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Summary

The computer industry has seen an immense development in the last decades. Personal com-
puters have become available for everybody living in industrialized countries with rapidly
increasing performance in terms of speed and storage capacities. However, the performance of
nowadays’ computers is fundamentally limited by the laws of classical physics: a classical bit
can only take on either of the two distinct values ‘0’ or ‘1’. In contrast, a quantum computer
could, in principle, make direct use of quantum phenomena, such as state superpositions — a
quantum bit can be in both states ‘0’ and ‘1’ simultaneously —, to perform complex computa-
tional tasks much faster than any classical computer.

The idea of building computers that work according to the laws of quantum physics has
opened various fields of research, one of which is the search for the best physical system to use as
a quantum bit (qubit). One important criterion for determining the optimal qubit system is the
lifetime of state superpositions. Typically, once initialized, such superpositions are destroyed
on remarkably short timescales due to interactions with the environment — a process which is
referred to as decoherence —, posing the question which physical qubit candidate system might
show a high-enough robustness against the influence of the ‘outside world’ to allow for viable
quantum computation.

In this thesis, we will consider three particular realizations of one specific and very promising
type of qubit candidate system: an electron (or hole) confined to a quantum dot — a nanoscale
structure within a (typically semiconducting) material —, where the spin states ‘|’ and ‘1’ of
our electron (or hole) encode the logical states ‘0’ and ‘1’. Our task will be to study the decay
of spin-state superpositions in such quantum-dot systems. The main objective of this thesis
is to understand the most important physical processes that lead to spin decoherence and to
show ways to suppress this undesirable effect. It turns out that at low temperatures, the main
source of decoherence is the coupling of the electron (hole) to the surrounding nuclear spins.

This thesis is divided into three logical parts, corresponding to the three qubit candidate
systems under consideration. First we will study electron-spin qubits in III-V semiconductor
quantum dots, where the electron spin interacts with the nuclear spins of the semiconduct-
ing host material via the isotropic Fermi contact hyperfine interaction. Second we consider
quantum-dot-confined heavy holes and the decoherence of their (pseudo-)spin states due to
anisotropic interactions with the nuclear spins. Third and last, we study electron-spin qubits
made from carbon-nanotube and graphene quantum dots. Quantum dots made of carbon have
the advantage of a low abundance of spin-carrying nuclear isotopes, therefore reducing deco-
herence effects significantly.



SUMMARY

For each of the systems under consideration, we will carry out analytical calculations on
the nuclear-spin interactions and the spin dynamics of the qubit. Although one main goal of
this thesis is to show ways to extend spin decoherence times, we will also focus on physically
more fundamental questions. Not only the timescale of the decay is relevant for the system’s
applicability as a qubit, but also the form of the decay which can vary significantly from system
to system. For example, the decay of spin-state superpositions can follow an exponential, super-
exponential or power-law decay, and can even pass through various stages. This is not only
of academic interest, but also important for practical purposes, such as the implementation of
quantum error-correction schemes in a potential quantum computer.

vi
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CHAPTER 1

Preface: Dealing with Decoherence

The dream of building computers that work according to the rules of quantum mechanics
has strongly driven research over the last decade, theoretically and experimentally, and in
many fields of basic and applied sciences including physics, chemistry, and computer science.
About ten years ago, Grover (1997) and Shor (1997) presented novel algorithms, making direct
use of quantum phenomena such as interference and entanglement to crucially speed up data
searching and prime factorization of large numbers used, e.g., for data encryption. In order to
turn quantum computers into a reality, however, many important and unsolved problems need
to be addressed, not only in engineering but also (and especially) in basic physics.

One issue of central importance is the physical implementation of the quantum bit (short:
qubit) — the quantum analog of the bit processed by today’s digital computers. While classical
bits can assume any one of the distinct states 0 or 1, qubits can also be in a coherent superposi-
tion of these two states: both 0 and 1. This is where the huge speedup potential of the quantum
computer lies: every qubit can be initialized in a superposition of states and therefore many
computational operations can be carried out in parallel rather than one by one. In principle,
any quantum-mechanical system with two distinct states could be used to encode quantum
information, and it comes thus as no surprise that a large variety of candidate qubit systems
in many subfields of physics and chemistry have been proposed over the years. Examples are
nuclear spins, cold atoms, trapped ions, quantum optical systems, Josepshon junctions, exci-
tons in semiconductors, electrons or holes in quantum dots, impurities, molecular magnets,
NV-centers in diamond, and many more.

Throughout this thesis, we will focus on one particular solid state implementation: spin
qubits in quantum dots. However, the fundamental challenges described below are shared by
essentially all physical implementations.

