polarization correlation is observed
in the diagonal and circular polarized detection bases. This is precisely as
expected for a quantum dot with finite splitting, where the photons are
distinguishable by energy in addition to polarization.

A feature of entangled photon pairs is that measurement of one photon
changes the polarization of the other photon. This is demonstrated by fig-
ure 15.5, which plots the degree of correlation for the entangled quantum
dot as the function of the rotation of the detection polarization, achieved
by adjusting the angle of a single half wave plate, placed directly after the
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Fig. 15.5. The degree of linear polarization correlation between the biexciton and ex-
citon photons plotted as function of the rotation of the linear measurement basis for a
dot emitting classically correlated photons (open) and for a dot emitting polarization-
entangled photons (closed). Dashed lines indicate the expected average for an uncorre-
lated light source and the maximum average for a classical light source.

microscope objective lens. Closed points show that the degree of polar-
ization correlation C is approximately independent of the half wave plate
angle. This is an expected result for photon pairs being emitted in the
entangled (|[RxxLx) + |[LxxRx))/\/2 state, since the linear polarization
measurement of the first photon defines the linear polarization of the second
photon. For classically polarization correlated photon pairs, the degree of
correlation varies sinusoidally with wave-plate angle, as shown for a similar
dot with finite splitting S. The entangled dot has average linear correlation
of 62.4+2.4%, which is five standard deviations above the 50% limit for clas-
sical pairs of photons and proves that the quantum dot emits polarization
entangled photon pairs.

To fully characterise the two photon state emitted by the dot, the two
photon density matrix can be constructed from correlation measurements,
using quantum state tomography [25]. Our formulism requires the mea-
surement of C for all combinations of the V, H, L, and D biexciton polariza-
tions, with the rectilinear, diagonal and circular polarized exciton detection
bases [21]. The resulting density matrix representing the emission from the
quantum dot is shown in figure 15.6.

The strong outer diagonal elements in the real matrix (blue bars, figure
15.6) demonstrate the high probability that the photon pairs have the same
linear polarization. The inner diagonal elements represent the probability
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Fig. 15.6. The two-photon density matrix (p) in the rectilinear basis for the biexciton
decay from a dot with no resolvable bright exciton splitting. Red (blue) bars indicate
the real (imaginary) components of the matrix and green bars indicate the magnitude
of random error associated with each element.

of detecting oppositely linearly polarized photons, which is attributed to
roughly equal parts of background light and exciton spin scattering in the
dot [20].

The outer off-diagonal elements in the real matrix (blue bars) are strong,
and clear indicators of entanglement. Small imaginary off-diagonal elements
(red bars) are additionally seen, which indicates that there may be a small
phase difference between the |Hx x Hx) and |VxxVx) components of the
entangled state for this particular dot. All other elements are close to zero,
given the errors associated with the procedure (green bars).

The measured two photon density matrix projects onto the expected
(HxxHx)+|VxxVx))/+/2 entangled state with fidelity 0.70240.022. This
proves that the photon pairs we detect are entangled, since for pure or
mixed classical un-polarized states, the fidelity cannot exceed 0.5. Other
tests including the tangle and eigenvalue are also positive for entanglement,
by many standard deviations [21]. Improvements in the device structure
have recently increased the fidelity to 0.76+£0.04. This improvement is
encouraging, and next we consider how to continue the trend of increasing
performance from the entangled photon pair source.
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15.4. Improving Device Characteristics

To further improve the properties of the entangled photon source, we now
consider how to increase the rate of photon pair generation and collection,
and strategies to maximize the fidelity of the entangled state.

First we consider improving the efficiency at which photon pairs are
collected. Two important factors limiting the detected entangled light in-
tensity are; emission blocking due to charged exciton states, and the direc-
tionality of the emission. The latter can be improved by optical confine-
ment using microcavities, and the device already includes an unbalanced
planar microcavity which improves collection efficiency 10 fold compared
to a simple bulk device. More complex designs such as micropillars and
photonic crystal cavities are likely to lead to further improvements. For
example, with full optical confinement in three dimensions, it is possible
to achieve Purcell enhancement of the radiative decay rate for single pho-
ton emission in a desired direction [27, 28]. Quantum dots typically show
significant charged exciton photon emission, due to the presence of back-
ground p-doping in the substrate. Charged excitations block emission from
the neutral biexciton for a complete cycle, it is thus important to eradicate
them. In section 15.5, we control the charge state of a single dot, and show
the implications for entangled photon generation.

Secondly we consider improving the fidelity of the emission. Fidelity is
sensitive to several major factors, including distinguishability of the emitted
photons, presence of uncorrelated light, and decoherence of the entangled
state. As shown above, the problem of distinguishability has been solved
by controlling the growth of single quantum dots such that the interme-
diate exciton level is degenerate [15]. Uncorrelated light is attributed to
emission originating from device layers other than the dot, especially the
wetting layer, and to photon pairs emitted after the intermediate exciton
spin has scattered. Uncorrelated light affects both classically polarization
correlated and entangled light equally, and we have demonstrated that blue-
shifting the wetting layer away from the dot resonance reduced the degree
of uncorrelated light by a factor of 3 [21]. Further improvements are to
be expected from the use of resonant excitation. In contrast, decoherence
only affects the entangled photon pair state. For entangled photon pairs
created by two-photon interference, decoherence is extremely limiting, and
necessitates the use of resonant excitation [7, 29, 30]. Decoherence in our
system is investigated using interferometry in section 15.6, from which we
conclude that the device is robust against such problems.
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15.5. Charge Control

To enable the exciton charge to be controlled, dots were grown in the in-
trinsic region of a p-i-n diode, incorporating a cavity design similar to that
described in section 15.2. The top two layers of the bottom mirror were
doped n-type with silicon and the top mirror was p-doped with carbon.
In addition, an AlAs/GaAs superlattice was formed 5nm below the dots,
consisting of 7 repeats of 2nm layers [31]. The superlattice forms a bar-
rier, preventing electron tunneling out of the quantum dots. Charging and
discharging of the dots is therefore governed by the number of holes in the
dot, which is controlled by the bias, the device design enabling this is shown
schematically in the inset to figure 15.7.
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Fig. 15.7. (a) Photoluminescence from a single quantum dot as a function of the bias
applied to the dot layer. Emission from the negatively charged (X ™), positively charged
(X*) and neutral exciton states is labelled. (b) The degree of rectilinear polarization
correlation between the biexciton and exciton photon and the ratio of the states’ lifetimes
as a function of the applied bias. The inset illustrates the sample design, the top (bottom)
mirror is p-type (n-type) doped. A barrier beneath the dot layer inhibits electrons from
tunneling out of the dots.

Figure 15.7 (a) shows PL from a single quantum dot measured as a
function of the bias applied between the p- and n-type regions of the de-
vice. Below a bias of ~1V no PL was measured from the quantum dots,
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indicating that the rate at which the holes tunnel from the dots was much
greater than the radiative lifetime. Between 1 and 1.2V PL is predomi-
nantly emitted from the negatively charged exciton (X7). As the bias in-
creases further, emission from the neutral exciton (X) and biexciton (XX)
states dominates, followed by emission from the positively charged exciton
(X*). This demonstrates that we can use this device to carefully control
the charge of the exciton complexes which are dominant in the photolumi-
nescence spectra of a single quantum dot [32, 33]. The maximum photon
pair emission rate corresponds to a bias of ~ 1.30V.

Another question is what effect the charging probability has upon the fi-
delity of the entanglement. The quantum dot in the charge tuning diode has
finite splitting, and is thus not entangled. However, as discussed in section
15.4, background and spin-scattering degrades entanglement, and equally
affects classical correlation. Therefore, the degree of polarization correla-
tion in the rectilinear basis C was measured as a function of applied bias.
The results are shown in figure 15.7(b). The degree of correlation increases
at higher biases from 56+4% at 1.31V to 68+6% at 1.33 V. Furthermore
the correlation drops sharply at lower voltages to 1345% at 1.25V. This
sharp degradation is likely due to exciton spin scattering, induced by excess
electrons in the vicinity of the dot, as now discussed with reference to time
resolved measurements.

The exciton and biexciton radiative lifetimes were measured as a func-
tion of bias, from fitting the exponential decay of PL as a function of time.
The ratio of the biexciton lifetime to that of the exciton is plotted as a
function of bias in figure 15.7(b), together with the degree of correlation
C. At high biases the polarization correlation between the pair of photons
is high and the ratio of lifetimes is close to 2. This result is expected in
the limit of slow exciton dephasing, and is the typical ratio of lifetimes
observed in InAs quantum dots. As the bias is reduced, and the degree of
correlation drops, the peak lifetime ratio is found to be 3.62+0.02. Theo-
retical studies of the lifetime ratio predict a value of ~4 in the fast spin-flip
limit. A long-lived [34] dark exciton state is formed when the electron in
an optically active exciton state undergoes a spin-flip. Such event would
therefore increase the measured lifetime of the exciton and explain the large
drop-off in correlation measured. At the lowest biases the lifetime ratio is
found to decrease again, as the hole tunneling time out of the dot becomes
comparable to the exciton radiative lifetime.

An interesting feature of this device is that the bias required to maximize
the pair rate differs slightly from the bias under which the largest proportion



Entangled Photon Pair Emission and Interference 381

of pairs are polarization-correlated. Thus selecting a bias for maximum
efficiency, or maximum fidelity, would generate less entangled photon pairs
than choosing an intermediate value.

15.6. Biphoton Interference and Decoherence

Biphoton interferometry is a powerful technique, that typically employs
coincident detection of pairs of photons to probe key characteristics of
non-classical light. Such properties include the coherence length and the
de Broglie wavelength. The nature of two-photon interference can be re-
markably different from that of the constituent single photons. For ex-
ample, higher frequency interference fringes have been observed using en-
tangled photons generated by parametric down conversion [5, 35], or by
post-selected measurements using classical light [36], which is the basis of
quantum imaging applications such as quantum lithography [4], and low-
cell-damage biomedical microscopy [2].
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Fig. 15.8. (a) A schematic diagram of the biphoton interferometer. (b) The normalised
intensity of classical single photons (black) and normalised biphoton intensity of entan-
gled photon pairs (blue) as a function of the phase delay.

Here we measure biphoton interference for the quantum dot device us-
ing an interferometer similar to that shown in figure 15.8(a). The phase
control required to measure an interferogram is supplied by a polariza-
tion dependent phase delay. A combination of appropriately configured
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polarizing beam-splitters PBS1 and PBS2 force D and A polarized pho-
tons to take separate paths through the interferometer. Both A polarized
photons are delayed by phase ¢, so that output of the interferometer is
(IDxxDx) + €*?|AxxAx))/\/2. Interference of the two-photon ampli-
tudes of |DxxDx) and |Ax x Ax) is achieved by measurement in the recti-
linear basis. The biphoton intensity variation with ¢ results in an interfero-
gram, with an expected period 7, corresponding to a de Broglie wavelength
of A\/2, where is the average wavelength of the single biexciton and exciton
photons. For the single photon input state |V') = (|D) 4+ |A))/+/2, the out-
put from the interferometer is (| D) + e'?|A))/y/2. Measuring the intensity
in the vertical polarization would yield an interferogram with period 2,
corresponding to a de Broglie wavelength A.

The required polarization dependent phase delay was realized by a lig-
uid crystal with voltage dependent birefringence. The collinear nature of
the interferometer provides exceptional stability compared to a typical in-
dependent path Mach-Zehnder design.

Single photon interference fringes from light emitted by a quantum dot,
were measured by inserting a linear polarizer before the interferometer, to
select only vertically polarized photons. Using a single APD, the intensity
of the resulting single exciton photon state |V) was measured as a function
of the phase delay, and normalized to the maximum. The results are shown
in figure 15.8(b) as black points. Clear interference fringes are seen, and
the intensity varies as a function of the phase delay in agreement with the
fit to expected sinusoidal behavior, shown by the solid line. The period
of the oscillations is determined to be 877+35nm (0.99+0.03)), approxi-
mately equal to the wavelength of the quantum dot emission of ~885nm,
as expected.

The linear polarizer set before the interferometer was removed, so that
entangled photon pairs emitted by the quantum dot could be analyzed.

The normalized biphoton intensity is equal to (¢\2), +¢'21,)/ (g2, + ¢\2), +

ggz/ —l—gg}{), where the denominator and numerator and are proportional to
the biphoton generation and detection rates respectively, and g represents
the second order correlation for coincident detection of two photons with
polarization denoted by subscripts. For an unpolarized source, such as
this dot, this is approximated to ggf‘), (gg,z‘), + ggz,) The second order
correlation functions for the |Vx x Vx) and |Hx x Hx ) two-photon detection

bases were measured simultaneously as described above.
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The measured normalised biphoton intensity, indicated by blue points
in figure 15.8(b), shows strong interference fringes. The difference in the
period of oscillations compared to the classical single photon case is very
striking. The fringes fit well to the predicted sinusoidal behavior shown
as a solid line, from which we determine the period of the oscillations to
be 442+36nm (0.504+0.03)\. The period is equivalent to the de Broglie
wavelength of the biphoton, which is in excellent agreement with the two-
fold reduction from 885nm to 443nm expected for an entangled photon pair
source.

The shorter de Broglie wavelength for the entangled state compared to
the single photon implies that up to a two-fold enhancement of the imag-
ing resolution is possible using biphoton detection. The visibility of the
measured biphoton interferogram compared to that for single photon de-
tection demonstrates enhanced phase resolution of the interferometer with
a biphoton source [2]. Note that the exciton and biexciton have different
wavelengths, but this does not affect the visibility of biphoton interference,
as it is the total energy of the two-photon state that defines the de Broglie
wavelength.

From the fit to sinusoidal behavior we also directly determine the phase
difference between the |Dx xDx) and |Ax x Ax) components of the entan-
gled state emitted by the source to be (0.02+0.03). To our knowledge, this
represents the most direct measurement of phase offset reported for entan-
gled photons generated by a quantum dot, and shows that the diagonally
polarized two-photon amplitudes are in-phase within error [26].

Control of the phase offset can manipulated the entangled state. For ex-
ample, a lambda/4 delay transforms the state (|[HxxHx) 4+ |[VxxVx))/+/2
into ([HxxVx) + |VxxHx))//2, and the photons are then polarization
anti-correlated in the rectilinear basis.

Uncorrelated light reduces the amplitude of the interference maxima for
entangled or mixed classical light, and the interference minima for entangled
light. We measure interference for mixed, polarization correlated light,
by increasing the splitting S with an in-plane magnetic field of 4T (not
shown). From this we determine that uncorrelated light contributes towards
(37+7)% of the biphoton intensity. The corresponding maximum possible
fidelity and interference amplitudes for the entangled state are 0.73+£0.05
and 0.6310.07 respectively, in close agreement with measured values of
0.76 £ 0.04 and 0.65 &= 0.04 respectively.

The agreement between the expected maximum, and measured values
for both fidelity and interference amplitude suggests that biphoton decoher-



384 R. M. Stevenson, R. J. Young, and A. J. Shields

ence does not degrade the entangled state. In contrast, the single photon
coherence time limits the visibility of two-photon interference using two se-
quential photons from a quantum dot, and necessitates the use of resonant
excitation.

15.7. Conclusion

The use of quantum dots to generate entangled photon pairs has promised
a very attractive route to mainstream technological implementations of
quantum computing, quantum optics and quantum information applica-
tions. Here we have shown that despite initial difficulties with fine structure
splitting in quantum dots, there is every possibility that they will realize
their full potential. The > 70% fidelity of the entangled photons measured
here shows that quantum dot technology offers a realistic solution to the
problem of generating entangled light. In addition we have demonstrated
that factors limiting performance are well understood. Tuning the charging
probability of the dot has demonstrated control not only over the emission
intensity, but also the degree of correlation, which suggest the future possi-
bility to eradicate exciton spin scattering. Similarly, biphoton interference
suggests that decoherence does not limit existing devices. With further
improvements to reject background light and improve collection efficiency,
the prospect of developing a practical, electrically driven, LED-like source
of entangled photons, is very promising indeed.
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In this chapter we will discuss the use of InAs quantum dots for telecom
wavelength single photon applications. We will describe two molecular
beam epitaxial growth techniques to achieve low density distributions of
quantum dots that are large enough to emit telecom wavelength photons
at low temperatures. Single dot spectroscopy in conjunction with time-
resolved measurements provide information on the origin of the main
emission lines. Correlation spectroscopy using both InGaAs avalanche
photodiodes and superconducting single photon detectors will be dis-
cussed and used to characterize the photon emission statistics. Ungated
measurements at telecom wavelengths using the superconducting single
photon detectors offer ready access to additional details in the second-
order correlation function. Progress towards practical electrically driven
sources will be presented including oxide aperture and planar cavity
LEDs. We will see how the inclusion of electrical contacts enables ad-
ditional flexibility in the temporal output of a device by tuning the
emission wavelength with time-varying Stark shifts.
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16.1. Introduction

Photons are appealing carriers of quantum information due to the long
distances they can travel with small disturbances to their quantum states.
Optical fibers enable nodes of a network to be linked without a direct line
of sight and the possibility of practical distributed quantum information
processing and communications. However, for photons to be transferred
over relatively long distances their wavelengths should fall within one of the
low-loss optical fiber wavelength bands, i.e., around 1.31 gm or 1.55 pm.

Semiconductor quantum dots, with their line emission spectra, are
known to generate single photons [1-4] and entangled photon pairs, [5-7]
as discussed elsewhere in this volume. Quantum dots have also been exten-
sively developed for use in telecom wavelengths lasers and LEDs. However,
for single photon applications the requirement for low dot densities (the
opposite requirement from most laser applications) presents a particular
growth challenge. We discuss two very different approaches to the growth
of dots suitable for single photon work at telecom wavelengths and consider
device architectures to isolate and collect photons from the resulting dot
distributions. We also consider architectures to enable electrical injection,
while satisfying the photon collection requirements. Characterization of the
photons emitted must be performed using detectors that are sensitive at
telecom wavelengths. We will describe the current state-of-the-art in time-
resolved and correlation spectroscopy measured with both InGaAs APDs
and superconducting single photon detectors.

The application that is most technologically developed is that of quan-
tum key distribution, in which a digital key is exchanged between two
parties on a stream of single photons. [8, 9] Information is encoded on some
property such as the polarization, phase or time and the system arranged
such that any attempt by an eavesdropper to extract information from the
photons in the communication channel can be detected as an increased
error rate. When single photons (i.e., Fock states of the electromagnetic
field with photon number exactly equal to one [10]) are used it can be
proven that a key can be shared about which no information could have
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been extracted from the photons while in transit. Current implementations
are mainly fiber-based and use attenuated lasers to generate photons. Due
to the Poissonian nature of laser emission there is always some probabil-
ity that a pulse will contain more than one photon. In basic systems this
significantly limits the lengths and bit rates that can be achieved. More
advanced systems using decoy pulses have been demonstrated to reduce
the impact on performance [11-13] but the highest possible performance
would still derive from using a pure stream of single photons. Tests using
heralded photons from down conversion sources [14] have been undertaken,
but a convenient and practical semiconductor source of telecom wavelength
photons would benefit these potential security applications.

16.2. Quantum Dot Growth

The usability of quantum dots for device applications requires a high crys-
talline quality, a low areal density (in order to isolate a single dot in a device
such as a microcavity or an LED structure) and good size homogeneity for
reproducibility of the emission wavelength. The InAs/GaAs system is by
far the most studied of all quantum-dot systems since these materials can
be easily embedded in a microcavity. A common approach to decrease the
dot density is to grow a thin layer of InAs close to the critical thickness
of the 2D to 3D growth mode transition. [15] This results in a lower QD
density, but also in a decreasing QD size, which leads to a blueshift of the
emission wavelength. Most studies using this approach have concentrated
on QDs emitting in the A <1000 nm range, due to the difficulty of growing
sufficiently sparse layers of dots that are large enough to emit at longer
wavelengths and also due to the lower sensitivity of detection systems in
the near-infrared. Alternative approaches were needed and in this section
we will discuss two molecular beam epitaxy (MBE) techniques that have
been used to produce QDs layers that are shown to emit single photons at
1.3 um. Metallorganic vapor-phase epitaxy (MOVPE) has also been used
(Ref. 16-20) to achieve low densities of InAs QDs on (In)GaAs and InP.

16.2.1. Ultra-low growth rate technique

16.2.1.1. Growth optimization

A technique to reduce the overall dot density while maintaining long-
wavelength emission has been developed by using a combination of ultra-low
InAs growth rates (<0.002ML/s) and capping with an InGaAs layer. [21]
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Fig. 16.1. (A) Dot density, as measured from AFM images plotted as a function of
InAs deposition rate. The solid line is a guide to the eye. AFM images: 2.1 ML InAs
deposed with following growth rates: (a) 0.16 ML/s, (b) 0.08 ML/s and (c) 0.0015 ML/s.
(B) Evolution of the PL emission wavelength at room temperature as function of the
InAs growth rate. The solid line is a guide to the eye. After Ref. 21.

Figure 16.1 A and 16.1 B present the effect of the InAs growth rate on the
QD density and emission wavelength. 2.1 monolayers (MLs) of InAs were
deposited after a GaAs buffer growth at different rates in the range 0.16—
0.0012ML/s at fixed growth temperature and As pressure. Two series of
samples were grown for photoluminescence (PL) measurements and atomic
force microscope (AFM) imaging. By decreasing the InAs growth rate the
QD density is shown to decrease strongly while the PL emission is red-
shifted (Fig. 16.1 A and B). A dot density as low as 2 x 10® dots/cm? is
obtained when the InAs growth rate is reduced to 0.001 ML/s. For the
same density, the PL emission wavelength reaches 1300nm at room tem-
perature (see Fig. 16.1B), i.e., ~1200nm at low temperature.

To reach the target wavelength of 1300nm at low temperature it was
necessary to extend the room temperature emission wavelength to 1400 nm
and this was achieved by capping the quantum dots with a 5nm-thick
Ing.15Gag g5 As capping layer after the QD deposition, mainly due to re-
duced In segregation out of the QD during the capping. Figure 16.2 shows
the PL emission spectra of low-density InAs QDs capped with GaAs and
InGaAs layers. A strong redshift of the PL wavelength and an enhancement
of the PL intensity is observed due to the InGaAs capping layer deposition.
Furthermore, the full width at half maximum (FWHM) value of around
25 meV implies very good QD size homogeneity. It should be mentioned
that reaching the target emission wavelength at low density in this way re-
quires two In cells in the growth chamber, since QDs and InGaAs capping
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Fig. 16.2. Room temperature PL spectra of InAs QDs grown at 0.0015 ML/s and capped
by GaAs or a 5nm-thick Ing.15Gag.g5As layer. After Ref. 21.

layer deposition occur at very different growth rates, necessitating different
In cell temperatures.

16.2.1.2. Structural characterization

Transmission electron microscope (TEM) images recorded on a sample con-
taining QDs grown at a growth rate of 0.0015 ML/s with an InGaAs cap-
ping layer provide information on the structure of the resulting quantum
dots. [22] Figure 16.3 a shows cross-sectional (002) dark-field TEM images
of the QDs, indicating a lens shape with a 9 nm height. This value is larger
than the typical height around 5nm observed for QDs grown at higher
InAs growth rates. [23-25] Using the technique proposed in Ref. 26 the In
content in the QDs was estimated from TEM contrast in dark-field (002)
images. Figure 16.3b shows the In composition profile of the QDs capped
by InGaAs along the (001) direction, through the QD center. QDs present
a strong In gradient with a maximum In composition of 65% in the center
of the dots and 35% at the bottom. The combination of this very high In
composition with large QD sizes enables the emission wavelength to reach
1300nm at low temperature.

Plan-view TEM images (Fig. 16.3c) reveal the QDs to have a square
base and a mean width of 37.5nm (36 nm) with a standard deviation of
0.3nm (1.4nm) along the (100) ((010)) axes, respectively. This shows a
remarkable size homogeneity.

A fraction of the QDs are dislocated, forming large clusters with nonuni-
form shapes as seen in Fig. 16.3c. The QD size appears to reach a critical
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Fig. 16.3. (a) (002) Dark-field images of QDs grown at low InAs growth rate
(0.0015 ML/s) and capped by InGaAs. (b) InAs composition variation in the (001) di-
rection of the QDs. (c¢) plan view image of QDs grown at low growth rate (0.0015 ML/s)
and capped by GaAs. After Ref. 22.

value above which plastic relaxation occurs. Then, under these growth
conditions, attachment of adatoms to existing islands is favored as opposed
to nucleation of new islands, even if it leads to the formation of relaxed
clusters. The self size-limiting effect that has been observed in Refs. 27, 28
seems to be overcome here by faster aggregation of adatoms.

16.2.2. Bimodal dot growth

Another approach to isolate emission from single telecom wavelength dots is
to appreciate that emission from smaller dots can be removed by a spectral
filter. This relaxes somewhat the requirement on the overall dot density,
making the density of telecom-wavelength dots the important parameter.
Emission from the wetting layer and other dot emission lines is commonly
removed by spectral filtering in work at shorter wavelengths. The tail of
the wetting layer emission sometimes extends to the wavelength of short
wavelength dot emission, where it can form a significant contribution to the
residual background emission from some devices. At telecom wavelengths
the wetting layer emission is spectrally separated further from the operating
wavelength. However, attempting to select emission from a dot in the long-
wavelength tail of the inhomogeneous linewidth of a standard quantum dot
distribution would place stringent requirements on the spectral filter and
would only be possible for quite limited total dot densities. Fortunately,
one of the subtleties of the self-assembled dot formation process can be
used to increase the wavelength separation of the largest quantum dots
enabling them to be used for single photon generation. [29] There exists
a second critical InAs thickness above which it is favorable for dots of a
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Fig. 16.4. Distribution of quantum dot heights (from AFM), for different InAs coverages
on GaAs expressed in monolayers (ML). The dots were grown by molecular beam epitaxy
on a GaAs substrate at a rate of ~0.018-0.019 ML/s and at a substrate temperature of
~505-510 °C. After Ref. 29.

new taller shape to form. [30] The analysis of AFM surface profile images
from wafers with a range of InAs deposition thicknesses (Fig. 16.4) reveals
the onset of a bimodal distribution. For deposition of ~2.05 ML of InAs
the quantum dots appear relatively uniform in size with an average height
of ~5.7nm. Deposition of ~2.27ML leads to the formation of a clear
bimodal distribution with many taller dots of a distinct average height
~9.6nm. Shape transitions in this material system and the importance of
the thermodynamic stability of various facets have been discussed in the
literature [31, 32]. Kinetic considerations are critical in determining the
final dot shape and the details remain sensitive to growth conditions, with
significant differences reported between the observations of different groups.

The larger dots which form above the second critical coverage threshold
emit light at longer wavelengths than the small dots, as is apparent from
the PL spectra of Fig. 16.5 recorded for InAs thicknesses below and above
the second critical thickness. The sample with greater InAs coverage shows
an additional PL peak close to 1258 nm due to emission from the larger
dots. Through careful control of the InAs deposition around the second
critical coverage, an arbitrarily low density of these large, long-wavelength
quantum dots can be produced. InGaAs capping can be used to extend the
emission wavelength (as in Sec. 16.2.1 above). More recently, a modified
growth technique has enabled the growth of dot distributions where the
number of smaller dots has been reduced substantially, while maintaining
the long-wavelength emission. [33]
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Fig. 16.5. PL spectra (left) below and (right) above the second critical InAs thickness.
After Ref. 29.

16.3. Single Quantum Dot Spectroscopy

The performance of standard detectors for telecom wavelengths falls signif-
icantly below that achieved by good silicon detectors, both in terms of de-
tection efficiency and noise. However, using liquid-nitrogen-cooled InGaAs
array detectors, high-quality spectra can be recorded from single telecom
wavelength quantum dots. [21, 34-36] The integration times required can
be substantially longer but the design of a sample can influence the extrac-
tion efficiency and embedding the quantum dot in a resonant cavity can be
highly beneficial. Cavities with relatively low quality factors (Q) can help
match the emission pattern to the numerical aperture of practical collection
optics. [37] High-@Q cavities can make studies of the full line structure of
dots more difficult, since the collection efficiency can be reduced outside
the linewidth of the cavity.

The samples measurement system must also be able to spatially isolate
the emission from ideally a single long-wavelength quantum dot. The spa-
tial resolution required depends on the QD density but in order to achieve
a high extraction efficiency into an objective lens, many designs of cavity
structure cannot be arbitrarily reduced in scale, since scattering and diffrac-
tion losses would become unacceptable. The achievable spatial resolution
for a given sample design can therefore place an upper limit on the accept-
able telecom-wavelength QD density. In samples without a cavity and in
those incorporating weak planar cavities (with no more than a few periods
in any upper DBR), wet / dry etched mesas and apertures in metal layers
have been used successfully. Reactive ion etched pillar microcavities, with
or without oxide apertures, have been used for higher- @ cavities.
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Fig. 16.6. Spectra from two single QDs spatially isolated in different devices demon-
strating a repeatable spectral signature. After Ref. 38.

16.3.1. Exciton/Biexciton identification at 1300 nm

The QDs studied in this section were grown by MBE using the ultra-
low growth rate technique described above in Sec. 16.2.1. The dots were
embedded in a planar microcavity, designed to achieve an extraction effi-
ciency of 9% into an external numerical aperture (NA) of 0.5. The intensity
of PL from QDs embedded in the micro-cavity showed more than an or-
der of magnitude increase over QDs grown under the same conditions but
embedded in bulk GaAs. [21]

Both mesas and apertures can be considered to provide spatial isola-
tion with this wafer structure. In Fig. 16.6 we compare the ground state
spectra of single QDs emitting at the same energy but isolated by different
techniques. The apertures of ~ 1 um? in gold masks were obtained by lift-
off using a chemically amplified resist (UVIII) patterned by 100kV e-beam
lithography, and ~ 1 um? etched mesas realized by reactive-ion-etching us-
ing a SiO5 mask patterned by e-beam lithography. In both devices the same
spectral signature is evident. It was observed that mesas provide improved
spectral isolation, since, with the metallic aperture, light is collected from
dots in the vicinity of the aperture contributing to a higher background.
As compared to mesas, metallic apertures can have a lower device yield due
to problems related to the lift-off process. Measuring a repeatable spectral
signature on devices containing single QDs is a first important step towards
the identification of the spectral lines and their attribution to specific charge
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Fig. 16.7. (a) PL of a single QD for different pump powers. (b) Integrated PL intensity
for the X and BX lines plotted as a function of pump power.

configurations of the QD.

Non-resonant excitation provides a practical tool for investigating the
confined energy structure of the QDs; by increasing the excitation intensity
of the laser the sequential filling of the QD states can be controlled. Fig-
ure 16.7 a shows spectra from a single QD for increasing power densities by
exciting carriers in the GaAs bulk using a pulsed diode laser emitting at
750 nm with a repetition rate of 80 MHz. At the lowest excitation density
a single line dominates the spectrum, corresponding to the QD populated
by a single exciton (X) in the ground state. The highest energy peak is
attributed to the recombination of a positive trion; its large negative bind-
ing energy and its appearance at low power densities justifies the assign-
ment. [39, 40] As the power is increased the intensity of the X increases
due to the increased probability of finding an exciton in the QD, and more
spectral lines begin to appear on the low energy side of the X transition.
These lines correspond to the recombination of an electron—hole pair in the
ground state in the presence of other charges in the QD and the shift in
energy of the new transition lines is due to Coulomb interactions, including
exchange and correlation, between the carriers. At 59nW the spectrum
becomes more complex and both the X and BX lines reach a maximum
and saturate. Increasing the excitation power by about 2 orders of magni-
tude no significant change is observed in the spectra except for an increase
in the background emission. In Fig. 16.7b are plotted the integrated PL
intensities of the X and BX lines as a function of the excitation intensity.
At low excitation power, the PL intensity dependence on the laser power
P can be fitted by the relation Ix px o< P", with n = 0.70 £ 0.05 and
1.35£0.05 for the X and BX lines, respectively. (The uncertainty on the fit



Telecom-wavelength Single-photon Sources Based on Single Quantum Dots 399

having been estimated from fitting the data from several QDs.) The fact
that the ratio of the exponents is equal to 2 (ngx/nx = 2) suggests that
the BX line corresponds to the biexciton emission: the recombination of an
exciton in the ground state of the QD in the presence of another electron—
hole pair in the ground state. The PL intensity ratio BX/X greater than 1
could be explained by the dark X state acting as a channel for depleting the
exciton state, either by non-radiative decay or by allowing additional time
for charging of the dot (following BX emission) and subsequent emission at
a different energy.

16.3.1.1. Time resolved PL

Further support for the identification of the X and BX spectral lines comes
from their time evolution since the BX will always recombine before the X
and will display a shorter radiative lifetime. The options for time resolved
measurements on single dots at telecom wavelengths are more limited than
at shorter wavelengths. Efficient Streak cameras are not readily available
and upconversion techniques are not sufficiently sensitive. Time-correlated
fluorescence spectroscopy is the technique of choice for PL decay measure-
ments at ultralow light levels. In this approach, histograms of photon arrival
times on a single-photon detector are recorded on a correlation card as a
function of delay from the laser pulse. However, at this wavelength it is not
currently possible to get good single photon detection performance from
APDs under continuous operation. However, a gated InGaAs APD can be
used to record the decay curve of a single telecom-wavelength quantum dot,
enabling the rates of depopulation of the excitonic states to be studied. The
arrival times of photons on the detector have to be synchronized with the
opening of the gate and care taken to maintain afterpulsing at an acceptable
level. A fiber-coupled tunable narrow band-pass filter can be used to isolate
a single X or BX transition for measurement, as shown in Fig. 16.8. The
continuous lines represent least square fits to the decaying part of the PL
for the X and BX emission after dark noise subtraction. The least square
fits are calculated from the convolution between a two (one) term exponen-
tial decay function for the X (BX) and the setup response function. (Setup
response was measured with a sample of GaNInAs quantum wells, emitting
at 1300nm at room temperature, with a lifetime previously measured to
be 50ps, [41] which is well below the ~ 600 ps temporal resolution of the
detector. It was measured at a count rate similar to the experimental one
since the time resolution achieved with an APD can depend on the rate.)
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Fig. 16.8. Time dependence of the PL intensity of the single X and BX transitions, the
solid line is the least squares fit to the decaying PL. Inset: blowup for short time delays.
After Ref. 42.

The error on the fits here are estimated at +0.2ns.

The delay in the start of the decay of the X emission compared to
the BX, is evidence of cascade emission and validates the peak assignment
(inset Fig. 16.8). The exciton lifetime is characterized by a double expo-
nential decay of 1.1ns and 8.6ns: the fast component derives from the
recombination of a bright exciton while the slower decaying part suggests
the presence of a dark exciton state that is repopulating the allowed exci-
ton transition. [43, 44] The BX decay time was measured to be 1.0ns; the
ratio of 1.1 between the exciton and biexciton lifetime is consistent with
previous studies on single QDs. [45] When the QD size is comparable to
the Bohr radius, the Coulomb effects are not a small perturbation to the
dominating quantization of the kinetic energy. For holes, the changes in
the wavefunction spatial distribution are more significant, as compared to
electrons, due to their higher effective mass. As a consequence, a larger
QD size results in an increased spatial separation of the hole wavefunction,
a reduction of the overlap integral and an increased BX radiative lifetime.
From cross-sectional TEM images (Fig. 16.3) these QDs have base dimen-
sions of 37.5nm which is comparable to the exciton Bohr radius in bulk
InAs (34nm). [46]

16.3.2. Measuring g‘® (1) at telecom wavelengths

Correlation measurements are important in assessing the quality of the
emission from quantum dots. The second-order intensity correlation func-
tion g(2)(7) is measured putting two single-photon detectors in the two
arms of a Hanbury Brown and Twiss interferometer, and counting the co-
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incidences between detections as a function of an electrical delay between
the two detectors. For classical light, ¢(® (1) > 1, while for an ideal single-
photon state ¢(*(0) = 0. [10] This type of measurement is now widely
used at wavelengths accessible with silicon APDs for making detailed mea-
surements on quantum dots (as reported extensively elsewhere in this vol-
ume) as well as finding wider applications in areas such as the study of
biological systems. The coincidence rate of a correlation measurement re-
lates to square of the singles count rate and, for low g(g)(O), the zero-delay
background relates to twice the dark count fraction. Detectors at telecom
wavelengths exhibit both lower efficiencies and larger dark count rate prob-
abilities and correlation measurements remain challenging on anything but
the best samples. The majority of correlation measurements to date have
used InGaAs APDs operating in Geiger mode. In order to achieve the best
signal-to-noise ratios, most measurements have used narrow gates widths
of the order of 3 ns with no attempt to time resolve within the gates. This
results in correlation measurements where the time delays are represented
by integer numbers of excitation periods, giving rise to discrete histograms,
rather than full representations of g(? (7). While the measurement of g(® (0)
is important for the characterization of the light statistics for single photon
emitters, many important physical properties of the system are hidden in
the correlation function g(®)(7) for any delay. 3, 47, 48] Superconducting
single photon detectors (SSPDs) are capable of continuous operation and
have recently been used to perform time-resolved correlation measurements
at these wavelengths. [49]

Measurements in which dark counts are not very significant are now
being achieved with both types of detectors but in some early measure-
ments dark counts and counts arising from background emission formed
the majority of detection events. [18] Care is needed in comparing exper-
imental results as data is sometimes presented after large corrections for
dark counts, and sometimes also for background emission estimated from
the spectrum. While correcting for dark counts can be valid, care is needed
to ensure that the rates are stable and that they can be estimated suffi-
ciently accurately. Stray counts are normally assumed to be Poissonian
in these corrections. The correlation data in this chapter are plotted as
measured with the influence of dark counts and their correction discussed
in the associated comments.
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16.3.2.1. Correlation measurements with InGaAs APDs

Most telecom wavelength single photon applications are in single-mode fiber
and many commercially available InGaAs APDs are supplied coupled to
single-mode fiber. It is often sensible to use a fiber-optic version of the
Hanbury Brown and Twiss measurement system [50], since this offers good
stability and low losses, once initially coupled to fiber. A wavelength divi-
sion multiplexer (WDM) can be used to conveniently couple an excitation
laser into a fiber without introducing large losses to the single photons be-
ing collected via the same fiber and a fiber-coupled tunable spectral filter
can select emission from a particular dot line.

Fig. 16.9a shows the results of a correlation measurement on a quan-
tum dot taken from a bimodal distribution of dots, embedded in a pillar
microcavity to enhance the photon collection efficiency. [29] The pillar had
a nominal diameter of 2 ym with 25-period (11-period) lower (upper) DBR
mirrors giving typical @-values ~600. The excitation was at 2 MHz from
a ps-pulsed laser diode at 785nm and the selected emission line has an
exciton-like power dependence. The height of the zero-delay bin is clearly
below that of the average, indicating a suppression of multiphoton emission.
By measuring out to long time delays it is possible to estimate the average
height of the finite delay peaks very precisely (e.g., 250 periods used here)
giving an average height of 365 with a standard deviation of 20 (close to
V/365 as expected). There were just 67 counts in the zero-delay bin giving a
measured suppression of multiphoton pulses to 18.3% of the value expected
for a Poissonian source of the same intensity. Dark counts in the detectors
accounted for just ~1.4% and 2.8% of the signals on the APDs and light
leaking through the spectral filter in this early measurement contributed
~5% on a single APD. Accounting for these two factors the residual two-
photon rate of the source was expected to be below 10%. A post-selection
technique [51] was employed in these correlation measurements in which
any avalanches in an APD occurring within 150 us of another count in the
same APD were ignored. This reduces the impact of afterpulsing and we
note that the deadtime built into many packaged silicon APDs means that
a photon closely following a previous count in the same APD would not
be recorded in the majority of experiments at shorter wavelengths either.
An antibunching effect extending to one period (500ns) away from zero-
delay with a height of ~85% of the other finite-delay peaks can be seen.
Similar effects have been observed ~900nm with low excitation powers of
light above the GaAs bandgap. [52] Fig. 16.20b shows similar results at a
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Fig. 16.9.
line at (a) 5.2K and (b) the same line at 32 K. For details see Ref. 29.

temperature of 32K, where the dot line was close to being on resonance
with the cavity mode. Clear optically-excited single photon emission has
also been demonstrated using dots grown using the ultra-low growth rate

technique. [42]

16.3.2.2. Superconducting single photon detectors

The recent development of single-photon detectors based on NbN super-
conducting nanostructures (SSPDs), [53] promises orders-of-magnitude im-
provement over InGaAs APDs in sensitivity, dark count, jitter and repeti-
tion frequency. In particular, fiber-coupled SSPDs with quantum efficiency
>5%, dark count rate around 10Hz, detection time jitter < 100ps and
maximum counting rate > 50 MHz have been recently demonstrated. [49]
Figure 16.10a shows results from the testing of a fiber-coupled Hanbury
Brown and Twiss setup based on a pair of SSPDs illuminated by 750 nm
laser pulses. [49] The bias current through the SSPDs was adjusted to obtain
a dark count of just 10-30 Hz. As expected, the histogram is characterized
by a series of peaks whose integrated areas are all the same within the sta-
tistical fluctuation of the measurement; this is the signature of the intensity
correlation function for a coherent pulsed source. The FWHM =440 ps of
the peaks corresponds to twice the jitter of the system.
Using the same setup we measured g(?)(0) for a single X line from a QD.
A preliminary measurement is shown in Fig. 16.10b made at a power of
50nW at 750 nm and repetition frequency of 80 MHz. We remark that this
repetition frequency is unachievable with most existing APD setups and
that high speed operation of APDs (>100MHz) is still under optimiza-
tion. [54, 55] The coincidence histogram is characterized by periodic peaks
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Fig. 16.10. (a) Measured intensity correlation function for a pulsed coherent source.
(b) Antibunching on a single exciton line from a QD similar to Fig. 16.6. After Ref. 49.
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Fig. 16.11. PL under quasi-resonant from a single QD showing the positively charged
exciton line.

separated by the laser repetition period except for zero delay; this is the
signature of a single photon emitter under pulsed excitation. The peaks are
well fitted by Gaussian time distributions with an offset of 3 coincidences
and a FWHM =2.2ns that corresponds to twice the X lifetime. [42] The
coincidences between the peaks are due to uncorrelated light entering the
system and detector dark counts.

A more interesting measurement which reveals the dynamics of the
charge population of the QD is the measurement of g(® (7). The mea-
surement was made on the positively charged exciton emission (Fig. 16.11)
under CW excitation by pumping resonantly in the excited state of the
trion. The resulting histogram, measured for a pump power of 0.2mW,
is shown in Fig. 16.12a for long delays (0.5 us). For time delays between
3ns and 200ns an increase of the correlation function is observed: this
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Fig. 16.12. Intensity correlation function measured on the charged exciton line
(Fig. 16.11) at (a) long time delays and (b) short time delays. After Ref. 49.

bunching behavior, already studied for short-wavelength QDs, [52] shows
that after emission of a photon from the positive trion, the QD remains
charged allowing re-excitation of the charged exciton state. For short time
delays < 3mns, (Fig. 16.12b), an antibunching dip is observed, confirming
the sub-Poissonian statistics of the light emitted by the trion line.