One of the major problems towards building a quantum computers is the limited decoher-
ence time: the qubit is not isolated from its environment, and the unavoidable coupling between
the two causes a fast decay of the qubit-state superpositions — see Fig. 1.1(a). This process
is called decoherence, and the associated decoherence times are rather short, typically in the
nano- to microsecond range for solid state systems. However, they can easily vary over many
orders of magnitude when changing physical parameters such as temperature, gate potentials,
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Figure 1.1: (a) Decoherence manifests itself in the decay of spin-state superpositions: the state
“t and | becomes ‘1" or |’. (b) The decoherence process typically passes through
various stages. For example, an electron spin interacting with a ‘narrowed’ nuclear
spin bath shows an initial quadratic and power-law decay of coherent superpo-
sitions, followed by an exponential decay at intermediate times and a long-time
power-law tail.

magnetic fields, material or isotope composition, confinement geometry, etc.

Building a quantum computer is thus not simply an engineering problem with planable
progress. Instead, one quickly faces a complex non-equilibrium problem involving many un-
wanted interactions with the outside world — especially in solid state systems, where everything
starts to interact with everything at some fine enough level — raising the principal question
if these interactions will ever allow sufficient coherence on a larger scale. Moreover, realistic
decoherence is not of some ‘generic type’, but rather system-specific. Thus, the devil is in the
detail, and only understanding those details can reveal strategies to deal with decoherence,
and to eventually find the best qubit. For instance, quantum error-correction schemes, which
are essential for scalable quantum computation, almost exclusively assume a Markovian deco-
herence model, characterized by a single exponential decay in time. However, this is typically
oversimplified, and we understand now that there can be an entire ‘zoo of decoherence laws’,
even in one and the same system, with a time decay that proceeds through several different
stages. An illustrative example of this dynamics is given in Fig. 1.1 (b) for spins in quantum
dots, from today’s point of view one of the most promising qubit candidates. It is this fun-
damental aspect which has added to the fascination and the strive for detailed knowledge of
decoherence and which has opened up a completely new field of research over the past few
years.

The qubit in a quantum dot — a small region within a semiconductor — consists of a single
electron whose spin states | and 1 represent the logical states 0 and 1 (Loss and DiVincenzo,
1998; Hanson et al., 2007). Such quantum-dot electrons can be initialized in any spin state,
the state can be read out, and two neighboring spins can be coupled and decoupled. Thus, all
basic prerequisites for universal quantum computation are fulfilled (Cerletti et al., 2005). An
attractive feature of this qubit system is that it can be operated in an all-electrical way, despite
the fact that the quantum information is stored in the magnetic moment of the electron spin.
This allows the use of standard gate technologies which are flexible, fast, and inherently scal-



able. The desired size would be a ‘quantum chip’ that contains about 10,000 qubits. Currently,
only two spin qubits have been implemented, but many more seem feasible.

Research so far has mainly focused on GaAs (and also InAs) semiconductors mostly because
of the advanced nanofabrication techniques available for them (Hanson et al., 2007). The
quantum dots come in various forms such as gate-defined, strain-induced, self-assembled, in
nanowires, etc. In these materials, the cause of decoherence at milli-Kelvin temperatures are
nuclear spins: typically a million of them reside inside a quantum dot and they all couple to
the single electron spin via the hyperfine interaction (Coish and Loss, 2004). They create a
random magnetic field which leads to fluctuations in the electron spin precession — a random
‘staggering’ — and thus to decoherence. This happens fast, typically within tens of nanoseconds.
In stark contrast to this, the mere flip of the electron spin, i.e., a transition from 1 to |
(typically due to lattice vibrations), can be extremely slow, even exceeding seconds (Amasha
et al., 2008). For quantum computation to be viable, the coherence of a single qubit must be
preserved during roughly 10,000 qubit operations. Although two-qubit operations to generate
entanglement have already been demonstrated on a remarkably short timescale of only about
0.2 nanoseconds (Petta et al., 2005), the decoherence time compared to this is still not long
enough. From today’s point of view, a minimum decoherence time of several microseconds
would be desirable. However, the situation is not hopeless, and several strategies have been
proposed — and some implemented successfully — to deal with the problem of short decoherence
times, and some of them will be discussed throughout this thesis.

A standard method to extend coherence, borrowed from nuclear magnetic resonance, is
to apply magnetic field pulses (spin-echo sequences), which partly reverse the electron spin
dynamics, thereby prolonging its coherence, even up to microseconds (Koppens et al., 2008).

Another idea is to prepare the nuclear spin bath in some less noisy state with a narrowed
distribution width (Coish and Loss, 2004). Such state preparations have already been success-
fully implemented in gated and self-assembled quantum dots (Greilich et al., 2007; Reilly et al.,
2008). The dynamics of an electron spin interacting with a narrowed nuclear-spin bath vary
drastically from the non-narrowed situation, as we will show in Chapters 3 and 4 of this thesis.

Another strategy is to polarize the nuclear spins dynamically by spin-blockaded transport
(Ono and Tarucha, 2004), or by cooling to ultra-low temperatures (milli-Kelvin or below) with
the goal to freeze out the nuclear spins in a high magnetic field. Furthermore, as recently
proposed (Braunecker et al., 2009a,b), it is also possible to induce a magnetic phase transition
in the nuclear spin system, with a transition temperature that is strongly enhanced from the
micro- to the milli-Kelvin regime by correlations effects present in one- or two-dimensional
electron gases. For the polarization method to be effective, a polarization of close to 100%
would be necessary. As for now, however, no more than 60% polarization have been achieved
experimentally (Bracker et al., 2005).

Very recently, proposals have been made to use the spin of a confined hole as a quantum
bit, rather than that of an electron, due to surprisingly long spin relaxation times recently
predicted and observed (Heiss et al., 2007). A hole is simply a vacancy in the valence band of
a semiconductor — a ‘non-existing electron’ — which behaves like a real particle. It has been
shown theoretically (Fischer et al., 2008) that the hole couples to the nuclear environment in
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a qualitatively different way — ‘Ising-like’ —, and that hole-spin decoherence times easily reach
several tens of microseconds, even without manipulations on the nuclear spins (see Chapter 5)
In addition, nuclear state preparations might be more efficient than for electrons, potentially
prolonging the decoherence time even further. The possibility to initialize and read out single
hole spins in flat dots has already been demonstrated (Gerardot et al., 2008), and first hole-spin
decoherence-time measurements have been carried out (Brunner et al., 2009), confirming the
theoretically predicted timescales.

The presence of nuclear spins is not only a nuisance, but can also be exploited to one’s
advantage. Manipulating the nuclear spins allows for control over the electron spin, and the
necessary coupling between two qubits can even be mediated by nuclear spins (Petta et al.,
2005). Moreover, the nuclear-spin system itself is considered suitable for information storage,
as it is known to be more robust against perturbations from the environment due its much
weaker magnetic coupling.

There also remains the possibility of exploring new materials. Quantum dots in carbon-
based materials such as nanotubes, graphene or diamond, or in type-IV semiconductors (es-
pecially Si/Ge nanowires) have been investigated recently with a view towards spin qubits.
These materials have the advantage of low abundances of spin-carrying nuclear isotopes, thus
exhibiting significantly weaker nuclear-spin interactions of the confined electron. For instance,
natural carbon consist of 99 percent nuclei with zero spin, and only of one percent nuclei with
non-zero spin. Coherent dynamics of single spins in diamond have already been reported (Han-
son et al., 2008), and decoherence times of order microseconds have been measured (Jelezko
et al., 2004). For quantum dots in graphene (a single atomic layer of graphite) and carbon
nanotubes, theory predicts a rather weak coupling of the confined electron to the nuclear spins
(Fischer et al., 2009), as shown in Chapter 7 of this thesis. First experiments, however, have
seen a fast spin decoherence in carbon nanotubes (Churchill et al., 2009a,b), and it is a subject
of ongoing research to resolve this discrepancy.

Finally, many proposals for hybrid systems have been made recently, suggesting the cou-
pling of, e.g., spins to long-wavelength photons in stripline cavities. This opens up the possibil-
ity to store the quantum information in one qubit type and process the information in another
one, combining so-to-speak the best of all worlds.

No doubt, there is still a long way to go before a practical quantum computer will be a reality
—and in order to achieve this goal basic research on decoherence will be crucial. For instance,
the question of scalability will have to be addressed: for a useful quantum computer, tens of
thousands of qubits would be required, all coupled in some controllable way. Nevertheless, the
slow but steady progress over the last decade is encouraging, and many workers in the field
are cautiously optimistic that the goal will be reached eventually.



CHAPTER 2

Introduction: Nuclear-Spin
Interactions in Semiconductor
Quantum Dots

2.1 Open systems and quantum master equations

Throughout this thesis, we will be confronted with having to deal with systems with an enor-
1

mously large number of degrees of freedom. For instance, the Hilbert space of IV spin-5 particles
has a dimension of 2V, where N is typically on the order of 10* to 10°. Solving an equation
of motion for such a large system is virtually impossible, even numerically. Fortunately, it is
often possible to divide the total system into some part whose dynamics we would like to study
and some other part whose time evolution may be irrelevant to us. So instead of solving the
equations of motion for the total system, we can tackle the technically much easier task of
studying the dynamics of the small relevant part (the ‘open system’ S) which interacts with
the large irrelevant part (the ‘bath’ or ‘environment’ F) — see also Fig. 2.1. In this section we
will introduce the concept of an open quantum system and derive a closed equation of motion
(‘master equation’) which we will use in the rest of this thesis to describe the dynamics of open
systems. Our derivation closely follows the one given by Breuer and Petruccione (2002).