The bunching and antibunching behavior can be modeled in a three
level system with the following expression [56]: ¢®)(7) = 1 — (1 +
a) x exp(—7/711) + a x exp(—7/72). To account for the limited setup
resolution, detection of uncorrelated photons and dark counts, the ex-
perimental data was fitted by convolving a gaussian time distribution
(FWHM =220ps) with the correlation function corrected for noise [3]:
¢ (7) = 14p%(¢@ (1) —1). The fit provides the values, a=0.8, 7 = 0.62ns,
75 =170.8ns and ¢(®(0) = 0.18 + 0.02.

16.4. Single Quantum Dot Light Emitting Diodes

If possible, a practical single photon source should operate under electrical
excitation to minimize production costs. The main challenge is to inject
current into a small number of QDs (ideally one), while maximizing the frac-
tion of excitation pulses that result in a photon being successfully coupled
to the output single-mode fiber. These two requirements are, to a degree,
related since collecting light from structures with dimensions smaller than
the wavelength of the emission — as often needed to isolate emission from
a single QD — can lead to significant diffraction losses. Typical surface
densities of ~ 10-1000 um~2 (ultra-low growth rate technique) imply a p-n
junction-based design at the nanometer scale. Using a submicron aper-
ture to post select emission from a single dot would seriously degrade the
collection efficiency and etching a mesa of this diameter could reduce the



406 M. B. Ward et al.

radiative efficiency, because of defects produced at the mesa sidewalls, as
well as diffraction losses. The use of an oxide aperture to limit the current
to such a small region is considered in the following section. The ability to
intentionally seed the growth of a single dot at an intended location [57-59]
within a cavity or growing arbitrarily low densities of long-wavelength dots
with the bimodal technique could relax this size requirement.

The first electrical devices [4] did not contain a cavity and therefore had
efficiencies limited to ~0.5%. Individual telecom-wavelength emission lines
were recorded from similar structures around 1.3 ym, [35] but the incorpo-
ration of a cavity is necessary for a practical source. Roughly an order of
magnitude improvement has been demonstrated using an apertured planar
cavity [60] and we will discuss a telecom wavelength device in Sec. 16.4.2.
Several other methods to limit the number of excited QDs have been con-
sidered. [61-65]

16.4.1. Current aperture LEDs
16.4.1.1. Deuvice design

A promising approach to producing high efficiency single photon LEDs
is to incorporate a current blocking layer of an electrical insulator that is
patterned to define a selective current path towards a small number of QDs.
The extent of the rest of the cavity can then be larger since only the dots in
the region through which the current flows will be excited. This approach
(referred to as “current aperture”) was first developed in the context of
VCSELs [66] and proposed later for single photon sources. [67] Devices
operating at wavelengths around 900 nm (with and without cavities) have
been reported in the literature. [68-71]

In this section we will describe telecom wavelength bottom-emitting
current aperture LEDs. A schematic cross-section of the device is presented
in Fig. 16.13 and the fabrication process is described thoroughly in Refs. 67,
72. The heterostructure includes a sparse array of self-organized InAs/
GaAs QDs in the middle of a GaAs p-i-n diode. The low density QD layer
is surrounded by a bottom n-doped distributed Aly.9Gag.1As/GaAs Bragg
reflector (3.5 pairs) and a top hole injector composed of a 32nm undoped
AlGaAs layer. Above this hole injector, an Algg5Gag.15As layer and a
heavily p-doped GaAs cap complete the structure. After the creation of a
shallow mesa by standard optical lithography and dry etching, the sidewalls
of the Alg.g5Gag.15As layer located on top of the QDs are exposed. The
crucial step of the process is the oxidation of this Alg g5Gag.15As layer. The
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oxidation starts at the exposed surface and then penetrates laterally under
the GaAs cap layer, leaving an unoxidized aperture region whose diameter
scales with the initial mesa size and can be controlled by the oxidation
time with 100 nm accuracy. The final evaporation of the broad metal p-
contact does not require any critical alignment with the mesa since the
Al; O3 layer forces the current to flow through the unoxidized aperture of
the mesa. Figure 16.13 displays a top-view scanning electron micrograph
of a 600nm wide current aperture LED created through this process. The
weak microcavity defined by the top Au mirror and the bottom Bragg
mirror is designed to enhance the light extraction from the device bottom
(the extraction efficiency is estimated theoretically to be ~4.5% around
1300 nm into a numerical aperture NA =0.5).

16.4.1.2. Current scaling and EL measurements

There are several challenges in the realization of current aperture LEDs
with high external quantum efficiency. The analysis of current—voltage (I—
V') characteristics points out the critical role of current spreading and car-
rier diffusion. These distinct mechanisms act as parasitic and undesirable
current channels that tend to enlarge the actual width of the current injec-
tion area beyond the current aperture diameter. On the one hand, current
spreading, which is a current flow parallel to and around the active region,
can be suppressed by reducing the doping level of the layers between the
oxide and the active layer [73]. On the other hand, as carrier diffusion in
the active area has been shown to strongly depend on the dimensionality of
the active region, or in other words on the number of remaining degrees of
freedom offered to the carriers, it should be entirely suppressed in an ideal
QD. Such a trend has been observed in similar LEDs with high density
QDs. [73] However, when combined with a low density QD active region,
the current aperture LED appears to undergo noticeable carrier diffusion.
This effect must occur in the wetting layer prior to the carrier capture in
the QDs and is enhanced by the slow capture time involved in low density
QDs. Figure 16.14 a shows the exponential diode characteristic I-V curves
obtained at room temperature for a series of current aperture LEDs with
various diameters (between 0.6 and 10 pm) and low density QDs. A diffu-
sion length of 1.2 ym is extracted from the scaling of the current density J
versus V' (Fig. 16.14b). However, the possibility to fit the J-V curves over
almost 4 orders of magnitude of current with a single parameter precludes
the existence of current spreading. The external quantum efficiency for the
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Fig. 16.13. Schematic cross-section of the current aperture LED device. The scanning
electron micrograph shows a top view of a LED with a 600 nm-wide current aperture
after the oxidation processing step. After Ref. 72.
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Fig. 16.14. (a) Current—voltage (I-V') characteristics of current aperture LEDs with dif-
ferent diameters as indicated in the legend. (b) Corresponding Current density—Voltage
(J-V) obtained from the current aperture diameter increased by a diffusion length fit
parameter of 1.2 um. (¢) Luminescence vs current (L—I) characteristics at room temper-
ature for LED devices with current—aperture diameters ranging from 600 nm to 11 ym.
After Ref. 72.

same series of devices has been obtained at room temperature through the
measurement of light—current (L—I) curves (Fig. 16.14¢). [72] Although the
measured efficiency is limited to ~ 10~* (mainly due to the mismatch be-
tween the cavity resonance and the QD emission at room temperature), it
appears to be roughly independent on the current aperture diameter. The
fact that it is not degraded for the smallest devices demonstrates that the
oxide does not introduce any defects in the active region.

Proof that only a few QDs are electrically pumped in the device is given
by electroluminescence (EL) measurements at low temperature (~40K).
Figure 16.15 displays EL spectra that have been measured on a 600 nm-



Telecom-wavelength Single-photon Sources Based on Single Quantum Dots 409

Energy (eV)
0972 0.97 0.968 0966
- A

Peak 2 «— | [—» Peak 3 (a) 2 (b) Ny
) z i k8o e
m i K
- c L
> I ¥
iz WMM = S 0
@ 400nA 3 6 a)& £
[ w L
c MMMMPEA ° 4 ® Peak1
] ] % A
- - L A ¥ Peak 2
- &WMWMZ&% © ¢
o 53 e 5 X A Ppeak3

it i Mo et o 8 &
@ 60nA =
1275 1280 1285 10 10°
Wavelength (nm) Current (nA)

Fig. 16.15. (a) Low temperature electroluminescence (EL) spectra for a 600 nm wide
current aperture LED and increasing current injection. Different offsets, which are indi-
cated by a dotted line, have been added to the curves for clarity. (b) Integrated intensity
of three different lines as a function of the injected current. After Ref. 72.

diameter current aperture LED for different currents. At low current, a
single line (at 1277.3nm) dominates the spectrum in a defined spectral re-
gion. An increase of the current results in a growing number of narrow lines,
accompanied by the complex dynamics of their relative intensities. This is
the signature of the gradual population of the QD states by the increasing
number of injected carriers. In Fig. 16.15b, the integrated intensities of
three peaks are plotted versus the injected current. The intensity I; of
peak 1 at 1277.3nm exhibits a roughly linear dependence (I; o I'?) on
the current until it saturates around 300nA. Such behaviour enables us to
assign this peak to the exciton state. The low amount of current required
to saturate the QD exciton state attests the high injection efficiency. The
intensity Iy of peak 2 at 1279.9nm shows a nearly quadratic dependence
on I (I o< I'*9%), suggesting emission from a biexciton state. The other
peaks (like the peak 3) that appear at higher current may be attributed
to multiexcitonic states (possibly charged) on the basis of their nonlinear
dependence on the current.

These results show the capability of the current aperture approach to
selectively inject current into a restricted area that is correlated to the
unoxidized aperture diameter and without compromising the radiative effi-
ciency of the device. Although the carrier diffusion length along the active
region remains significant at room temperature relative to the small device
diameter, the narrow lines measured from the QD EL at low temperature
demonstrate the effectiveness of the approach to inject current into one or
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Fig. 16.16. Schematic diagram of a telecom wavelength planar cavity LED. For clar-
ity the diagram is not to scale but typical lateral dimensions of the mesa would be
~ 60 pm x 40 pm. After Ref. 33.

few QDs at telecom wavelengths. Eventually, the extraction efficiency of
the LED could be further improved by combining the device with a wave-
length scale high- @ microcavity, using the oxide current aperture to also
provide lateral optical confinement. [74]

16.4.2. Planar cavity LEDs
16.4.2.1. Deuvice design

Planar cavity LEDs can be fabricated reliably using standard photolithogra-
phy and have provided some of the highest performance electrically-driven
single photon emission to date. A telecom wavelength device design is
shown schematically in Fig. 16.16 and described in detail in Ref. 33. The
device is grown by MBE and consists of a 3-wavelength GaAs cavity con-
taining an InAs dot layer at a cavity antinode. A cavity is formed between
a distributed Bragg reflector (DBR) and the surface GaAs—air interface. A
bimodal dot growth technique provided a suitably low density of telecom-
wavelength dots to enable the emission from one dot to be isolated by an
aperture of diameter one to a few pm. A thin Be-doped layer topped by
an Al cap deposited in-situ forms a non-annealed p-type ohmic contact.
Electrical connections run to the Al layer on the top of an etched mesa and
to Si-doped layers in the DBR via diffused AuGeNi n-type ohmic contacts.

16.4.2.2. FElectroluminescence spectroscopy

Fig. 16.17a shows the EL spectrum from a dot in a planar cavity LED.
The intensity of the emission line 1 increases roughly linearly with current
as shown. This line is likely to be due to emission from a neutral or charged
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Fig. 16.17. (a) EL spectrum under a constant current of ~ 10 uA at ~10K. (b) Current
dependence (d.c.) of the intensities of the lines in a. After Ref. 33.
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Fig. 16.18. Time-resolved EL data for line 1 in Fig. 16.17 (a) before correction with
detector response shown as dotted line and (b) on a logarithmic scale after correction
for dark counts. Approx 25ns APD gate pulses were used. (c) Truncation of the output
on the addition of negative-going voltage pulses. After Ref. 33.

single exciton. Lines 2 and 3 increase more rapidly and are likely to arise
from more complex (charged) excitonic states.

The time resolved EL from line 1 is shown in Fig. 16.18 a. The response
of the InGaAs APD to the ~ 25ns gate is shown by the dotted line and is
seen to be very flat during the gate period. In Fig. 16.18 b the data is plotted
on a logarithmic scale after correction for the dark counts. A fit to the steep
part of the decay (0.5-2.5ns) yields a decay time ~1.3ns. However, the
real radiative lifetime of the emission line will be closer to 1ns after the
system response (the full-width at half-maximum (FWHM) of the peak
measured from a 1300nm ps-pulsed distributed feedback laser diode was
~0.26 ns) and the finite excitation pulse length are considered. A slower
component is also visible in the data with an apparent lifetime ~ 10ns.
This is similar to the long-lived component discussed in Sec. 16.3.1.1 and is
tentatively attributed to the presence of a dark exciton that is repopulating
the allowed exciton [42].
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Fig. 16.19. (a) Time averaged EL spectra for d.c. and pulsed excitation. (b) Wave-
length shifts of the dominant emission peaks from a. The internal electric fields are
roughly estimated here by subtracting the applied voltage from the GaAs bandgap en-
ergy and dividing by the length of the intrinsic region. After Ref. 33.

Electrical contacts allow considerable additional flexibility in the opera-
tion of such devices. This is illustrated in Fig. 16.18 ¢ where negative-going
pulses (0.5 V of duration 10ns) are applied to the device shortly after each
positive-going excitation pulse enabling the tail of the output to be trun-
cated after ~2ns here. This could be beneficial for applications where it
is important to control the photon jitter to within typical detector gate
widths. Application of secondary pulses in this way need not reduce the
number of photons emitted within the detector gate period.

The primary mechanism responsible for the output truncation is be-
lieved to be Stark shifting of the emission wavelength outside the passband
of the spectral filter used to select photons from a single emission line.
Fig. 16.19a shows the influence of such time-varying Stark shifts on the
time-averaged EL spectrum. When a constant current is driven, the emis-
sion is dominated by three lines. Under pulsed excitation each of these lines
splits into two components as indicated by the arrows on the figure. The
weak component that remains at a roughly constant wavelength is due to
emission during the excitation pulse itself. The dominant component shifts
to longer wavelengths when the device is maintained at lower bias voltages
between excitation pulses. This component arises from emission occurring
during the periods between the excitation pulses when the dot experiences
higher internal electric fields. [75] The wavelength shift of the dominant
component of each line as a function of the estimated internal electric field
between excitation pulses is plotted in Fig. 16.19b.
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Strong carrier confinement in telecom wavelength quantum dots allows
the emission to be Stark shifted out of the passband of the spectral filter
(FWHM ~ 0.5nm) without strong carrier loss. At shorter wavelengths the
removal of carriers from the dots by the internal electric field can be more
significant. [76] In future, modified multi-pulse biasing conditions could
create time varying Stark shifts to eliminate multi-photon output due to
re-excitation during finite-length electrical pulses. If the excitation pulse is
sufficiently above the voltage maintained during the emission period, the
associated Stark shift could be large enough for emission during the exci-
tation pulse to be removed with a simple spectral filter. This would relax
the requirement on the length of the excitation pulse that it is much less
than the radiative lifetime. This can otherwise be difficult to satisfy fully,
particularly where a cavity is used to enhance the spontaneous emission
rate. If the photon energy was chosen to be resonant with a high-@Q cavity
during the desired emission period and off-resonance during the excitation
pulse, this technique may be possible with little reduction in efficiency,
due to the associated variations in the spontaneous emission rate on- and
off-resonance.

N
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Coincidence counts
=

-2 -1 0 1 2
Time delay (us)

Fig. 16.20. Histogram of delays between avalanches measured in each of the two APDs
in a correlation measurement. Voltage pulses were applied to excite the device. A small
bunching effect [52] is visible in the first few finite-delay bins. After Ref. 33.

16.4.2.3. Demonstration of single photon emission

Figure 16.20 shows a histogram representing the distribution of delays be-
tween detection events in each of the two APDs of a fiber optic Hanbury
Brown and Twiss measurement (on linel from Fig. 16.17). The source
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and detectors were both operated at 10 MHz and the zero-delay bin is sup-
pressed strongly below the finite-delay bins giving g(*)(0) = 0.28 + 0.01.
Better performance can be inferred for the source itself since dark counts
in the detectors contribute to the residual coincidence counts at zero-delay,
suggesting ¢(?)(0) ~ 0.19 for the source itself. [33].

16.5. Conclusion

With their high radiative efficiency, short radiative lifetime and good ther-
mal stability, quantum dot (QD) nanostructures offer several advantages
among other light sources for single photon emission. Moreover, they can
be easily inserted into microcavities and electrical devices to enhance their
emission characteristics and practicality. Dispersion is a notorious prob-
lem for fiber systems using broadband light sources but the naturally nar-
row linewidth of quantum dot emission limits the effect of chromatic and
polarization mode dispersion over typical photon transmission distances.
The larger dots used for telecom wavelength emission offer substantially
stronger confinement of carriers than the small dots more widely used at
shorter wavelengths, easing the path to higher operating temperatures.

Using quantum dots for single photon applications at telecom wave-
lengths presents new challenges for growers and spectroscopists alike. We
have seen demonstrations of optically-excited and electrically-driven sin-
gle photon emission performed using QDs grown by two very different
techniques to overcome the problem of growing large dots at low densi-
ties: ultra-low growth rates and bimodal dot growth. Detailed single dot
spectroscopy is possible using cooled InGaAs array detectors and can be
combined with information from time-resolved measurements to help un-
derstand the origins of the simplest emission lines. However, the subtleties
of the dot formation processes and richness of the QD emission line struc-
tures are only beginning to be understood in detail.

Due to their high operating temperature, InGaAs APDs are currently
the single photon detector used in the majority of telecom wavelength ap-
plications and they have been used for most time resolved and correla-
tion measurements to date. Superconducting single photon detectors offer
continuous operation with improved signal to noise ratios and look very
promising for future investigations.

Oxide apertures provide a convenient way to limit the excitation current
in an electrical device to a small area without requiring etched structures
of such limited size. Planar cavity LEDs provide a simple way to increase
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the collection efficiency of an LED by at least an order of magnitude. Elec-
trical contacts provide new flexibility to tune the emission wavelength on
time scales shorter than the natural radiative lifetime of the QDs via time-
varying Stark shifts on the application of voltage pulses.

Telecom wavelength single photon emitters have advanced very substan-
tially in the last three years and further improvements to the performance
of both emitters and detectors will benefit network applications of quantum
information processing and computing.
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In this chapter, we review our recent progress on implementing quan-
tum information processing with quantum dots in photonic crystals. We
describe a recently developed technique for selective tuning of quan-
tum dots on chip, which addresses the problem of large quantum dot
inhomogeneous broadening - usually considered the main obstacle in
employing such platform in practical quantum information processing
systems. We also present experimental results on cavity QED with a
single quantum dot in photonic crystal, both in the weak and strong
coupling regimes, which is critical for construction of such systems. The
last part of the chapter is dedicated to our preliminary experimental
work on integrated quantum information processing circuits, where we
demonstrate the generation and transfer of single photons on a photonic
crystal chip. Finally, we briefly discuss future prospects and a proposal
for a quantum repeater that can be implemented using the described
quantum dot-photonic crystal platform.
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17.1. Introduction and Overview

Cavity QED-based approaches have been considered some of the most
promising for practical implementation of quantum information process-
ing [1, 2. Such quantum networks would combine the ease of storing
and manipulating quantum information in atoms, ions [3, 4], or quantum
dots [5], with the advantages of transferring information between nodes via
photons, using coherent interfaces [6-8]. So far, the remarkable demon-
strations of basic building blocks of such networks have relied on atomic
systems [9-12]. Without a doubt, a successful solid-state implementation
of such an approach would open new opportunities for scaling of practical
quantum information processing systems [5]. Among the proposed solid-
state implementations, systems comprising of quantum dots in photonic
crystals are emerging as likely the most favorable, because of the small vol-
umes of photonic crystal cavities which enable strong quantum dot-cavity
field interaction [13-15], as well as because of the ability to integrate pho-
tonic crystal components monolithically on chip [16].

In this chapter, we review our recent progress on implementing quantum
information processing based on quantum dots in photonic crystals. We
start by very briefly reviewing photonic crystal cavities and their fabrica-
tion in Section 2. Due to the space limitations, we do not describe quantum
dot growth properties and photonic crystals designs, which have been de-
scribed elsewhere [17-21]. In Section 3, we describe our recently developed
technique for selective tuning of quantum dots on chip, which addresses the
problem of large quantum dot inhomogeneous broadening [22]. In Section 4,
we present experimental results on cavity QED with a single quantum dot
in photonic crystal, both in the weak and strong coupling regimes, showing
the ability to suppress spontaneous emission into all modes other than the
resonant cavity mode [13], as well as to initiate vacuum Rabi oscillation
between a single quantum dot and the cavity field. In particular, we show
that the selective quantum dot tuning technique (presented in Section 3)
can be used to tune a quantum dot into the strong coupling regime with a
cavity [22]. In Section 5, we show our preliminary work on integrated quan-
tum information processing circuits, where we demonstrate the generation
and transfer of single photons on a photonic crystal chip via a waveguide
between two cavites [16]. Finally, in Section 6 we briefly discuss a pro-
posal for a quantum repeater that can be implemented using the described
quantum dot-photonic crystal platform [23, 24].
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17.2. Photonic Crystal Circuits: Design and Fabrication

All experiments presented in this chapter are based on planar photonic
crystal (PC) devices in GaAs with incorporated InAs quantum dots (QDs).
QD wafers were grown by molecular beam epitaxy by our collaborators.
They generally contained an active region consisting of a 150 — 160 nm
thick GaAs layer with a centered InAs/GaAs QD layer. The active layer was
grown on an AlGaAs sacrificial layer (with high Al content), which is in turn
grown on a GaAs substrate. The suspended PC structures were fabricated
on such a wafer by a combination of electron beam lithography and dry
etching (which creates a PC pattern in the top GaAs layer containing QDs),
and a final wet etching step which dissolves a sacrificial layer underneath
PC components. An example of fabricated GaAs PC cavities using the
described procedure is shown in Fig. 17.1. In the same figure we also show
the photoluminescence spectrum from the same type of cavity, obtained by
exciting InAs QDs embedded inside of it, and indicating the cavity quality
(Q) factor of 20000.
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Fig. 17.1. Left: Photonic crystal cavity fabricated in GaAs slab containing InAs QDs.
Right: Photoluminescence spectrum from the same type of cavity, indicating Q=20000.

17.3. Local Quantum Dot Tuning on a Photonic Crystal
Chip

A major challenge facing proposals for solid-state quantum information
processing with quantum dots coupled to optical cavities is spatial and
spectral matching of distinct inhomogeneously broadened quantum dots.
Spatial alignment can be achieved either by positioning the PC cavity on
an already identified QD [15, 25], or by relying on chance. For spectral
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alignment, there are a few techniques that can be used to modify the emis-
sion wavelength of InAs quantum dots: Stark shift [26], Zeeman shift [27],
temperature tuning [28] and strain tuning [29]. In this Section, we describe
a recently developed technique which enables independent control of QDs,
employing structures with high-@) cavities whose temperature is controlled
by laser beams [22]. Our in-situ technique allows extremely precise spectral
tuning of InAs quantum dots by up to 1.8nm and of cavities of up to 0.4nm
(4 cavity linewidths). The technique is crucial for spectrally aligning dis-
tinct quantum dots on a photonic crystal chip and forms an essential step
toward creating on-chip quantum information processing devices.

Heating Pad Photonic Crystal

Fig. 17.2. Scanning electron microscope image of the fabricated structure showing the
PC cavity, the heating pad and the connection bridges. The temperature of the structure
was controlled with a laser beam (960nm) focused on the heating pad.

To achieve independent on-chip tuning, distinct regions containing the
quantum dots of interest must be kept at different temperatures. Since
GaAs is a good thermal conductor, on-chip local thermal insulation must be
provided to achieve significant local heating. For this reason, we fabricated
suspended PC structures with minimal thermal contact to the rest of the
chip, as shown in Fig. 17.2.

The fabricated structures (12um long, 4um wide, 150nm thick) consist
of a PC cavity and a heating pad (Fig. 17.2). To provide the thermal
insulation needed for efficient device heating, the structure was connected
to the rest of the chip by only six narrow bridges. The thermal conduc-
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tivity of narrow (/100nm), cold (4K - 10K) GaAs bridges is reduced by
up to four orders of magnitude with respect to the bulk GaAs [30], thus
improving the thermal insulation. We tested two devices with connection
bridges of the same length (2um) but different widths: w = 320nm and
w = 800nm. The temperature of the device was controlled by using a fo-
cused laser beam to heat up the pad next to the photonic crystal cavity.
To minimize background photoluminescence in single quantum dot mea-
surements, the heating laser is tuned below the QD absorption frequency.
A metal layer (20nm Cr/15nm Au) was deposited on the heating pad to
increase heat absorption. The thermal conductivity of GaAs beams with
cross sections on the order of 100nm/100nm, and the absorption coefficient
of the metal layer are not well known. As measured by Fon et al. [30], the
thermal conductivity of GaAs beams with dimensions 100nm/200nm/6um
is about 3 x 1072WK~'em ™! at 10K, three orders of magnitude lower than
the bulk value. Because of the size similarity, we assume that the connec-
tion bridges from our device have a similar thermal conductivity. Assuming
that 1072 mW of heat is absorbed in the heating pad and considering that
the device has the same thermal conductivity as the bridges, we expect the
temperature of the membrane to increase by a few tens of degrees Kelvin.

The local quantum dot tuning measurements were performed in a con-
tinuous flow liquid helium cryostat maintained at 10 K. A Ti:Sapph laser
tuned at 855 nm was used to excite the quantum dots while a 960 nm laser
diode acted as the heating laser. Using a pinhole, we collected photolu-
minescence from a quantum dot located inside the photonic crystal slab.
By increasing the power of the heating laser, QD emission was observed to
redshift (Fig. 17.3(a)). The QD linewidth broadens with increasing heating
pump power, as expected from experiments where the full sample is heated.
We were able to tune the quantum dot by 1.4nm while the linewidth broad-
ened from 0.04nm to 0.08nm. The quantum dot could be further shifted by
1.8nm but the photoluminescence (PL) intensity dropped rapidly. To show
the compatibility of this local tuning technique with single photon measure-
ments and quantum information processing, we proved antibunched single
photon emission from an exciton transition using a Hanbury Brown-Twiss
interferometer while the emission line was shifted by 0.8nm (Fig. 17.3(b)).
Antibunching can be measured as long as the thermal energy is not larger
than the confining energy of the QD, which in our case corresponds to a
detuning of ~1.4nm.

To investigate the thermal properties of the fabricated devices, we com-
pared the shift of quantum dots located on structures with different bridge
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Fig. 17.3. (a) Quantum dot tuning vs. heating pump power. The structure is connected
to the substrate by bridges measuring 320nm in width. The quantum dot emission shifts
by 1.4nm while increasing the heating laser power to 3mW. Only a small fraction of
the heating laser power is absorbed in the metal pad. (b) Autocorrelation measurement
showing single photon anti bunching while the QD was detuned by 0.8nm using the local
tuning technique. (c) Dependence of the QD detuning on the heating laser power. The
two data sets correspond to structures with different thermal contact to the substrate
(320nm and 800nm bridges). (d) QD temperature tuning by changing the temperature
of the entire chip in the cryostat. The inset shows that the detuning is linear in 72

widths, w = 320nm and w = 800nm. The thermal conductance of the
bridges is proportional to their width w. Under the same pump conditions
the temperature of the structure is inversely proportional to w so we would
expect the QD to shift 2.5 (i.e., 800/320) times further for the structure
with thinner bridges. The QD shift observed on the two structures is plot-
ted in Fig. 17.3(c). For the same pump power, the QD shifts 2.65 times
further for w = 320nm than for w = 800nm, in good agreement with the
expected result.

The temperature dependence of the QD shift was determined by chang-
ing the temperature of the entire chip in the cryostat. The results are
plotted in Fig. 17.3(d) and indicate that a shift of 1.8nm corresponds to a
temperature of 40K. This implies that during the local temperature tuning
experiment, the structure was also heated to 40K. The QD shift shows a
quadratic dependence with temperature (Fig. 17.3(d) inset), which is ex-
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pected since the band gaps of GaAs/InAs have a quadratic temperature
dependence in this temperature interval [31]. Our experimental data shows
a linear dependence of the QD shift with the heating laser power (Fig.
17.3(c)), which implies a linear relation between the power of the heating
laser and T2. The local temperature gradient also induces strain which can
be responsible for shifting the QD emission. To release the strain in the
suspended membrane, we used a focused laser beam to cut some of the con-
nection bridges next to the QD. After the strain release, we still observed
the same shift of the QD with the heating power which indicates that the
shift is mainly due to temperature.
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Fig. 17.4. (a) Detuning of the PC cavity resonance with increasing temperature due
to local heating. (b) Dependence of the PC cavity resonance wavelength on the local
heating power.

Not only the QDs but also the PC cavities shift their resonant frequency
with temperature. The local heating technique was used to shift a PC cavity
located on the w = 320nm structure. Using the same heating power as for
the QD tuning, we observed the cavity resonance redshift by up to 0.48nm
(Fig. 17.4(a) and (b)), about 3 times less than the QD shift. The quality
factor of the cavity dropped from 7600 to 4900. Beside temperature tuning,
photonic crystal cavities can be tuned using chemical digital etching [32] or
by deposition of molecular layers on top of the PC membrane [33] .

We emphasize that our local temperature tuning technique is completely
reversible and does not affect the structure of the PC cavities or the QDs.
Another tuning technique that relies on locally heating microcavities to
permanently change the structure of the resonator and the QDs has been
reported by Rastelli et al. [34].
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17.4. Cavity QED with Quantum Dots in Photonic Crystals

Let us assume that a single quantum dot is isolated in a microcavity,
and is coupled to the cavity field with the position-dependent coupling

strength g(7) = goy(7) cos(§), where gy = %1/%, P(r) = %, and

cos(§) = % [17]. In this expression, 7); denotes the point where the elec-
tric field energy density €(7)|E(7)|? is maximum and e, is the dielectric
constant at this point (exr = €(Far)). (We assume that the cavity is de-
signed in such a way that ep; = n?, where n is the refractive index of the
semiconductor used to make it, as desired for cavity QED with QDs em-
bedded in semiconductor). FE(F) is the electric field magnitude, and V is

the cavity mode volume, defined as V = %W . The electric field
orientation at the location 7" is denoted as é, ji is the dipole moment of
the dot, and p = |fi|. Therefore, the coupling |g(7)| reaches its maximum
value of gp when the QD is located at the point 73; where the electric field
energy density is maximum, and when its dipole moment is aligned with
the electric field.

The losses of the system can be described in terms of the cavity field
decay rate k, equal to (w/2Q), and the dipole decay rate . k is the decay
rate of the resonant cavity mode, while ~ includes QD dipole decay to modes
other than the cavity mode and to nonradiative decay routes. Depending
on the ratio of the coupling parameter |g(7)| to the decay rates x and ~, we
can distinguish two regimes of coupling between the exciton and the cavity
field: the strong-coupling regime, for |g(¥)| > k,~, and the weak-coupling
regime, for |g(¥)| < &, [35].

In the strong-coupling case, the time scale of coherent coupling between
the QD and the cavity field is shorter than that of the irreversible decay
into various radiative and nonradiative routes. Vacuum Rabi oscillation
occurs in this case, and the time evolution of the system can be described
by oscillation at frequency 2|g(7)| between the state of an excited dot and no
photons in the cavity, and the ground-state quantum dot with one photon
in the cavity. We will assume that QD dipole decay rates into modes other
than the resonant cavity mode and into nonradiative routes are not modified
in the presence of a cavity, and estimate v from the homogeneous linewidth
of the QD without a cavity.

On the other hand, in the weak-coupling case, irreversible decay rates
dominate over the coherent coupling rate; in other words, the QD-cavity
field system does not have enough time to couple coherently before dissipa-
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Fig. 17.5. PC cavity used in the weak coupling experiment with a single QD, and the
corresponding E-field pattern.

tion occurs. In the systems that we consider in the weak coupling regime,
k > |g(7)|, but K >> ~. In this "bad cavity limit”, the spontaneous emis-
sion decay rate of the QD into the cavity mode is [36]

r = lg(P (7.1)

which is enhanced relative to the spontaneous emission rate of the same
QD in bulk semiconductor by the so-called Purcell factor [37):

I 3 Q/\\’(E®\* (i e\ A2 179
r—o—mv<a) (E(Fm)> (T) ACFih—np U7

In the previous expression, A is the QD emission wavelength, and A, is
the cavity mode wavelength.

Therefore, for a QD positioned at the maximum of the electric field
energy density, with dipole moment aligned with the electric field, and on
resonance with the cavity mode, the Purcell factor is maximized and equal

to
3 QN

For a QD off resonance with the photonic crystal cavity (and inside of
photonic band gap), f = I'/Ty < 1, as a result of the reduced density of
optical states inside photonic band gap. For example, in the triangular PC
lattice shown in Fig. 17.5, f ~ 0.2 [13].

The fraction of emission from a QD that is coupled into one particular
cavity mode is known as the spontaneous emission coupling factor 3, and

is approximately related to the Purcell factor via 3 = HLF Therefore, if
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the QD emission rate is strongly enhanced by its interaction with a cavity
mode, and its emission into other modes suppressed by photonic band gap,
then 8 =~ 1. This regime is extremely important for the construction of
highly efficient sources of single photons.

The strong and weak coupling regimes in the solid state are not only
of academic interest; they can also be used in the construction of efficient
sources of indistinguishable single photons and numerous quantum infor-
mation processing devices, as described later in this chapter.

17.4.1. Weak coupling regime

Over the past decade, optical resonators have been exploited to enhance
emission rate for improving numerous quantum optical devices [38, 39].
Single photon sources in particular promise to see large improvements [40].
While more attention has been given to increasing emission rate, the reverse
is also possible in an environment with decreased density of optical states.

Struct. 2, line A Struct. 2, line B

counts

0
0 52 104 t(ns) 0 52 104

Fig. 17.6. Left: Lifetime measurements on different QQDs positioned at various points
inside a PC cavity. Right: Measurements of the photon autocorrelation function on the
same QDs, indicating antibunching and that single emitters are probed.

Here we describe our experiment confirming that by designing a pho-
tonic crystal cavity, we can significantly increase or decrease the spon-
taneous emission rate of embedded self-assembled InAs QDs [13]. For
QDs coupled to a PC cavity shown in Fig. 17.5, we observe up to eight
times faster spontaneous emission rate from time resolved photolumines-
cence measurements and demonstrate antibunching, confirming that single
QDs are probed (see Figs. 17.6 and 17.7). Due to spatial misalignment
between the QD and cavity, most of the spectrally resonant dots in this
experiment have moderate emission rate enhancement. (In the following
section, a 12-fold enhancement is observed for a QD in another type of PC
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cavity [16]). With better spatial and spectral matching, Eq. 17.2 predicts
that a rate enhancement of up to ~ 100 is possible in such a cavity, as a
result of a moderate Q-factor (@ = 1000) and a very small mode volume
(V =~ 0.5(\/n)3). In contrast, for individual off-resonant QDs in the PC,
we show up to five-fold spontaneous emission rate quenching as a result of
the diminished density of optical states in the photonic bandgap. As de-
scribed above, the simultaneous enhancement of coupled and suppression of
uncoupled spontaneous emission rates results in very high cavity coupling
efficiency (8 ~ 1), even for moderate Purcell enhancement.
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Fig. 17.7. Spontaneous emission rate modification. (a) Experimental (circles) and cal-
culated (bars) data of I'/T'g of single QD lines vs. spectral detuning (normalized by
the cavity linewidth A)X). Coupling was verified by spectral alignment and polarization
matching. (b) Illustration of the predicted spontaneous emission rate modification in
the PC as function of normalized spatial and spectral misalignment from the cavity (a is
the lattice periodicity). This plot assumes @ = 1000 and polarization matching between
the emitter dipole and cavity field. The actual spontaneous emission rate modification
varies significantly with exact QD location.

17.4.2. Strong coupling regime

In the ”strong coupling regime,” when the coupling strength between the
quantum dot and the cavity field g dominates over the loss rates of the
system, the quantum dot and the cavity can no longer be treated as distinct
entities and entangled modes of the dot and the cavity field are formed. As
described previously in this chapter, the quantum dot exchanges photons
with the cavity at a very fast rate (Rabi oscillation at the frequency 2g),
and a splitting equal to 2g occurs in the cavity resonance, which we refer to
as the vacuum Rabi splitting. Our recent result indicating strong coupling
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Fig. 17.8. (a) Scanning electron microscope (SEM) image of a photonic crystal cavity.
(b) Photoluminescence of a quantum dot strongly coupled to a photonic crystal cavity,
using temperature to tune the quantum dot energy through resonance with a cavity
mode. Cold-cavity Q-factor is around 10500, and the mode volume is around (A/n)3. (c)
Peak positions of photoluminescence in Panel (b) as a function of temperature, exhibiting
anti-crossing suggestive of strong coupling behavior.

behavior between a high quality factor cavity mode and a quantum dot
emission line is shown in Fig. 17.8. Figure 17.8(a) shows a scanning electron
microscope (SEM) image of the cavity, which is a linear three hole-defect
photonic crystal cavity. Photoluminescence measurements indicate that the
quality factor of this cavity is 10500. The emission line of a quantum dot is
tuned into and out of resonance with the cavity using temperature, as shown
in Fig. 17.8(b), and the positions of the cavity and QD polariton peaks
are plotted as a function of temperature in Fig. 17.8(c). As is consistent
with strong coupling behavior, the two peaks exhibit anti-crossing, with the
energy separation between the two peaks corresponding to the vacuum Rabi
splitting. We have observed such Rabi splitting with a single quantum dot
in a number of photonic crystal cavities on different chips, with Q factors
ranging from 10000 to 15000.
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In the experiment shown in Fig. 17.8, we tuned the temperature of the
whole chip by heating the cryostat. However, for practical implementa-
tions of quantum information processing, where several quantum gates are
integrated on the same chip, it is necessary to individually tune QDs into
such regime (as different QDs on chip exhibit different misalignments from
the cavity resonances). We used our technique described in Section 3 to
locally tune a QD into resonance with a PC cavity mode with @ = 10000,
as shown in Fig. 17.9(a). We observe splitting and anti-crossing of the po-
lariton states, the signature of strong coupling regime, as the QD is tuned
into resonance with the cavity (Fig. 17.9(a-b)). A polariton splitting of
0.05nm is observed. Therefore, our local tuning technique could also be
used to tune a single QD into the strong coupling with the cavity.
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Fig. 17.9. (a) Spectra showing the tuning of a single QD into resonance with the cavity
mode using the local heating technique. (b) Anticrossing between the polariton lines of
the strongly coupled PC cavity - QD system. (c) Spectrum showing the 0.05 nm splitting
of the polaritons.
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17.5. Generation and Transfer of Single Photons on a
Photonic Crystal Chip

One essential element of quantum information processing systems is a
source of indistinguishable single photons, which is required in quantum
teleportation [41], linear-optics quantum computation [42], and several
schemes for quantum cryptography [43]. Sources have been demonstrated
from a variety of systems [44], including semiconductor quantum dots [38,
45-50]. This particular approach for generation of single photons on-
demand is based on a combination of pulsed excitation of a single self-
assembled semiconductor quantum dot and spectral filtering [17]. When
such a QD is excited with a short (ps) laser pulse with the frequency tuned
above the band gap of the surrounding semiconductor, electron-hole pairs
are created in the surrounding semiconductor matrix; carriers diffuse to-
wards the dot, where they are rapidly trapped and quickly relax to the
lowest confined states. The carriers created inside a QD recombine in a ra-
diative cascade, leading to the generation of several photons for each laser
pulse. At the moment of the generation of each of the photons in this cas-
cade, the charge configuration of the QD is different. Since the total energy
of the QD system is modified by the Coulomb interaction among carriers,
all of the photons emitted in the cascade have slightly different frequencies.
The last emitted photon for each pulse (corresponding to a single exciton
state) thus has a unique frequency, and can be spectrally isolated.

.
’I
UL

10 20 30 40
Time{ns)

Fig. 17.10. Single photon source based on a quantum dot in photonic crystal. Left:
measured second order photon correlation function for such a source. The suppression
of the central peak indicates suppression of multiphoton pulses relative to an attenuated
laser of the same intensity. Right: Quantum dot-photonic crystal cavity based single
photon source coupled to a photonic crystal waveguide.
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Triggered single photons can therefore be generated using quantum dots
grown in a bulk semiconductor material, but the efficiency of such a system
is poor, since the majority of emitted photons are lost in the semicon-
ductor substrate. To increase the photon extraction efficiency and reduce
the duration of single-photon pulses emitted from semiconductor systems,
cavity quantum electrodynamics can be used [17]. We have demonstrated
cavity-enhanced single photon sources based on both microposts [17, 50]
and photonic crystal cavities [13], including photonic crystal cavity single
photon sources integrated on a chip [16]. For the best of our sources, the
multiphoton probability was suppressed to 2% (relative to an attenuated
laser of the same intensity), photon pulse duration was as short as 100ps
(implying possible 10GHz repetition rate), outcoupling efficiency into the
collection lens was about 30%, and photon indistinguishability (overlap be-
tween consecutive photons emitted from such a source) around 80%. In Fig.
17.10 (Left) we show the experimental results for such a source based on a
single QD in a photonic crystal. This figure shows the measurement of the
second order photon correlation function, indicating the antibunching (sup-
pression of the central peak), and thus the suppression of the multiphoton
probability relative to an attenuated laser of the same intensity.

Another important component of quantum networks is a quantum chan-
nel for efficiently transferring information between spatially separated nodes
[1]. For this reason, we have been pursuing single photon sources which are
not only based on a single quantum dot in a PC cavity, but where the
PC cavity output is redirected into the waveguide for efficient collection
(as in the structure shown in Fig. 17.10 (Right)). In the rest of this sec-
tion, we will describe single photon generation in such a structure, where
emitted photons are outcoupled into the waveguide, and then transferred
into another cavity on the chip, as in the structure shown in Fig. 17.11.
This can be also viewed as a basic building block of a quantum network by
the generation and transfer of single photons on a photonic crystal chip.
A cavity-coupled QD single photon source is connected through a 25um
channel to an otherwise identical target cavity so that different cavities may
be interrogated and manipulated independently (Fig. 17.11). Thanks to
their near-minimum mode volume Vi,oqe ~ 0.74(\/n)3, these end-cavities
allow a large spontaneous emission rate enhancement. Among the 30 fabri-
cated structures, we experimentally found the total @) values to fall in the
range 1560 4 550. This system provides a source of single photons with a
high degree of indistinguishability (mean wavepacket overlap of ~ 67%),
12-fold spontaneous emission rate enhancement, spontaneous emission cou-
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pling factor 8 ~ 0.98 into the cavity mode, and high-efficiency coupling
into a waveguide. These photons are transferred into the target cavity with
a target/source field intensity ratio of 0.12 £ 0.01 (up to 0.49 observed in
structures without coupled QDs), showing the system’s potential as a fun-
damental component of a scalable quantum network for building on-chip
quantum information processing devices.

Fig. 17.11. Coupled cavities system. Left: The identical source (S) and target (T)
cavities are connected via the 25pum waveguide. Design parameters for the PC circuit
are: a = 256nm, ro = 0.3a r; = 0.25a, rg = 0.3a, and r,, = 0.25a. Electric field pattern
is shown in the inset. Middle: Broad emission in cavity S (plot ‘SS’) is filtered into the
target cavity (plot ‘ST’), indicating matched cavity resonances with Q=1000. Right:
When the QD exciton at 897.3nm in cavity S is pumped (resonantly at 878nm, with
4604W and 1um focal spot pump), the emission is observed from S (‘SS’) and T (‘ST’).
The cross-polarized spectrum from S shows nearly complete quenching of QD emission
(‘SS, 90°’). The line at 897.3nm is only observed when S is pumped.

A single-excition transition is coupled to cavity S at 897nm (see Fig.
17.11). The transition is driven resonantly through a higher-order excited
QD state with a 878nm pump from a Ti-Sapph laser. The spontaneous
emission rate enhancement is measured from the modified emitter lifetime,
which is dominated by radiative recombination [13]. A direct streak camera
measurement puts the modified lifetime at 116ps (Fig. 17.12(b)). Com-
pared to the average lifetime of 1.4ns for QDs in the bulk semiconductor
of this wafer, this corresponds to a Purcell enhancement of FF = 12. We
estimate that this value of F' is about 13 times lower than for an ideally
aligned dot, indicating spatial mismatch to 28% of the field maximum.
The spontaneous emission coupling factor into the cavity mode is then
B = F/(F+ f) ~ 098, where f ~ 0.2 reflects the averaged spontaneous
emission rate suppression into other modes due to the bandgap of the sur-
rounding PC [13].

We characterized the exciton emission by measurements of the second-
order coherence and indistinguishability of consecutive photons. The
second-order coherence ¢ (#') is measured with a Hanbury-Brown and
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Twiss interferometer [13]. When the QD in cavity S is pumped resonantly,
then photons observed from S shows clear antibunching (Fig. 17.12(a)),
with ¢?(0) = 0.35 £ 0.01. This value exceeds measurements for cavity-
detuned QDs, where typically ¢(®(0) < 0.05, similar to previous reports
[38]. The main contributor to the larger ¢(*)(0) for the coupled QD is en-
hanced background emission from nearby transitions and the wetting layer
emission tail, which decays at ~ 100ps time scales (see Fig. 17.12(b)) and
is not completely filtered by our grating setup. The background emission
is rather large in this study because of the high QD density of the sample
(e.g., four times larger than that in the experiment [38]).

Because of the shortened lifetime of the cavity-coupled QD exciton,
the coherence time of emitted photons becomes dominated by radiative
effects and results in high photon indistinguishability [40]. We measured
the indistinguishability using the Hong-Ou-Mandel (HOM) type setup [38].
The QD is excited twice every 13ns, with a 2.3ns separation. The emitted
photons are directed through a Michelson interferometer with a 2.3ns time
difference. The two outputs are collected with single photon counters to
obtain the photon correlation histogram shown in the inset of Fig. 17.12(b).
The five peaks around delay 7 = 0 correspond to the different possible
coincidences on the beamsplitter of the leading and trailing photons after
passing through the long or short arms £ or S of the interferometer. If the
two photons collide and are identical, then the bosonic symmetry of the
state predicts that they must exit in the same port. This photon bunching
manifests itself as antibunching in a correlation measurement on the two
ports. This signature of photon indistinguishability is apparent in Fig.
17.12(b) in the reduced peaks near zero time delay. Following the analysis
of [38], the data (inset Fig. 17.12(b)) indicate a mean wavefunction overlap
of I = 0.67 £ 0.18, where we adjusted for the imperfect visibility (88%)
of our setup and subtracted dark counts in the calculation. Even with
higher spontaneous emission rate enhancement, we expect that I < 0.80 for
resonantly excited QDs [51] because of the finite relaxation time, measured
here at 23ps by the streak camera.

We will now consider the transfer of single photons to the target cavity
T. Experimentally, we verified photon transfer from S to T by spectral
measurements (see Fig. 17.11): the exciton line is observed from T only
if S is pumped. It is not visible if the waveguide or cavity T itself are
pumped, indicating that this line originates from the QD coupled to cavity
S and that a fraction of the emission is transferred to T. This emission
has the same polarization and temperature-tuned wavelength dependence
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Fig. 17.12. Single photon source characterization. (a) Autocorrelation data when cavity
S pumped and collected. (b) Streak camera data indicate exciton lifetime 7 = 116ps. The
rise-time is measured at 23ps with a lower-density grating with higher time response (data
not shown). Inset: Two-photon interference experiment. Colliding indistinguishable
photons interfere, resulting in a decreased area of peak £S. The area does not vanish
largely because of non-zero g(2)(0) of the source. (c¢) Autocorrelation data when cavity
S pumped and T is collected (with grating filter). (d) Cavity S pumped and T collected
directly (no grating filter).

as emission from S. Photon autocorrelation measurements on the signal
from T indicate the antibunching characteristic of a single emitter when S
is pumped (Fig. 17.12(c)). The signal-to-noise ratio is rather low because
autocorrelation count rates are ~ 0.014 times lower than for collection from
S. Nevertheless, the observed antibunching does appear higher, in large part
because the background emission from cavity S is additionally filtered in the
transfer to T, as shown in Fig. 17.11(b). Indeed, this filtering through the
waveguide/cavity system suffices to bypass the spectrometer in the HBT
setup (a 10nm bandpass filter was used to eliminate room lights). The count
rate is about three times higher while antibunching, g2(0) = 0.50 £ 0.11, is
still clearly evident (Fig. 17.12(d)). The largest contribution to g*(0) comes
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from imperfectly filtered photoluminescence near the QD distribution peak
seen in Fig. 17.11(c). This on-chip filtering will be essential in future
quantum information processing applications and should also find uses in
optical communications as a set of cascaded drop filters.

This system forms a basic building block of a quantum network consist-
ing of a QD with large coupling to a high-Q/V cavity, which in turn is cou-
pled to a target cavity via a waveguide. The coupled system functions as an
efficient on-demand source of single photons with mean wavepacket overlap
of ~ 67%, spontaneous emission coupling factor 5 ~ 0.98 into the cavity
mode, and high out-coupling efficiency into the waveguide. These single
photons from cavity S are channelled to the target cavity, as confirmed by
localized spectroscopic measurements. We measured a high photon transfer
with a field intensity ratio of 0.12 + 0.01 for this system. In other struc-
tures we measured field ratios up to 0.49 £+ 0.04, though without coupled
QDs. These efficiencies greatly exceed what is possible in off-chip transfer
from a cryostat-mounted PC structure and demonstrate the great potential
of this system as a building block of future on-chip quantum information
processing systems, such as those described in the following section.

17.6. Quantum Dot-photonic Crystal Based Quantum
Networks

One of the main limitations in quantum communication is the large losses
induced by optical channels. These losses lead to a communication rate
which is exponentially decaying with distance. In classical communication,
these channel losses can be overcome by optical amplifiers placed along the
path of the fiber. At each amplifier node, the signal is boosted to overcome
the fiber losses. This solution is not possible in quantum communication be-
cause amplification injects quantum noise into the channel, which destroys
the state of the qubit.

The exchange of quantum bits over long distances can be achieved in
a different manner. The key is to create an entangled state between the
two communication points. The method of quantum teleportation [52] can
be used to exchange qubits between nodes. Entanglement can be gener-
ated over long distance by creating entanglement between a large number
of intermediate nodes (or repeater stations), which are spaced by short
distances along the communication path. Entanglement swapping [53] can
then be used to create entanglement between the two end nodes. This
procedure can be made fault tolerant by using entanglement purification
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protocols [54].

Quantum repeaters can be implemented in a variety of systems. All
optical proposals [55], as well as proposals based on atomic systems [56] have
been extensively studied. More recent proposals rely on optically controlled
spins in semiconductor cavities interacting with coherent light [57, 58] (for
the detailed description, please refer to the chapter by Ladd et al in this
volume).

In this section, we describe a method for implementing entanglement,
as well as a full Bell measurement on a quantum dot or an atomic system
using only interaction with a coherent field [23, 24]. This leads to an ex-
tremely simple implementation of a quantum repeater that relies only on
the building blocks we already demonstrated in the previous sections of this
chapter. The scheme exploits the interaction of the cavity-dipole system,
but does not require the strong coupling regime. As described in Section 4,
our recent experimental demonstrations show that this regime is practically
achievable with current technology.

To implement a full quantum repeater requires the capability to perform
three important operations. First, one must be able to generate entangle-
ment between dipole systems that are separated by large distances. Second,
one must be able to measure the state of the individual dipole systems. Fi-
nally, an efficient quantum repeater requires the ability to perform a full
Bell measurement between two dipole systems in order to implement an
efficient entanglement swap and entanglement purification.

Fig. 17.13. Cavity- waveguide system for quantum repeaters.

Fig. 17.13 shows a schematic of the type of system we are considering.
A cavity containing a single dipole emitter is evanescently coupled to two
waveguides. The cavity is assumed to have a single relevant mode, which
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couples only to the forward-propagating fields (e.g., a whispering gallery
mode). The dipole may be detuned by § from cavity resonance, denoted
wp, while g is coupling strength between the dipole and the cavity field.
Both waveguides are assumed to have equal coupling rates into the cavity
(n). The parameter 7 is the energy decay rate from the cavity into each
waveguide. The operators a;, and ¢;, are the field operators for the flux
of the two input ports of the waveguides, while &;, is the operator for
potential leaky modes due to all other losses such as out-of-plane scattering
and material absorption. The bare cavity has a resonant frequency wgy and
an energy decay rate k in the absence of coupling to the waveguides (for
simplicity,  in this Section denotes the energy decay rate and not the cavity
field decay rate, which is two times smaller). This decay rate is related to
the cavity quality factor Q by k = wy/Q. For n > k, the critical coupling is
achieved and the input field from one waveguide is completely transmitted
to the other [59]. The dipole operator o_ has a decay rate v, and fisa
noise operator which preserves the commutation relation.

We start with the Heisenberg operator equations for the cavity field
operator b and dipole operator o_, given by [60]. Assuming the cavity
is excited by a weak monochromatic field with frequency w, we calculate
the response of b and o_ in frequency space. We assume that the cavity
decay rate is much faster than the dipole decay rate, so that n/y =~ 0.
This is a realistic assumption for a quantum dot coupled to a photonic
crystal cavity, but does not necessarily apply in atomic systems coupled to
very high-Q optical resonators. We also consider the weak excitation limit,
where the quantum dot is predominantly in the ground state ((o,(¢)) = —1
for all time). This condition basically states that the incoming photon flux
(al a;,) must be much smaller than the modified spontaneous emission
decay rate of the emitter (in the limit that the cavity decay is dominated
by the leakage into the waveguide described by n), and is well satisfied
in the operating regime we are working in. In this limit the waveguide
input-output relations are given by the expressions

R —NCin + (—iAw + % + #:;)ﬂ) Ain — /FN€in
Apur = . e (17.4)
—iAw+n+K/2+ ] g

. —ném + (—iAUJ + % + #2_5)4_7) éin RV /Qnéin
Cout = - PE (175)
—iAw+n+£K/2+ T g

where Aw = w — wg.
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Consider the case where the dipole is resonant with the cavity, so that
0 = 0. In the ideal case, the bare cavity decay rate x is very small and can
be set to zero. In this limit, when the field is resonant with the cavity and
g = 0 we have a;, = —Coyt, as one would expect from critical coupling. In
the opposite regime, when g2 > (74 x/2)y we have &;, = A,ut, so that the
field remains in the original waveguide. This condition can be re-written
as F = g?/(n+#£/2)y > 1, where F is the Purcell factor. Thus, in order to
make the waveguide transparent (i.e., decouple the field from the cavity),
we need to achieve large Purcell factors. However, we do not need the full
normal mode splitting condition g > 1+ /2. When v < 1+ k/2 we can
achieve transparency for much smaller values of g.
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Fig. 17.14. Left: Probability for field in &;, to transmit into &4+ and €out respectively.
(a) Transmission with no dipole in cavity. (b) Transmission with a dipole in the cavity.
(c) Phase imposed on transmitted field when a dipole is present in the cavity. Right:
Transmission of waveguide when the dipole is detuned from the cavity by 6.

Fig. 17.14 plots the probability that a;, transmits into a,,; and C,y:.
Assuming that the initial field begins in mode &;,, we define &,y /a;, =
VT,e®e and €,ut/ain = VT.e'®<, and use cavity and dipole parameters
that are appropriate for a photonic crystal cavity coupled to a quantum
dot. We set n = 1THz which is about a factor of 10 faster than « for a
cavity with a quality factor of @ = 10000. We set ¢ = 0.33THz, a number
calculated from FDTD simulations of cavity mode volume for a single defect
dipole cavity in a planar photonic crystal coupled to a quantum dot [20].
The dipole decay rate is set to v = 0.5GHz, taken from experimental mea-
surements [50].

Panel (a) of Fig. 17.14(Left) considers the case where the cavity does
not contain a dipole. In this case g = 0, representing a system where
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the two waveguides are coupled by a drop filter cavity. The width of the
transmission spectrum for the drop filter is determined by the lifetime of
the cavity, which in our case is dominated by 7. When a dipole is present
in the cavity, the result is plotted in panel (b). In this case, a very sharp
peak in the transmission spectrum appears at Aw = 0, with a width of
approximately 0.1THz, although ¢ is three times smaller than the cavity
decay rate 1. On resonance, the field does not couple to the cavity and
is instead transmitted through the waveguide. We refer to this effect as
the Dipole Induced Transparency (DIT), as the presence of a single dipole
in the channel drop filter changes its transmission. In the high-Q regime
where g > 7 and in the limit of 7 > k/2 (cavity losses are dominated by
waveguides), the full width half maximum of the transmission dip is equal
to 2¢g as expected by normal mode splitting. In the low-Q regime where
g < n and assuming that 7 > /2, the spectral width of the transmission
peak is equal to g2 /7 (the modified spontaneous emission rate of the dipole).

In panel (c) we plot ®, for the case where g = 0.33THz. The region
near zero detuning exhibits very large dispersion, which results in a group
delay given by 7, = (9 + £/2)/9® = Tmod, Where Tpeq is the modified
spontaneous emission lifetime of the dipole. One can show that the group
velocity dispersion at zero detuning vanishes, ensuring that the pulse shape
is preserved.

We now consider the effect of detuning the dipole. The transmission
spectrum for a detuned dipole is plotted in Fig. 17.14(Right), where §
denotes the dipole detuning from the cavity resonance. Introducing a de-
tuning in the dipole causes a shift in the location of the transmission peak,
so that destructive interference occurs when the field frequency is equal to
the dipole frequency. Thus, we do not have to hit the cavity resonance very
accurately to observe DIT. We only need to overlap the dipole resonance
within the cavity transmission spectrum.

The fact that we can switch the transmission of a waveguide by the state
of a dipole in the low-Q regime can be extremely useful for quantum infor-
mation processing. As one example, we now present a way in which DIT
can be applied to engineering quantum repeaters for long distance quantum
communication. In panel (a) of Fig. 17.15(Left) we show how DIT can be
used to generate entanglement between two spatially separated dipoles. A
weak coherent beam is split on a beamsplitter, and each port of the beam-
splitter is then sent to two independent cavities containing dipoles. The
waveguide fields are then mixed on a beamsplitter such that constructive
interference is observed in ports f and h. Each dipole is assumed to have
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Fig. 17.15. Left: Application of DIT to quantum repeaters. (a) A method for generating
entanglement between two dipoles using DIT. (b) A non-destructive Bell measurement.
Right: (a) Probability of detecting even parity for an odd parity state as a function of 7.
(b) Solid line plots the fidelity of the state (|gg) & |mm))//2 after a parity measurement.
Dotted line plots the probability that the measuring field contains at least one photon
for detection.

three relevant states, a ground state, an excited state, and a long lived
metastable state which we refer to as |g), |e), and |m) respectively. The
transition from ground to excited state is assumed to be resonant with the
cavity while the metastable to excited state transition is well off resonance
from the cavity, and is thus assumed not to couple to state |e). The states
|g) and |m) represent the two qubit states of the dipole.

When the dipole is in state [m), it does not couple to the cavity, which
now behaves as a drop filter. Thus, we have a system that transforms
al 9)]0) — &l ,]g)|0) and &l |m)|0) — —&l,,|m)|0). This operation can
be interpreted as a C-NOT gate between the state of the dipole and the
incoming light. When the dipole is in a superposition of the two states, this
interaction generates entanglement between the path of the field and the
dipole state. After the beamsplitter, this entanglement will be transferred
to the two dipoles. If the state of both dipoles is initialized to (|g)+|m))/v/2,
it is straightforward to show that a detection event in ports g or i collapses
the system to (|g,m) — |m, g))/V2.

Another important operation for designing repeaters is a Bell measure-
ment, which measures the system in the states |¢+) = (|gg) + |mm))/V/2
and [¢1) = (lgm) £ |mg))/v/2. Panel (b) of Fig. 17.15(Left) shows how
to implement a complete Bell measurement between two dipoles using only
cavity waveguide interactions with coherent fields. The two cavities con-
taining the dipoles are coupled to two waveguides. When a coherent field
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|a) is sent down waveguide 1, each dipole will flip the field to the other
waveguide if it is in state |m), and will keep the field in the same waveg-
uide if it is in state |g). Thus, a detection event at ports &cypen and a,qq
corresponds to a parity measurement. A Bell measurement can be made
by simply performing a parity measurement on the two dipoles, then a
Hadamard rotation on both dipoles, followed by a second parity measure-
ment. This is because a Hadamard rotation flips the parity of [¢) and
|¢—), but does not affect the parity of the other two states.

The performance of the Bell apparatus is analyzed in Fig. 17.15(Right).
Panel (a) plots the probability that an odd parity state will falsely create a
detection event in port acyen, as a function of n. The probability becomes
high at large 1 due to imperfect transparency. It also increases at small 7
because of imperfect drop filtering. The minimum value of about 1072 is
achieved at n ~ 3THz. In panel (b) of Fig. 17.15(Right) we plot both the
fidelity and success probability of a parity measurement as a function of the
number of photons in the probe field. The fidelity is calculated by apply-
ing the Bell measurement to the initial state [1;) = (|g,g) & |m,m))/v/2,
and defining the fidelity of the measurement as F' = | (¢¢| v;) |?, where
|tf) is the final state of the total system which includes the external reser-
voirs. The probability of success is defined as the probability that at least
one photon is contained in the field. The fidelity is ultimately limited by
cavity leakage, which results in “which path” information being leaked to
the environment. This information leakage depends on the strength of the
measurement which is determined by the number of photons in the probe
fields. Using more probe photons results in a higher success probability,
but a lower fidelity. To calculate this tradeoff, we use previously described
values for cavity and reservoir losses, and set the coupling rate n to 4THz,
which is where the probability of false detection is near its minimum. At an
average of three photons, a fidelity of over 90% can be achieved with a suc-
cess probability exceeding 95%. These numbers are already promising, and
improved cavity and dipole lifetimes could lead to even better operation.

17.7. Conclusions and Future Prospects

In recent years, tremendous progress has been made in realizing many of the
basic building blocks of practical quantum information processing systems.
In this chapter, we have reviewed the quantum dot-photonic crystal based
approach that our group has taken. The technique for selective tuning of
quantum dots on chip that we have recently developed [22] enables tuning
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of individual dots by 1.8nm, and therefore addresses the problem of large
quantum dot inhomogeneous broadening, which has been considered the
main obstacle in practical implementation of such systems. We have suc-
cessfully demonstrated cavity QED with a single quantum dot in photonic
crystal both in the weak and strong coupling regimes, even in combination
with the selective tuning technique [13, 22], which is crucial for implement-
ing efficient nonclassical light sources and quantum gates. We have also
demonstrated a rudimentary quantum network, by generating and trans-
ferring single photons on a photonic crystal chip, via a waveguide between
two cavites [16]. Finally, the demonstrated basic building blocks are already
sufficiently good to enable construction of more complex systems, including
a quantum repeater based on the described platform [23, 24].
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Most designs for fault tolerant quantum communication networks and
quantum computers are limited by the difficulty of transporting quan-
tum information between distant qubits. In this chapter, we consider
schemes to overcome this difficulty by coupling distant semiconductor
spins in modest-Q) microcavities via waveguided photons. We first dis-
cuss potential designs for fast quantum repeaters using practical physical
resources, such as normal laser sources and optical homodyne measure-
ment. We then indicate how similar resources may also form the ba-
sis of an architecture for quantum computers with promising elements
for fault-tolerance, such as fast QND measurements, arbitrary non-local
two-qubit gates, and a fast logical clock speed. The physical implemen-
tation of such architectures depends on the development of electron-spin
and nuclear-spin qubits well coupled to optical cavities; we discuss pre-
liminary experimental efforts to develop these qubits in several different

semiconductors.
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18.1. Introduction

Electron and nuclear spins in semiconductors provide promising candi-
dates for qubits, but a large number of challenges must be overcome before
they may be effectively used for fast quantum information processing on a
large scale. Such qubits are always subject to some decoherence, and our
methods for controlling them are always imperfect. The development of
fault-tolerant architectures is critical for large-scale quantum communica-
tion networks and quantum computers. Most semiconductor-based schemes
for quantum logic rely on nearest-neighbor spin-spin couplings, based on
exchange or dipole-dipole couplings (for example, see Chapters 1 and 2).
Fault tolerant architectures with such schemes are possible, but make high
demands on error rates and result in low final computation speeds.

Improved error thresholds and faster rates are available in architectures
that allow two distant qubits to couple directly and quickly. One way to
allow such non-local couplings is to use waveguided light in a semicon-
ductor chip, drawing from currently developing microphotonic technologies
for classical high-speed networking. Optical pulses from controlled laser
sources may interface with electron spins bound to impurities or embed-
ded in quantum dots via a strong cavity-enhanced coupling to excitonic
states. These pulses may move quantum information quickly around the
chip, connecting distant spins. The controlled photonic interface in such
architectures is called a quantum bus, or “qubus.”

If the qubus is fed into a waveguide that extends over very long dis-
tances, such as an optical fiber, a network of qubus-based devices may be
used to extend the distance of entangled quantum memories arbitrarily far,
which may be applied to the distribution of absolutely secure secret keys for
cryptography, or to the networking of distant quantum computers. Such
a system of networked quantum memories is called a quantum repeater.
We will begin our discussion with several schemes for quantum repeaters
in Sec. 18.2.
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The quantum logic required in a quantum repeater is relatively simple,
and the number of qubits is small (10 to 100 per device). For quantum com-
putation, arbitrarily complex fault-tolerant logic with a very large number
of qubits is needed. The distant couplings and fast control times in qubus
devices, which we discuss in Sec. 18.3, may allow such large-scale compu-
tation.

The implementation of such devices in real semiconductors still requires
substantial research, but appears to be realistic in view of recent experi-
mental developments. In Sec. 18.4, we will give some specific instances of
candidate semiconductor systems with recent experimental progress.

18.2. Differential-phase-shift Quantum Repeater

A quantum repeater system must enable entanglement over a long distance,
it must store this entanglement, and if the entanglement is noisy, it must al-
low the noise to be removed [1]. The first step toward such a system, which
we discuss in Sec. 18.2.1, is an efficient interface between light and isolated
semiconductor electron spins. There are several possible physical mecha-
nisms for this interface, but those which couple the state of the electron
spin to an optical phase seem particularly promising in terms of efficiency.
We will discuss two ways this may be done in Sec. 18.2.2 and Sec. 18.2.3,
and comment on the performance of the resulting quantum repeater system
in Sec. 18.2.4.

18.2.1. Ezcitonic interface to the qubus

For high-fidelity, optically mediated interactions between stationary matter
qubits, the qubit system should have at least three discrete states arranged
into a A-type system, in which two metastable ground states are optically
coupled to a single excited state (Fig. 18.1). In such a system, the excited
state population can be kept low at all times to minimize decoherence due
to spontaneous emission.

A natural A-system in a semiconductor is provided by a single trapped
electron®. The two lower states are provided by the electron-spin Zeeman
states in a magnetic field. The potential which traps the electron might
be due to a quantum dot, or a single donor impurity in the semiconductor
lattice. In either case, we will call this entity a dot. The excited state is
provided by an exciton bound to the same potential; in quantum dots this

2A trapped hole is also possible but the resulting qubit would decohere more quickly.
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Fig. 18.1. A A-system of energy levels.

is referred to as a trion state, while in donor impurity systems it is called a
bound-exciton state. The angular momentum of the lowest manifold of such
states is determined by the J = 3/2 hole and the envelope wavefunction,
since the two electron spins form a singlet state. In the Faraday geometry
(incident light parallel to the magnetic field), the m = +3/2 excited states,
the lower of which we label |e), each couple to only one of the two electron
spin states, which we label |0) and |1). In the Voigt geometry (incident
light orthogonal to magnetic field), both spin states |0) and |1) may couple
to the same excited state |e) with a single polarization of light.

A seminal proposal for using such a system for quantum networking
was that of [2]. Here, a qubit stored in the two lower states of a A-system
is transferred to a photon by introducing a carefully shaped control pulse
of light which adiabatically changes the qubit state into a photon in a
surrounding optical cavity. This photon leaks out of the cavity into a
waveguide, and then may enter a second cavity. If the control pulse of light
is time-reversed, a A-system in this second cavity may perfectly absorb the
photon, ending up in the state of the first qubit.

To address the feasibility of this scheme in semiconductors, let us intro-
duce a few physical parameters. The coupling g between the cavity photon
and the optical transition in the dot is estimated by g ~ k+/f/V. Here the
constant k is e/+/4dem, where € is the permittivity of the semiconductor,
and e and m, are the electron charge and mass. The unitless number f is
the oscillator strength of the optical transition, which may be found from
the ratio of the radiative decay rate 7 normalized by that of a classical
electron dipole emitter of frequency wy and wavelength A:

f= ﬁ <%>3wov- (18.1)

A critical factor for a high value of g is a small mode volume V' of the cavity.
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Nanofabrication techniques in semiconductors allow V' to be made as small
as (A\/n)3/2. Another important parameter is the rate at which photons
leak out of the cavity. This is given by k = k¢ + k., where k¢ is the rate
at which photons couple to waveguide modes and k,, is the rate at which
photons are lost to leaky sidemodes or absorption in the cavity mirrors.

There are a number of figures of merit to be considered from these con-
stants, which we now consider and discuss in the context of semiconductors.
First is the quality factor of the cavity, Q = w./k for cavity frequency w..
The small size of semiconductor microcavites make them subject to surface
defects, which prevents their (Q from being as high as in larger cavities.
More important for quantum networking than the absolute @, though, is
the ratio k¢/k. Keeping light in the cavity is less critical than making sure
that all light that leaks out ends up in the waveguide.

The leakage rates k and v may be compared to the coupling rate g in the
context of the emission spectrum of the dot/cavity system. When wy = we,
the frequencies of the two normal modes of the coupled system are [3, 4]

wi =wo —i(k+7)/4+ /g2 — (k — 7)2/16. (18.2)

When g > |k — v|/4, the system shows a splitting into two eigenmodes
separated by a frequency called the vacuum Rabi splitting. This is the
strong coupling regime.

Strong coupling is not needed for the coherent generation and capture
of photons, but it makes such schemes far simpler. In the weak coupling
regime, large detunings and very fast, critically shaped pulses must be used.
Although strong coupling has been observed in semiconductor microcav-
ity systems, it remains challenging to implement reliably. We will discuss
progress in this direction in Sec. 18.4.1. Fortunately, there are other ways
to network distant semiconductor qubits that make fewer demands on the
microcavity. These rely principally on scattering the information-carrying
photons off of cavities, rather than generating those photons in the cavities.
For such schemes, as we will discuss in the following sections, the critical
figure of merit is not 4g/|x — 7|, but rather the cooperativity parameter,
C = 4¢?/yk. An immediate physical indication that this parameter may
take on a high value in existing semiconductor microcavity/dot systems
is the Purcell effect, in which the rate of radiation of an electric dipole is
enhanced by the modified local density of photon states inside a cavity.
This may be seen from Eq. (18.2) by taking g,7 < &, in which case the
+ solution is wg — i(v/2)(1 + C), indicating that the radiative damping of
the dot is enhanced by the factor 1 + C. C may be quickly estimated as
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C = 3/4n% x (\/n)? x Q/V. Semiconductor microcavity systems show a
key advantage in achieving high values of C' in comparison to larger cavities
that might be used with trapped atoms or ions [5].

We now discuss how a semiconductor system in the weak coupling
regime but with high values of Q/V may allow efficient generation of quan-
tum entanglement.

y

A By
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] @

Fig. 18.2. Scattering off of distant cavities in an interferometer to generate entangle-
ment.

18.2.2. Single-photon-state probe and photon counting de-
tection

Let us consider a simple example of entanglement generation by a scatter-
ing experiment, referring to Fig. 18.2. Each dot/cavity system acts as an
imperfect mirror in a Mach-Zehnder interferometer. The two qubits are
each put into an equal superposition of their ground states (]0) + |1))/v/2
by some means (see Sec. 18.3.1 for one possibility). A pure single-photon
wavepacket is introduced to the input. Its wavefunction is described by
J dwd(w)ak(w) [Q), where aly(w) is the photon creation operator for waveg-
uided photons of energy hw and |Q2) is the vacuum state. Now suppose that
each path of the interferometer transmits a photon of energy Aiw with com-
plex transfer function S;(w), depending on the qubit state, so that after
a single interaction with one qubit the resulting qubit/photon entangled
state would be

) = %/dw¢(w)[l0>®50(w)aﬂz(w) ) + 1) ® S1(w)ak (@) )]

For example, if the photon is lost with probability p when the qubit is
in state |0), then Sp(w) x 4/1—p. The above state is then no longer
normalized indicating a reduced probability of measuring the photon. As
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another example, if the photon of any energy undergoes a phase shift by
angle 6 when the qubit is in state |1), then S1(w) = exp(i6).

The resulting photonic state after mixing at the second beamsplitter
but prior to detection may be written in terms of two-qubit states |jk) as

) =% |jk>/ dw(w) {wal(a}) + Mai(u}) ).
ik

Therefore, a photon detected at detector 2 perfectly projects the qubits
into the entangled Bell state |¥~) = (|01) — |10))/+/2. This occurs with
probability

|2|50(W) — Si(w)P?
< :

The scattering amplitude S;(w) includes the total transmission T
through the waveguide. This transmission may be reduced by imperfect
couplings from the waveguide to the device containing the cavity. S;(w) also
includes the scattering amplitude of the dot/cavity system. This may be
calculated using a Wigner-Weisskopf approach in conjunction with input-
output theory. If we assume that only state |1) of the qubit is optically
active (as in the Faraday geometry), and that the input is a single photon
state or a weak coherent state which reflects off of the cavity, then

Psuccess = /dw|¢(w) (183)

650 = VT R)/2 =i = ) 51 /2~ i — e = A))
(ki 4 Kc) /2 = i(w — we) + 0197/ [1/2 —i(w — we — A)]
where A is the detuning between the |1) — |e) transition frequency and the
light frequency and -y, is the rate of spontaneous emission into non-cavity
modes. If we assume a long pulse centered at the cavity frequency, then

Proceoss ~ LB %
T2k (u/y+ O+ 24/7)F

The ideal regime is where k¢ = k, meaning that cavity loss is completely
dominated by the coupling to the waveguide. Further, if A = 0, meaning
that the |1) — |e) transition is resonant with the cavity mode, and if the co-
operativity parameter C' is much larger than ~y; /7, then Sp(w.) = —51(wc),
so that a qubit in state (|0) + |1))/v/2 effectively performs a controlled-
phase gate on a photonic qubit in the number-state basis. The use of this
remarkable 7-phase shift with a two-level atom was indicated by Hofmann
et al. [6] and proposed for a single-photon controlled-phase gate by Duan
and Kimble [7]. If used via transmission through a cavity, this phase-shift
changes the transparency of a waveguide, which has been proposed for the

(18.4)
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quantum repeater discussed in Chapter 17. In this ideal regime, photon
detection at detector 1 also generates an entangled Bell state, in this case
|®~) = (|00)—|11))/+/2. The probability of success for each result is just the
probability that the two qubits were found in the desired Bell state, which
is 1/2, multiplied by the probability that the photon made it through the
system, which is 7.

If such a perfect differential phase shift of © can be obtained, then the
resulting quantum entanglement scheme has the advantage that it is very
robust to loss in the waveguides. If T' becomes small due to a large distance
between the two qubits, the rate of successful entanglement generation is
decreased, but the fidelity of the resulting entanglement is not decreased.
The tolerance of this system to optical loss at the price of speed holds even if
large imperfections of the cavity system are in place. If C' is somewhat low,
a large detuning A is used to suppress qubit population changes, and cavity
loss is included, this entanglement generation scheme still works. In this
case the phase shift between So(w.) and S1(wc) may be substantially less
than 7, and most scattered photons will be lost at the cavity. One may then
choose to input the pulse into a non-cavity mode so that Sop(w) = 0. Such a
scheme was proposed by Childress et al. [8]. In this case the probability of
success may be extremely low, substantially slowing the resulting quantum
repeater system.

A number of practical challenges are important to overcome in such
a scheme. Foremost of these is the reduction of the fidelity of the
measurement-induced entanglement due to fluctuating phase-shift differ-
ences between the two arms of the long-distance interferometer. The phase
stabilization of the interferometer can be improved by reconfiguring it as in
Fig. 18.3, which uses a fast optical switch to fold the spatial modes into two
temporal modes. If short optical pulses are used, the two temporal modes
can be nearly coincident in the long-distance fiber waveguide, so that the
pulses from each arm of the interferometer see the same random phase
shifts. However, this works well only if the pulses are short in compari-
son to the timescale of phase fluctuations in the channel. Other challenges
include:

e The fidelity is degraded by false detector counts.

e An ideal or nearly ideal single-photon source may be an expensive com-
ponent to such a system. An attenuated laser (coherent state) may be
used instead, but then the probability of success is further reduced by
a factor of the average photon number of the input state, which should
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be less than one to suppress two-photon events.

e If imperfect optical switches are used, then fidelity will be degraded by
their timing jitter.

e If short pulses are used, then the integral over the pulse shape of
|S1(w) — So(w)|? will be smaller than the w = w. approximation used
above.

e The two dot/cavity systems may not be exactly identical, as we as-
sumed in the equations above. This problem affects the fidelity when 7
phase shifts are degraded by imperfect cavities and when short pulses
are used for phase stabilization.

switch switch

Fig. 18.3. Temporal interferometer for phase stabilized entanglement generation.

18.2.3. Coherent state probe and homodyne detection

Many of the practical problems of the single-photon repeater schemes are
alleviated with another strategy which uses pulses of light that are much
brighter than a single photon [9]. We will see that this strategy is more
tolerant to differences between the two qubits, and that the requirements
on the figures of merit of the cavity (k¢/k and C) need not be as high as
those needed to achieve a 7 phase shift between Sp(w) and Sy (w). Critically,
shorter pulses may be used, improving the ability to do phase stabilization
in an interferometer of the form of Fig. 18.3. Since a large detuning A
between the dot transition frequency and the light frequency is used, the
shape of a fast optical pulse is not strongly perturbed by the state of the
dot; only a small overall delay occurs. Finally, the input light is a coherent
state from an ordinary laser, alleviating concerns of imperfect single photon
sources, and the detection may be homodyne detection using ordinary linear
detectors and a strong reference pulse, removing problems with detector
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efficiency and dark count rates.

The most important advantage of a strategy employing bright coherent
light, however, is that the probability of success can be made quite high,
and the resulting high rate of entanglement generation is nearly constant
when the optical loss increases. The disadvantage of doing this, as we will
discuss, is that the loss of so many photons in the long channel between
qubits degrades the fidelity of that rapidly created entanglement. Such
fidelity degradation must be compensated for by entanglement purification,
which we discuss in the next section.

Like the single-photon-based scheme, the bright-coherent-state scheme
works by scattering in an interferometer of the form of Fig. 18.3, but it relies
on the very small phase shift that occurs between a dot/cavity system in
state |0) versus one in state |1) when the pulse and cavity are far detuned
from the dot transition (A > ). This small phase shift is resolved by
homodyne detection, which uses a probe pulse (depicted by the smaller
pulse in Fig. 18.3) and a strong local oscillator (LO) pulse (depicted by
the larger pulse in Fig. 18.3) from the same laser source. When the LO
pulse with a particular phase interferes with the probe pulse at the second
beamsplitter, the difference signal between detectors 1 and 2 provides a
continuous variable measurement of one of the quadrature components of
the coherent state amplitude «. The amplitude « is proportional to the
square root of the average number of photons in the pulse, so to resolve
a very small phase shift, many photons are needed in the probe pulse.
For such large photon numbers, Eq. (18.2.2) is no longer valid, because
emission from the dot becomes a far more probable event. An improved
analytic approximation of the ratio of scattering amplitudes may be derived
from a master equation approach [10]. For slow pulses of duration op, this
approximation is

S1(we) ~ 1—&—2’4/{092 Q+il
So(we) K2 Q2+ T2+ dkcg?|al?/opk?’
where T' = (v, + k./)/2, @ = A[l 4+ (x.//k)], and k" is the Purcell-
enhanced emission into cavity-loss modes, given by " = (k./k)yC/(1 +
4A?/K?). If we set the detuning at the large value of Q = ®I'/6, where
® = (v/T)(ke/k)C, then
S1(we) ~ 140 1+i®~ ! .
So(we) 14+ & 1ab2/Top + P2
According to this approximate analysis, if & > 1, then we see a phase shift
of 6 and negligible loss. The homodyne signal is proportional to af, which

(18.5)

(18.6)
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according to Eq. (18.6) may be as large as af ~ /Top®. However, the
master equation analysis also shows that the qubit undergoes dephasing
by a factor of exp(—|af|?/®), indicating that fidelity is improved by using
longer pulses and keeping af) < +/Top®.

This analytic approximation assumed long pulses and simplifying se-
lection rules. However, detailed numerical simulations indicate that values
of af as large as 2 may be obtained even if both |0) and |1) are optically
coupled with equal oscillator strengths to |e) and with pulses as short as
a tenth of the vacuum spontaneous emission lifetime. In direct-bandgap
semiconductor quantum dots or donor impurities, magnetic fields of sev-
eral tesla are required to split the ground states enough to allow such large
controlled phase shifts. Typical values of 6 for these situations are on the
order of 0.01.

If optical loss is not too high, such a small phase shift 8 is sufficient
for generating entanglement. A detailed analysis appears in Ref. [10].
To summarize, suppose as before that two distant qubits are prepared
in coherent superposition states (|0) + [1))/+/2, and a probe pulse in co-
herent state |a) (with « real) interacts with both qubits sequentially,
as indicated by Fig. 18.3. Defining Sp(w) =~ 1 — i6/2, an interac-
tion of the probe pulse with the first qubit yields the entangled state
(10) Ja(1 —i0/2)) + [1) |a(1 4 i0/2)))/v/2. Now suppose the second qubit
is slightly different than the first, and causes a slightly different phase shift
6’. Then we may interfere the probe pulse with a reference pulse at a beam-
splitter to achieve an overall displacement of the coherent state amplitude
by «(6/6' — 1). After the displaced probe pulse interacts with the second
qubit, the combined qubit/qubus wave function before detection may be
described as

0 = £ |00} a(6/6' — i8)) + [11)](6/0' + i6)) + (\01> 4 \10)) |a9/9'>},

where 6 = (6 + 6")/2 and contributions of order % and higher have been
ignored for simplicity. The homodyne detection attempts to measure the
imaginary part of the coherent state amplitude, but only does so up to a
Gaussian fluctuation with unity standard deviation. We therefore decide
that projection into the Bell state [U'F) = (|01) + |10))/+/2 is successful
when the result of the homodyne measurement is less than some cut-off
value p., which results in perfect projection only in the limit p. — 0. In
an ideal system, however, we could increase the fidelity of this projection
by increasing the average photon number, thus increasing o, and allowing



464 T. D. Ladd et al.

a high value of p.. In this case the probability of success is approximately
erf(v/2p.)/2 — 1/2. However, optical loss will slightly reduce this proba-
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Fig. 18.4. (a) Fidelity of generated quantum entanglement and probability of success
as a function of af for several values of T' = exp(—£/£p). (b) Fidelity at optimum value
of af for each value of the probability of success.

bility of success. Photons lost in the waveguide or in the cavity degrade
the fidelity by a factor proportional to exp[—|a#|?(1—T)/2] for total trans-
mission 7. This consideration of loss suggests that af should be made
high enough to allow us to effectively project the desired Bell state, but
not too high to completely decohere it. The fidelity as a function of af is
shown in Fig. 18.4, as well as the optimum fidelity for each choice of p..
For T' = 0.67, which corresponds to the transmission of 10 km of telecom
fiber, a Bell state with fidelity 0.77 can be projected with a 0.35 probabil-
ity of success. This probability of success is orders of magnitude greater
than single-photon based schemes, where every form of loss (including the
source, the channel, the cavity, and the detector) reduces such probability.
A high probability of success is important for the speed of a long-distance
quantum repeater system, because the rate at which one may repeat at-
tempts to generate entanglement is limited to the time for the optical pulse
to travel the long distance between repeaters.

18.2.4. System performance

When the entire quantum repeater system is considered, is it better to gen-
erate lower fidelity entangled pairs with a higher probability of success, as
in the scheme discussed in Sec. 18.2.37 Or, is it better to generate higher
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fidelity entanglement at a slower rate, as in the schemes based on single
photons discussed in Sec. 18.2.27 The answer is not obvious. In either
system, the imperfect fidelity of entangled pairs requires a form of error
correction called entanglement purification, which uses many imperfect en-
tangled pairs to distill a few nearly perfect entangled pairs [1, 11, 12]. A
system with higher success probability but lower fidelity may or may not be
faster, depending on how long it takes to implement sufficient entanglement
purification.

Monte-Carlo simulations of quantum repeater networks, including prob-
abilistic entanglement generation, entanglement purification, and entangle-
ment swapping, give some indication of the trade-offs between probability
of success and fidelity. Entanglement generation, purification, and swap-
ping all require classical communication of measurement results, and the
time to complete this communication provides the limiting timestep in the
simulation. The final rate of long-distance entanglement generation will
depend on the entanglement purification protocol; one simple example is
a “greedy” protocol, in which entangled pairs are purified according to
the best resources available at any particular timestep. Simulations us-
ing this protocol indicate that an entanglement scheme which creates an
initial entanglement fidelity of 77% with probability of success 35%, as de-
scribed in Sec. 18.2.3, performs at a comparable speed to a single-photon
based scheme which creates entanglement with 96% fidelity and probabil-
ity of success of 0.5% [10]. This simulation used 129 repeater stations with
station-to-station optical loss corresponding to 10 km of telecom fiber. Each
station has 16 qubits multiplexed with the same number of communication
channels. The final long-distance entanglement fidelity is 95% for this sim-
ulation and the entanglement rates are between 1 to 10 bits per second.
The dependence of this final rate has a roughly linear dependence on both
the initial probability of success and the number of multiplexed qubits in
each station.

However, this result is only one particular example. The achievable
rates depend critically on many factors besides probability of successful en-
tanglement generation and initial entanglement fidelity. How much error is
present in the quantum logic for entanglement purification and swapping?
How does the qubit decoherence time compare to the classical communi-
cation speed? What final fidelity is needed for the long-distance entan-
glement? For each answer to these assorted questions, the ideal choice
of purification protocol will vary. Both the specific quantum operations
chosen and the scheduling of purification need to be optimized for each en-
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tanglement generation scheme. A complete analysis of optimized quantum
repeater protocols for broad ranges of parameters of initial entanglement
generation, gate error, memory error, and so on remains an open research
avenue of great importance to the future of quantum communication.

18.3. Qubus Quantum Computer

The generation of entanglement of distant electron spins discussed above is
ultimately probabilitistic. Although such probabilistic gates may be used
for quantum computation at the expense of time and memory resources,
deterministic gates would ultimately be faster and easier to bring to a
fault-tolerant regime. In this section, we discuss concepts for building fast,
deterministic logic gates, beginning with arbitrary single-qubit rotations
in Sec. 18.3.1 and then two-qubit controlled phase gates in Sec. 18.3.2;
these two resources together are enough for universal logic. Prospects for
scalability are discussed in Sec. 18.3.3.

18.3.1. Single qubit gate by single broadband optical pulses

If a qubit is defined by an electron spin in a magnetic field, single qubit ro-
tations may be performed using strong microwave pulses resonant with the
magnetic dipole transition, as in electron spin resonance (ESR). However,
such a method has several problems. First, long-wavelength microwaves
cannot be easily confined to a single qubit, but rather will require extra
technology such as magnetic field gradients to localize single-qubit rota-
tions. Second, it is difficult to obtain broadly tunable, high-power coherent
sources of microwaves, especially at the very high frequencies needed for
high-magnetic-field operation where the controlled optical phase shifts dis-
cussed in Sec. 18.2.3 work well. Even if a source is available, such a direct
rotation should be much slower than the Larmor frequency ws.

Using two focussed laser beams to cause a stimulated Raman transi-
tion between the two ground states alleviates the problem of localizing the
rotation, but does not improve the speed, since the optical pulses should
still be much slower than the Larmor period. Additionally, precise phase
control of the two optical pulses is required [13].

A simpler and faster way to achieve arbitrary single-spin rotations
is available with high-oscillator-strength semiconductor quantum dot sys-
tems [14]. This scheme allows a general qubit rotation using a single, timed,
ultra-fast broadband pulse. For simplicity, we suppose equal optical ma-
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trix elements for both Zeeman ground states to state |e) (as in the Voigt
geometry). The interaction-picture optical dipole Hamiltonian is then
()
2
where h.c. refers to Hermitian conjugate, and §2(¢) is the normalized optical
pulse shape, including the oscillator strength and the amplitude of the
optical pulse. If A is large, adiabatic elimination of the excited state from
the master equation yields the approximate two-state Hamiltonian

Hea(t) = G(t) — Beg - S, (18.8)

H(t) = [e"8 fe)(1] + " A Fe)t |e)0] + h.c.], (18.7)

where S is the electron spin operator and G(t) is an irrelevant overall phase
factor. The effective field Beg has a small z-component §|Q(t)|?/(4A2+~2),
which is negligible in comparison to the transverse components

A
—— |
4A2+72|

The pulse itself is very short; |Q(#)|> may be nonzero for a time much
shorter than the Larmor period 2m/ws. Despite such a short pulse, the
effective angle of rotation caused by the pulse, given approximately by the
time-integral of [Q2(¢)|?/2A, can be very large, exceeding 7. These equations
indicate that if this ultra-fast pulse is peaked at time tg, the phase of the
rotation will be exp(iwst), allowing one to control the rotation axis in this

Bl —iBY% = —2 (t)|2est. (18.9)

rotating frame by choosing when the pulse arrives.

The underlying concept here is that a fast pulse contains many instances
of the two frequencies needed to form a Raman resonance, and the phase of
the resulting rotation depends on the phase difference between these com-
ponents. If a short, Fourier-transform-limited pulse arrives at a particular
time with a Fourier transform Q(w) that can be considered entirely real and
positive, then there is no phase shift between its Fourier components, and
we define that the rotation it achieves is about the x-axis. If the pulse is
delayed by a quarter of a Larmor period 7/2wsg, then the same pulse in the
Fourier domain acquires a phase factor Q(w) — Q(w) exp(iwm/2ws), so that
frequency components separated by ws receive a phase shift of exp(ir/2),
altering the axis of rotation by 7/2. Rotations of arbitrary angle about z,
y, and —z are sufficient to generate any desired SU(2) operation of a single
qubit.

In practice, such fast rotations might be implemented by a high-power
semiconductor mode-locked laser system whose pulse period is tuned to the
Larmor frequency of the electron spins, and rotations about z, y, and —zx
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axes are independently achieved by three fixed optical delay lines. Under
such conditions, it is reasonable for the physical clock cycle for single qubit
control to be on the order of 100 GHz.

This concept has been tested by direct numerical solution of time-
dependent master equations [14]. For example, if we use the realistic
quantum dot parameters v = (200 ps)~! (see Sec. 18.4.1), electron de-
phasing time T5 = 10 us (see Chapters 5, 9-12 and Refs. [15-17]), and
ws/2m = 100 GHz, and if we assume a Fourier-transform-limited Gaussian
pulse detuned by 10 THz with 100 fs full-width half-maximum, then both
m- and 7/2-pulses have fidelity greater than 0.999 for applied pulse energy
densities of 14 pJ/cm? and 5 pJ/cm? respectively. These are reasonable
values for the energy output of mode-locked semiconductor lasers followed
by optical amplifiers. If we allow 5% intensity fluctuations in the pulses,
the fidelity decreases to 0.995 for m-pulses and 0.998 for 7/2-pulses. The
high fidelity of the single-pulse Raman rotation is a direct consequence of
the speed of the pulse; all relaxation and decoherence processes occur at
a time scale much slower than the pulse time, including dephasing effects
introduced by the pulses themselves.

18.3.2. Two-qubit gates by controlled phase shifts

Two-qubit gates may be accomplished with a speed comparable to the sin-
gle qubit rotations. As discussed in Sec. 18.2.3, a pulse of width on the
order of 0.17~! can cause a state-dependent optical phase shift 6 on a laser
pulse consisting of about 10° photons. We may also mix that optical pulse
with a reference pulse to achieve an arbitrary optical displacement. These
are sufficient resources to achieve deterministic quantum logic. There are
several ways to do this; for details, see [18]. Briefly, a single optical pulse
alternatingly interacts twice with each of two qubits, developing entan-
glement between the state of the qubit and the optical phase after each
interaction. The pulse also receives appropriate optical displacements be-
tween interactions. These displacements serve to move the coherent state
amplitude through a closed trajectory in phase space which encloses a finite
area. This introduces a geometric phase proportional to that area, which
in turn depends on the collective states of the two qubits. Ignoring single
qubit phase shifts, a geometric phase of 7 may be developed if and only if
both qubits are in state |1). This is a controlled phase gate.

The time-duration of such a gate is limited by the length of the optical
pulse and the time for light to propagate between the two qubits several
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times. As discussed in Sec. 18.2.3, sufficiently large optical phase shifts
are attainable with pulses as short as 0.1y~!. For high-oscillator-strength
quantum dots, which we will discuss in Sec. 18.4.1, this enables pulses on
the order of 10 ps. This is comparable to the light propagation time for
reasonably sized on-chip photonic devices. These considerations suggest
the possibility of a two-qubit logic-gate cycle of 1 to 10 GHz.

18.3.3. System performance

Controlled-phase gates in combination with the single qubit rotations dis-
cussed in Sec. 18.3.1 provide the elements for universal logic that could be
incorporated into a design for a fast quantum computer. However, the next
important question to ask is whether such a device can be made scalable
and fault tolerant.

One critical element for fault tolerance is the ability to rapidly mea-
sure qubits. Fortunately, the controlled phase shifts for which these qubits
will be optimized provides a fast, optical probe of the qubit state (also see
Chapter 6). Combined with homodyne detection, this allows a rapid, ro-
bust means for quantum nondemolition measurement of the qubit, useful
for both syndrome measurements in quantum error correction and qubit
initialization.

qubit/cavity j
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Fig. 18.5. Conceptual schematic for a photonic semiconductor quantum computer
based on qubus concepts.

The next critical element is a large number of logically coupled ancilla
qubits. Since each qubit has its own microcavity, the area taken by a sin-
gle qubit may be several micrometers, and so incorporating thousands of
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qubits on a single semiconductor chip results in optical waveguides which
may be centimeters long. Such a long semiconductor waveguide may be
quite lossy. Unfortunately, a critical limitation to deterministic qubus gates
such as those discussed in Sec. 18.3.2 is their sensitivity to optical loss [10].
Although the efficiency of on-chip photonic waveguides and switches is con-
tinually improving, it is likely that light traversing a chip containing thou-
sands of qubits of this kind will suffer too much loss for deterministic qubus
gates between arbitrary qubits. Nonetheless, one might imagine that deter-
ministic gates can be used for small clusters of a few qubits arranged around
a low-loss ring waveguide, as indicated in Fig. 18.5. Coherent pulses are
coupled into the waveguides via beam-splitting switches to achieve qubus
gates. The small rings are coupled together by a longer waveguide, where
probabilistic entanglement generation as described in Sec. 18.2.3 allows the
quantum teleportation of logical gates between distant qubits in a robust,
verifiable way [19]. If the input pulse train and optical switch network is
fast enough, different rings may operate and couple concurrently.

Specific qubits on a ring might be selected for quantum logic using an
optical Kerr switch, which uses the optical nonlinearities of the semicon-
ducting substrate. In this scheme, cavities are initially far off resonance
from the qubus pulses, but bright, focussed, mid-gap light applied from
above rapidly shift the cavities into resonance, activating the dots/cavities
one at a time for quantum logic. Focussed laser light from above also
achieves single-qubit rotations.

Detailed analyses of the feasibility of such designs are of course needed,
but it is clear that the ultimate logical clock speed of such a computer will be
several orders of magnitude slower than the physical clock speed. Although
quantum computers offer exponential speed-up over classical computers,
their ability to surpass fast networks of parallel classical computers will
depend on this logical speed being fast, at least kHz to MHz in order to
surpass current classical computers in factoring problems lasting less than
a year [20]. Therefore, the ability to do rapid quantum logic as discussed
above is important for the ultimate goal of a useful, scalable quantum
computer.

18.4. Hardware

So far, we have discussed ways to implement quantum repeaters and quan-
tum computers using optically bright A-systems in semiconductors with
high cooperativity factors, C. To date, however, such schemes have not
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been implemented, but much progress has been made in recent years in
achieving the needed qubit interfaces. Many of the chapters of this book
have indicated such progress. Here, we will indicate just a few of the re-
search directions actively pursued for achieving these proposals: the in-
crease of the oscillator strength of the quantum dots, the incorporation
of those dots in cavities with high cooperativity factors, and the use of
donor-bound impurities to improve the homogeneity of the dots.

18.4.1. Quantum dots in microcavities

High-oscillator-strength emitters are important for achieving strong cou-
pling to a cavity, and also to enable the rapid optically-controlled single-
qubit rotations discussed in Sec. 18.3.1. Currently, the most advanced
candidate for high oscillator strengths in semiconductors is the large area
quantum dot. Oscillator strength is generally proportional to the quantum
dot size. Smaller dots, such as Stranski-Krastanow-grown self-assembled
InAs quantum dots, have oscillator strengths of about 6. Larger dots may
be defined by the fluctuating interface between GaAs quantum wells and
AlGaAs layers; these have provided experimental confirmation that larger
dot size (~100 nm) leads to order-of-magnitude larger oscillator strength
(~75) [21]. However, there is a concern that such interface-fluctuation
quantum dots, if incorporated into a microcavity, would unavoidably limit
the cavity @ because of the background absorption from the quantum well
region [22].

For this reason, large quantum dots with an energetically separated
wetting layer would be a better choice for cavity QED applications. One
approach to achieve this is the GaAs quantum dot grown by droplet epitaxy.
The droplet-epitaxy method [23] is a molecular-beam epitaxy (MBE) growth
method for 111-V quantum dots based on the group-111 droplet formation on
a group-1II stabilized surface and then subsequent direct incorporation of
group-V atoms into the droplet. Since this method does not depend on
the lattice mismatch, the quantum dot properties such as size, density,
and thickness of the wetting layer can be adjusted by changing the growth
conditions.

Single, round-shaped quantum dots with average diameter 100 nm were
grown with this technique and isolated by the fabrication of 400 nm mesa
structures. The radiative lifetime, measured by a streak camera, is used
to calculate the oscillator strength using Eq. (18.1). This lifetime is found
to vary between 100 and 500 ps from dot to dot. The streak camera data
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Fig. 18.6. Raw streak image from 668 nm to 682 nm, and the time vs. intensity plot
for quantum dot 4 (QD4,A=676.4 nm) obtained from the streak image.

shown in Fig. 18.6 shows the radiative decay for one particular dot emitting
at A = 676.4 nm with 7 = y~! = 140 ps. This corresponds to an oscillator
strength of f = 65. These measurements used an excitation wavelength of
405 nm, which pumps free carriers into the Al 33 Gag.ggAs barrier layer.
When this sample was illuminated by another laser diode with an excita-
tion wavelength of 650 nm, which is unable to pump free carriers into the
AlGaAs barrier, no photoluminescence was observed from the dot. This
means that the energy level of the wetting layer is either higher than the
photon energy at 650 nm or is not present at all. This result indicates that
GaAs quantum dots grown by the droplet epitaxy method are promising
candidates to yield strong coupling inside optical microcavities.

So far, such dots have not been introduced to an optical microcavity.
There have, however, been several recent demonstrations of strong coupling
between (In,Ga)As quantum dots and either micropillar [24], photonic crys-
tal [25, 26], or microdisk [27] cavities. As an example, the parameters for
one observed InGaAs quantum dot in a micropillar cavity, discussed in
Chapter 13, are g/27 = 8.5 GHz and k! = 8 ps. Using an independent
measurement of the quantum dot lifetime to find y~! = 690 ps, the coop-
erativity parameter is calculated to be C' = 61, indicating great potential
for the proposals above. Comparable parameters are available from cavities
made from defects in photonic crystals, as discussed in Chapter 17. Pho-
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tonic crystal systems also show great promise for monolithic integration
on a single semiconductor chip, efficient cavity /waveguide coupling, and
efficient optical switching.

18.4.2. Donor-bound excitons

Quantum dots in microcavities have shown that high cooperativity factors
are attainable in semiconductors, but unfortunately quantum dots have
a fundamental limitation that might never be fully resolved by engineer-
ing advances. This limitation is that, unlike atoms, every quantum dot is
different. Their energy levels, oscillator strengths, electron g-factors, and
selection rules all vary with the size and shape of each dot. Although the
proposals outlined above are somewhat tolerant to inhomogeneity, the ex-
tremely broad inhomogeneous distribution of most quantum dot systems
may prohibit scalability.

The needed replacement for the quantum dot may be a feature already
present in most semiconductors. The tremendous progress in the purifica-
tion of semiconductors over the last fifty years has given rise to the dis-
covery of a number of optically active complexes previously obscured by
the presence of large-scale inhomogeneous broadening. One such feature,
which we briefly mentioned in Sec. 18.2.1, is the emission of radiation due
to recombination of excitons bound to impurities. The initial prediction of
the existence of exciton-impurity complexes by Lampert in 1958 [28] was
soon experimentally confirmed by the observation of sharp emission lines
in the photoluminescence spectra of Si [29] and CdS [30]. Many reports
have since been published on bound-exciton complexes in a whole variety
of different semiconductor systems, both in bulk and in heterostructures
(e.g. quantum wells [31]). For an excellent review on the earlier work on
bound-exciton complexes, we refer to Ref. [32].

18.4.2.1. D%GaAs

The homogeneity of the GaAs donor-bound exciton system is evident in
the magneto-photoluminescence spectrum of a bulk, MBE-grown sample
of GaAs shown in Fig. 18.7. The brightest transitions, shown in red, are
transitions from donor-bound exciton states (D°X) to neutral donor ground
states (DY). The diamagnetic shift and paramagnetic splitting of these
transitions are clearly observed as the magnetic field is increased, indicative
of the energy separation of the qubit D states |0) and |1). The excited DX
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Fig. 18.7. Bulk magneto-photoluminescence spectra of the GaAs D?-D?X system.

state splits into many levels with energies determined by the orbital angular
momentum and spin of the unpaired hole [33], but the lowest of these may
be used as state |e) of the A-system discussed in Sec. 18.2.1. Relaxation
of the D°X states into excited hydrogenic 2p and 2s DO states, called two-
electron satellite (TES) transitions, are also observed in Fig. 18.7. These
transitions provide a convenient way to monitor the population of state |e)
while resonantly exciting the A-system transitions.

One experiment demonstrating the coherent manipulation of ensembles
of such A-systems is the coherent population trapping (CPT) into a qubit-
superposition state [34]. To observe CPT, a single frequency Ti:Sapphire
laser is scanned over the |0) < |e) transition while a single frequency diode
laser is fixed on the |1) < |e) transition. As shown by Fig. 18.8, on two-
photon resonance there is a pronounced dip in the photoluminescence of
the D°X—2p~DP TES line, and thus the population of the excited state
le). This is a signature of the cPT state. The width and depth of the
dip are determined by the electron spin coherence time and the diode laser
power. A fit to the full three-level master equation indicates 1-2 ns electron
dephasing times in this system. This result is similar to results obtained in
charged 111-v quantum dots (see Chapters 9-12) and the dephasing in both
systems is believed to be due to the electron hyperfine interaction with the
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Fig. 18.8. TES photoluminescence intensity from the DX state to the 2p~ DO state.
(i) With no laser exciting |1) < |e), the 2 GHz ensemble linewidth is seen. (ii) With
a second laser resonant on the [1) «» |e) transition, coherent population trapping is
observed. The solid line is a fit to a three level density matrix model.

inhomogeneous nuclear-spin environment.

Decoherence due to hyperfine couplings to nuclei is a fundamental prob-
lem with quantum dots and semiconductor impurities in 11I-v semiconduc-
tors. Inhomogeneous dephasing due to nuclei could be eliminated with a
spin-echo technique using the single-qubit rotations discussed in Sec. 18.3.1,
but decoherence due to nuclear spin diffusion would persist. If the nuclei
could be fully polarized, then not only would this decoherence source van-
ish, but the substrate nuclei could be used as a long-lived quantum memory
(see Chapters 3-4, 8-12). Unfortunately, while nuclear polarizations much
higher than thermal polarizations are routinely observed, the high polariza-
tions needed to significantly reduce decoherence are currently unattainable.

18.4.2.2. 3P:Si

A promising solution to the problem of nuclear decoherence is to use a sub-
strate consisting of spin-0 nuclei. This is available in isotopically purified
28Gi, where the isotopic purification increases the coherence time of electron
spins bound to 3!'P impurities to an astounding value of 60 ms [35]. Even
longer coherence times of many hours may be expected for the 3'P nuclear
spin itself. This time has yet to be measured, although NMR measurements
of 29Si nuclei isolated from dipolar noise via radio-frequency pulse sequences
puts an experimental lower bound of 25 seconds on this coherence time [36].
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Such long coherence times may provide a boost to fault-tolerant quantum
computers, as the fidelity of transferring an electron spin coherence to a
nuclear spin coherence and back using pulsed electron-nuclear double res-
onance (ENDOR) techniques may be higher than the fidelity of correcting
electron-spin decoherence for the equivalent number of error correcting cy-
cles. For quantum repeaters, in which error correction may not be imple-
mented at all and very small errors are tolerated rather than corrected, such
long decoherence times are critical, as qubit entanglement must remain co-
herent over the time-scale of generating long-distance entanglement, which
may easily be many seconds.

Experimental progress toward demonstrating such nuclear memory is
hindered by the ability to measure the state of single nuclei. Here, 3 P:Si
may prove a critical testing ground for such ideas. The homogeneous
linewidth of the donor bound exciton transitions in samples of nearly perfect
28Gi are extremely sharp. They are so sharp that the hyperfine splitting due
to the 3'P may be resolved in photoluminescence excitation and photocur-
rent experiments [37]. These experiments still measure large ensembles of
31P, and unfortunately the prospects of an optical measurement of a single
31P nucleus in a bulk crystal are not good due to the optically dim emission
from this indirect bandgap system. However, silicon has another advantage:
extremely advanced microprocessing technology, which has enabled record-
high @ values for photonic crystal silicon microcavities [38, 39]. These @
values of over 10° reported in silicon are for microcavities with mode vol-
umes on the order of a cubic wavelength in the material. In principle, they
could enhance the sharp zero-phonon line with Purcell/cooperativity fac-
tors C' on the order of 10°, bringing the kHz radiative rate into the MHz
range. Especially if ultra-sensitive superconducting transition-edge sensors
are used, the state of a single phosphorous nuclear spin could be detected
in a timescale shorter than its relaxation time under measurement condi-
tions [40]. High-Q microcavities may also enable entanglement distribution
as described in Sec. 18.2.3 for this system.

18.4.2.3. '9F:ZnSe

The small oscillator strength of the silicon system, however, prevents the
use of 31 P:Si for ultra-high speed single qubit rotations as in Sec. 18.3.1 or
comparably fast two-qubit logic gates. An ideal neutral donor system would
have a nuclear-spin-free substrate and a large oscillator strength. Such a
system may be found in the group-11-vI system of ZnSe. The isotopes
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that have non-zero nuclear spins are less than 10% abundant in naturally
existing Zn and Se compositions, and isotopic purification could generate a
spin-free substrate.
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Fig. 18.9. Time-resolved spectroscopy of bound-exciton transitions for isolated F im-
purities in ZnSe. (a) Individual peaks in photoluminescence spectrum correspond to a
few resolvable impurities in a 100 nm mesa structure. (b) Streak-camera data indicates
a 200 ps lifetime.

Experiments have already been performed to isolate single acceptors in
ZnSe [41], but acceptor ground states decohere rapidly, motivating a search
for appropriate, stable, isolated neutral donors. The '°F donor is a good
choice, because this nucleus is 100% spin-1/2 and possesses a high mag-
netic moment, second only to protons, allowing a strong hyperfine coupling
comparable to the 31P:Si system. Measurements to verify the growth and
luminescence of this donor system are described in [42]. These ZnSe sam-
ples were grown by molecular beam epitaxy on GaAs substrates. To isolate
single impurities, '"F-doped ZnSe layers of 5 nm width are sandwiched
between two 50 nm ZnMgSe barriers, which have a larger bandgap. Multi-
ple mesa structures are fabricated by e-beam lithography and wet-chemical
etching. Figure Fig. 18.9a shows the photoluminescence spectra from a
small mesa structure with a diameter of about 100 nm. It shows emission
peaks corresponding to individual F-donor bound excitons. Figure 18.9b
shows the exciton-decay lifetime of such an isolated '°F-donor bound exci-
ton. The measured lifetime of about 200 ps implies that the °F:ZnSe has
a comparable oscillator strength to quantum dots.

While such emitters show great promise for homogeneous, coherent,
bright emitters, they have yet to be incorporated into a high-@) microcavity,
as materials processing and fabrication techniques are not as advanced in
ZnSe as in silicon or GaAs. The development of this and other materials
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well suited for quantum computers remains an ongoing research effort.

18.5. Conclusion

The development of quantum dots with high oscillator strength, microcav-
ities with high cooperativity factors, and isolated neutral donor impurities
with high homogeneity represents a first stage in the long-term development
of fast quantum computers and quantum repeaters. The implementation
of local and nonlocal quantum circuits with many qubits connected by
a qubus will also require substantial development in photonic waveguiding
and switching. Fortunately, the use of such technologies extends far beyond
a single application such as quantum key distribution, and the technologies
available in semiconductor nanophotonics improve every day. It is our be-
lief that the convergence of directed research in individual qubit/cavity
systems, integrated photonic circuits, and improved ideas for fault-tolerant
quantum computing architectures will converge to allow fast, scalable, and
useful devices in the near future.
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Chapter 19

Quantum Dots: Single-Photon Sources for Quantum
Information

Matthias Scholz, Thomas Aichele, and Oliver Benson

Nanooptics, Department of Physics, Humboldt University Berlin,
Hausvogteiplatz 5-7, 10117 Berlin, Germany

In this chapter we report on applications of single photon sources based
on semiconductor quantum dots. After a brief introduction we introduce
quantum cryptography and multiplexing as a first step towards single
photonics. We also describe the implementation of a single photon source
in a linear optics quantum computing experiment.
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19.1. Introduction

Photons are ideal carriers to transmit quantum information over large dis-
tances due to their low interaction with the environment. In 1984, Ben-
nett and Brassard proposed a secret key-distribution protocol [1] that uses
the single-particle character of a photon to avoid any possibility of eaves-
dropping on an encoded message (for a review see [2]). Also, the imple-

481
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mentation of efficient quantum gates based on photons and linear optics
was proposed [3, 4] and demonstrated [5, 6]. Besides, photons have been
proposed as information carriers in larger networks [7] between processing
nodes of stationary qubits, like ions [8-11], atoms [12, 13], quantum dots
(QDs) [14, 15], and Josephson qubits [16, 17].

Applications of linear optics in quantum information processing require

the reliable generation of single- or few-photon states on demand. However,
due to their bosonic character, photons tend to appear in bunches. This
characteristics hinders the implementation of classical sources particularly
in quantum cryptographic systems since an eavesdropper may gain partial
information by a beam splitter attack. Similar obstacles occur for linear
optics quantum computation where photonic quantum gates [3], quantum
repeaters [18], and quantum teleportation [19] require the preparation of
single- or few-photon states on demand in order to obtain reliability and
high efficiency.
A promising process for single-photon generation is the spontaneous emis-
sion from a single quantum emitter. Numerous emitters have been used to
demonstrate single-photon emission [21]. Single atoms or ions are the most
fundamental systems [22, 23]. Other systems capable of single-photon gen-
eration are single molecules and single nanocrystals [24-26]. However, their
drawback is a susceptibility for photo-bleaching and blinking [27]. Stable
alternatives are nitrogen-vacancy defect centers in diamond [28, 29], but
they show broad optical spectra together with comparably long lifetimes
(= 12 ns).

In this chapter, we focus on single-photon generation from self-assembled
single QDs. QDs are few-nanometer sized semiconductor structures which
resemble features known from atoms, like discrete emission spectrum and
electronic structure, and which are therefore often cited as artificial atoms.
Most experiments with QDs have to be conducted at cryogenic temperature
in order to reduce electron-phonon interaction and thermal ionization. High
count rates can be obtained due to their short transition lifetimes, and their
spectral lines are nearly lifetime-limited with material systems covering the
ultraviolet, visible, and infrared spectrum. QDs also gain attractiveness by
the possibility for electric excitation [30] and the implementation in inte-
grated photonic structures [31].

This chapter is organized as follows. Section 19.2 provides an introduction
to electronic properties and the radiative decay of single QDs. Section 19.3
covers the characterization and measurement of single-photon states. In
section 19.4, we show decay cascades in single QDs. Their application in a
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multiplexed quantum cryptography setup is demonstrated in section 19.5.
Section 19.6 describes the realization of a two-qubit Deutsch-Jozsa algo-
rithm [32] that makes use of different degrees of freedom of one single
photon. The setup was constructed in a way that it becomes resistant to
noise induced by phase fluctuations. Section 19.7 concludes with a short
summary.

19.2. Single Quantum Dots

All experiments in this chapter were performed with self-assembled QDs
fabricated by Stranski-Krastanov growth [33]. Overgrowth of QDs is re-
quired to obtain high-efficient and optically stable emission. As it is im-
possible to characterize the exact shape or material composition of an over-
grown QD a priori, certain simplified models for the electronic structure
are often used. Figure 19.1 shows a spherical potential which traps a single
electron-hole pair (exciton, figure 19.1a) or two electron-hole pairs (biexci-
ton, figure 19.1b). In figure 19.1c, the possible decay paths of a biexciton
via the so-called bright excitons are depicted. A level splitting is shown for
clarity. The recombination of a carrier pair leads to the emission of a single
photon, generally at different wavelengths for exciton and biexciton due to
Coulomb interaction.

The image of an ensemble of InP QDs is displayed in figure 19.2a. Fig-
ure 19.2b shows the spectrum of a single InP QD in a GalnP matrix with
two dominant spectral lines originating from exciton and biexciton decay.
This material system can generate single photons in the 620-750 nm region

(a) (b) (c)

Exciton in a QD: Biexciton:
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Fig. 19.1. Excitations in a QD: (a) An electron-hole pair forms an exciton. (b) Two
electron-hole pairs form a biexciton, generally at an energy different from the exciton.
(¢) Schematic term scheme for the exciton and biexciton decay cascade.
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Fig. 19.2. (a) Micro-photoluminescence image of InP QDs in GalnP. (b) Spectrum of
a single InP/GalnP QD with spectral lines of exciton and biexciton decay.
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Fig. 19.3. ¢® function of (a) a thermal light source, (b) coherent light, (c) a continu-
ously driven single-photon source, and (d) a pulsed single-photon source.

which perfectly fits the maximum detection efficiency of commercial sili-
con avalanche photo diodes (APD) with over 70% at wavelengths around
700 nm.

19.3. Single-Photon Generation

19.3.1. Correlation measurements

The single-photon character of the photoluminescence from a single QD can
be tested by measuring the normalized second-order correlation function
g (t1,t) via detecting the light intensity (I(t)) at two points in time. For
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stationary fields, it reads

BONGE!
(0))?

where :: denotes normal operator ordering. For classical fields, g(2)(0) >1
and g®(0) > ¢ () hold [34] which prohibits values smaller than unity.
For thermal light sources, there is an increased probability to detect a
photon shortly after another. This bunching phenomenon leads to g (0) >
1 (figure 19.3a). Coherent states show g(?)(7) = 1 for all 7 according to a
Poisson photon number distribution (figure 19.3b). A single-photon state
shows the anti-bunching effect of a sub-Poisson distribution with g(? (0) < 1
(figure 19.3c). For a Fock state |n), one has g(®(0) = 1 — 1/n which yields
g?(0) = 0 for the special case of [n = 1). The pulsed excitation of a
single-photon source leads to a peaked structure in g(2)(7) with a missing
peak at zero delay indicating single-photon emission (figure 19.3d).

In order to circumvent the detector dead time (&~ 50 ns for APDs [35]),
the second-order correlation function is measured in a Hanbury Brown-
Twiss arrangement [36] as depicted in figure 19.4, consisting of two photo
detectors and a 50:50 beam splitter. A large number of time intervals
between detection events is measured and binned together in a histogram.

g (r=t1—ts) =

19.3.2. Micro-photoluminescence

Optical investigation of QDs is wusually performed in a micro-
photoluminescence (PL) setup which combines excellent spatial resolution
with high detection efficiency. Samples with low densities of 10% — 10!

<
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Fig. 19.4. Micro-PL setup (FM: mirrors on flip mounts, DM: dichroic mirror, PH:
pinhole, BP: narrow bandpass filter, APD: avalanche photo diode)
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dots/cm? are required to isolate a single dot. In our setup, the sample is
stored at 4 K inside a continuous-flow liquid Helium cryostat (figure 19.4).
The dots are excited either pulsed (Ti:Sa, pulse width 400 fs, repetition
rate 76 MHz, frequency-doubled to 400 nm) or continuously (Nd:YVOy,
532 nm). The microscope system (NA = 0.75) reaches a lateral resolution
of 500 nm, and further spatial and spectral filtering selects a single tran-
sition of a single QD. The PL can be imaged on a CCD camera (see also
figure 19.2a), on a spectrograph (figure 19.2b), or can be sent to a Han-
bury Brown-Twiss setup with a time resolution of about 800 ps to prove
single-photon emission.

19.3.3. InP quantum dots

The sample used in our experiment was grown by metal-organic vapor phase
epitaxy. An aluminum mirror was evaporated on the sample which was then
thinned down to 400 nm and glued on a Si-substrate (see figure 19.5a). Fig-
ure 19.5b depicts the spectrum of a single InP QD on the sample under weak
excitation showing only one dominant spectral line. Its linear dependance
on the excitation power identifies it as an exciton emission. A 1-nm band-
pass filter was used to further reduce the background. Figure 19.6 shows
the corresponding cw correlation measurement at a count rate of 1.1 x 10°
and 10 K. The function is modeled as a convolution of the expected shape of
the ideal correlation function g(®)(7) = 1 — exp (—v7) and a Gaussian dis-
tribution according to a 800 ps time resolution of the detectors. The width
of the anti-bunching dip (2.3 ns) depends on both the transition lifetime
and the excitation timescale. Equivalent measurements at pulsed excita-

(@) b
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v - v+ InP QDs

== Al mirror (200 nm)
<« Epoxy

rwith
700 800 9
Fbandpass filter J { 6(‘)\R/avelenqt% (1 nm?0 ]

Si substrate

Intensity (arb. units)

I without
| filtering

660

680 700 720
Wavelength (nm)
Fig. 19.5. (a) Structure of the InP/GalnP sample. (b) PL spectra from a single InP

QD. An offset was added to separate the graphs. The inset shows a wider spectrum
together with the APD detection efficiency.
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tion show a vanishing peak at zero delay (figure 19.7a) which again proves
single-photon generation. At rising temperature, phonon interactions lead
to an increased incoherent background with other spectral lines overlapping
the filter transmission window (figure 19.7b). However, the characteristic
anti-bunching was observed up to 50 K [37].

19.4. A Multi-color Photon Source

A great advantage of QDs as photon emitters is their potential to create
more complex states of light consisting of few photons. For example, by
trapping two or more electron-hole pairs (compare figure 19.1), photon
cascades can be produced. These cascades can be used to enhance the
transmission rate of cryptographic systems usually limited by spontaneous
lifetime. Previous experiments have studied cascaded decays in InAs [20,
38, 39] and II-VI QDs [40, 41]. Very recently, also entangled photon pair
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Fig. 19.7. ¢® function of a single InP QD at pulsed excitation: (a) at 8 K and (b)
between 20 and 50 K.
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generation has been demonstrated [42, 43] following earlier proposals [44].
In order to study correlations between photons emitted in a cascade, the
cross-correlation function
g((fg (T) _ <: Ioi(t)‘[ﬁ ({"_ T) :>
{La(t))(L5(1))
has to be measured with a Hanbury Brown-Twiss configuration modified by
an interference filter in each arm. The filters can be tuned, e.g., to the exci-
ton and biexciton transition lines in a two-photon cascade indicated by the
index o and 3 in g3, respectively. Cross-correlation measurements confirm

assignments of spectral lines to exciton, biexciton, and triexciton transitions
by the strong asymmetric shape of the correlation function (figure 19.8).
If a biexciton decay starts the measurement and an exciton stops it, photon
bunching occurs since an exciton photon is predominantly emitted shortly
after a biexciton photon in a cascade. The opposite holds for switched
start and stop channels. In this case, the detection of the exciton photon
projects the QD to its empty (ground) state. The required re-excitation
process becomes manifest in an anti-bunching dip. Biexciton-triexciton cor-
relations can be explained equivalently, but on different timescales. Since
cross-correlation functions of two independent transitions show no (anti-
)bunching, the results in figure 19.8 confirm a three-photon cascade from
the triexciton to the ground state of a single QD. The dashed lines in fig-
ure 19.8 are a fit to the rate equation model described in [45, 46].

19.5. Multiplexed Quantum Cryptography on the
Single-Photon Level

19.5.1. A single-photon add/drop filter

For quantum communication protocols, a single-photon source with high
repetition rate and collection efficiency is desired. Beside passive elements
like mirrors and solid immersion lenses, resonant techniques exploiting the
Purcell effect can greatly enhance the emission rate [47, 48] if the source
relies on the decay of an excited state. A well-established technique
from classical communication is multiplexing. Each signal is marked with a
physical label, like its wavelength, and identified at the receiver using filters
tuned to the carrier frequencies. For single photons, their wavelength can
be used as their distinguishing label and polarization to encode quantum
information [49]. If the two photons from a biexciton-exciton cascade pass
a Michelson interferometer, constructive and destructive interference will
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Fig. 19.8. Cross-correlation functions between the (a) exciton and biexciton line and
(b) biexciton and triexciton line.

be observed at the two output ports by proper choice of the relative path
difference (figure 19.9). These photouns are fed into an optical fiber each, and
one of them is delayed by half the repetition rate of the excitation laser.
Recombination at a beam splitter then leads to a photon stream with a
doubled count rate. This is also reflected by auto-correlation measurements
with a spacing of only 6.6 ns in the peak structure (see figure 19.9d) [49].

19.5.2. Application to quantum key distribution

Multiplexing can enhance the bandwidth of quantum communication sys-
tems which use single-photon sources based on spontaneous emission. In
our experiment, we implemented the BB84 protocol [1, 2] where the exact
photon wavelength is unimportant. Quantum cryptography has been real-
ized with single-photon states from diamond defect centers [50] and single
QDs [51]. Figure 19.10 shows an implementation of interferometric mul-
tiplexing in the BB84 protocol using a cascaded photon source. Behind
an exciton-biexciton add/drop filter, Alice randomly prepares the photons’
polarization. Bob’s detection consists of a second EOM, an analyzing po-
larizer, and an APD. In our experiment, all EOM and APD operation is
performed automatically by a LabVIEW program. A visualization of a
successful secret transmission of data is depicted in figure 19.11. After ex-
change of the key, Alice encrypts her data by applying an XOR operation
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between every image bit and the sequence of random bits (the secret key)
which she has previously shared with Bob by performing the BB84 proto-
col. The encoded image (shown in figure 19.11b) is transmitted to Bob over
a distance of 1 m with 30 bits/s. Another XOR operation by Bob reveals
the original image with an error rate of 5.5%.

19.6. Deutsch-Jozsa Algorithm with Single Photons from a
Single Quantum Dot

In reference [3], Knill et al. propose the realization of a universal set of
quantum gates for quantum computation, using linear optical elements and
single-photon detectors. This scheme requires triggered, indistinguishable
single photons. Two-photon quantum gates (¢-NOT gates) and basic quan-
tum algorithms have been realized using photon pairs created by paramet-
ric down conversion [52, 53]. Here, we report the on demand operation
of a two-qubit Deutsch-Jozsa algorithm [32] using our deterministic single-
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Fig. 19.9. (a) Michelson interferometer with two output ports as a single-photon
add/drop filter. (b) Interference pattern for two distinct wavelengths versus the rel-
ative arm length. (c¢) Merging the separated photons with one path delayed by half the
excitation repetition rate. (d) Intensity correlation of the exciton spectral line and the
multiplexed signal.
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Fig. 19.10. Possible implementation of the multiplexer using the BB84 protocol. For a
detailed description of the setup see text.

photon source. Previous all-optical experiments were restricted to emulate
the Deutsch-Jozsa algorithm with attenuated classical laser pulses [54].
An intuitive and often cited interpretation compares this algorithm with a
”coin tossing” game: While a classical observer has to check both sides of
a coin in order to tell if it is fair, i.e. if its two sides are different (head
and tail), or unfair with two equal sides (head—head or tail-tail), quantum
computation can perform this task with a single shot. In the simplest case,
two qubits are needed to store query and answer, respectively.

Here, we apply the proposal of [55] in order to implement two qubits us-
ing different degrees of freedom of a single photon (see also reference [56]).
The first qubit corresponds to the which-way information about the photon
path inside an Mach-Zehnder interferometer, namely the spatial modes a
and b (figure 19.12a). The second qubit is implemented via the photon’s
polarization state. With these definitions of our two qubits, we are able
to construct the proper states for a Deutsch-Jozsa algorithm. The initial
state is realized by sending a photon into a linear superposition of the two
spatial modes using a non-polarizing 50:50 beam splitter after preparing it
in a superposition of horizontal and vertical polarization.

In a next step, a unitary transformation is realized by selectively adding a

Alice’s" orlglna"dat"

Fig. 19.11. Visualization of the quantum key distribution. Alice’s original data (a), a
photography taken out of our lab window in Berlin, is encrypted and sent to Bob (b).
After decryption with his key, Bob obtains image (c).
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Fig. 19.12. (a) Setup of the Deutsch-Jozsa experiment. Pol: Polarizer, BS: beam split-
ter, HWP: half-wave plate (b) Detector count rates of APD 1 and 2 for the four different
combinations of the HWPs inside the interferometer: 00 no HWP, 10: HWP in mode a,
01: HWP in b, 11: HWP in a and b.

half-wave plate (HWP) to each mode. A HWP in only one of the two paths
corresponds to a balanced situation representing fair coins in the example
above. In contrast, no HWP or a HWP in either path correspond to the
constant situations, illustrated by the two possible false coins. Physically,
the difference between these two situations is an additional local phase dif-
ference between the two paths, 0 for the constant and 7 for the balanced
case. Recombining the two interferometer arms on a second 50:50 beam
splitter implements a final Hadamard gate on the first qubit. The two
interferometer outputs are monitored with one APD each. Constructive
interference at the top (bottom) output indicates the balanced (constant)
situation, which can thus be distinguished by only one detection event of
one single photon. Figure 19.12b shows the outcome of many detection
events (albeit only one would be enough) for the four possible combina-
tions. In these measurements an overall success probability of 79% was
achieved. This was mainly limited by a slight temporal and spatial mode
mismatch in the interferometer.

A fundamental problem of quantum computation is dephasing, i.e. the
tendency of a qubit to loose or change its quantum information due to cou-
pling to the environment. A way to solve this might be active quantum
error correction [57] or the use of decoherence-free subspaces of the Hilbert
space spanned by several qubits [58]. In our experiment, a modified setup
insensitive to phase noise has been achieved by extending the setup to the
scheme in figure 19.13a. Horizontal and vertical polarization are separated
and merged at polarizing beam splitters (PBS) so that the modes, that in-
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terfere at the final beam splitter, travel along the same path. Thus, phase
noise in the central interferometer does not cause perturbations of the al-
gorithm but only lead to a global phase change [56].

In our experiment, we simulate phase noise by modulating piezo-electric
mirror mounts. The left graph in figure 19.13b displays the detection sig-
nals for two combinations (one constant and one balanced) of the HWPs in
the first interferometer, without any artificial noise. Modulating piezo 2 in
the central interferometer does also not affect the count rates, as expected
(middle graph). For comparison, phase noise induced by piezo 3 in the
final interferometer changes the APD signals substantially (right graph).
The same happens when modulating piezo 1 (not shown). Thus, using this
extended experimental setup, we showed the robustness of the algorithm
against phase noise when information is properly encoded in an unaffected
superposition of polarization states.

19.7. Summary

In this chapter, we have reviewed single-photon generation from single InP
QDs and its application to quantum information processing. Single-photon
statistics and cross-correlations of various transitions from multi-excitonic
states in the visible spectrum around 690 nm have been demonstrated. We
described a proof-of-principle experiment that shows how multi-photon gen-
eration from single QDs may find applications in quantum cryptography de-
vices to enhance their maximum bandwidth. In this experiment, multiplex-

3 |
No modulation Piezo 2 i Piezo3

from BS 0.2
source HWP 0

1000 2000 3000 4000 5000 6000
Time [a.u]

Fig. 19.13. (a) Extended setup. (P)BS: (polarizing) beam splitter. (b) Detector count
rates for a constant (00) and a balanced (01) HWP combination. Left graph: No mod-
ulation of the piezos, middle graph: modulation on piezo 2, right graph: modulation on
piezo 3.
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ing on the single-photon level and its implementation in the BB84 quantum
key distribution protocol has been accomplished for the first time. Another
important application for single photon sources is quantum computation.
We have demonstrated an experimental realization of the Deutsch-Jozsa
algorithm with linear optics using our quantum dot single-photon source.
By encoding on adequate qubit bases in an extended experimental setup,
the robustness of the setup against phase noise was proven.

Our experiments show that today’s single-photon sources based on QDs
have reached the level of sophistication to be ready-to-use non-classical
light sources. The on demand character of the emission is extremely useful
in all-solid state implementations of quantum information devices. Single
QDs will therefore play an important role in the field of quantum cryptog-
raphy and quantum computation, but also for realizing interfaces in larger
quantum networks.
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