Let us assume that the state of the total system S + E is described by a density matrix
p, while the states of system and environment are described by pg and pg, respectively, such
that

Ps(E) = tTE(s)Ps (2.1)
where trgp) denotes the partial trace over the system (environment) degrees of freedom.
Suppose the Hamiltonian of the total system can be written as

H=Hy+YV, (2.2)

where Hj denotes the unperturbed part of the Hamiltonian, which can include both system
and environment degrees of freedom and which can be solved exactly, and where V denotes a
perturbation.
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4 N\
environment
E
open
system
S
\\ J

Figure 2.1: Open quantum system S interacting with an environment F.

In order to derive a closed equation of motion for the reduced density matrix pg, it is
convenient to introduce a projection superoperator P, which projects the total density matrix
p onto some relevant part Pp. In principle P can have any form that obeys the following
conditions: (i) P2 = P (P is a projector) and (ii) trs{pAs} = trs{PpAgs} (P does not change
the expectation value of any system operator Ag). We also introduce the inverse projector Q,
whis is defined via P + Q = 1 and which projects the total density matrix onto its irrelevant
part Qp = p — Pp. The standard choice of the projector P is given by

Pp = (trpp) ® pE = ps @ pE, (2.3)

in analogy to Eq. (2.1). The standard projector (2.3) projects the total density matrix p onto
a product state of system and environment. In principle, other choices of P are possible which,
e.g., project onto correlated system-bath states (Breuer et al., 2006; Breuer, 2007; Fischer and
Breuer, 2007; Ferraro et al., 2008; Huang and Yi, 2008).

We start our derivation of a closed master equation for the relevant part Pp from Liouville’s

equation for the total density matrix p,

%p(t) — i [H, p(t)] = —iLp(), (2.4)

where we have introduced the Liouvillian L. Applying P and Q yields

P % p(t) = % Pp(t) = —i PL p(t), (2.5)
Q4 p(t) = 2 Qplt) = ~i QL (1), (2:6)

since P and Q do not depend on time. Inserting P + Q = 1 into Egs. (2.5) and (2.6) leads to

 Polt) = —iPLP p(1) — i PLQ (1), (27)

% Qp(t) = —i QLP p(t) — i QLQ p(2). (2.8)
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A formal solution of (2.8) is given by

Qolt) = 611, 10)Qplto) i [ dsGit,1QLPp( (29)

to
with the propagator

G(t,5) = To_ exp {—z’ / g QL(s’)} . (2.10)

s

Here, we allow for a time-dependent Liouvillian L, such that 7, denotes chronological time
ordering. Inserting Eq. (2.9) into Eq. (2.7), we obtain the so-called Nakajima-Zwanzig master
equation for the reduced density matrix Pp:

% Pp(t) = —i PL(t)P p(t) — i PL(t)G(t, to)Qp(to) — /tt dsPL(t)G(t, s)QL(s)Pp(s).  (2.11)

Eq. (2.11) is an exact equation describing the time evolution of the relevant part Pp. In general,
it is, however, impossible to solve Eq. (2.11) direcly because of the complicated structure of the
convolution integral. In most cases, it is therefore necessary to resort to some approximation
scheme. It will be convenient to intruduce the memory kernel or self-energy

X(t,s) = —iPL(t)G(t, s)QL(s)P. (2.12)

We now carry out some simplifications on Eq. (2.11) which will give us the basis to work
with for the rest of this thesis.

1. If the initial system-bath state is a product state, i.e. if Pp(tg) = p(to), then Qp(tg) =0
and the inhomogeneity (the second term on the right-hand side of Eq. (2.11)) vanishes.

2. If the Hamiltonian (2.2) does not depend explicitly on time, we have
Q(t, 8) _ e—iQL(t—S) = g(t — 8), E(t, S) = E(t — S). (213)

3. Let us assume that in Eq. (2.2), the energy scales associated with Hy are much larger
than those associated with V. It is then possible to carry out a systematic expansion of
the memory kernel in powers of the perturbation V by writing L = Ly + Ly and iterating
Dyson’s identity

t
oiQ(Lo+Ly)t _ iQLot _i/ dt’ e~ QL= Q| |, ¢~ QLY’ (2.14)
0

up to the desired order in Ly . As we will see later on, it is often convenient to solve
the Nakajima-Zwanzig equation (2.11) in Laplace space (up to some order in Ly). The
Dyson identity may then be written as

o

1 1 , 1 k
S+ZQL = 273+ZQL0 <_ZQLUS+ZQLO> 9 (215)

k=0

where we have iterated the operator identity

1 1 1
=—(1-B 2.1
A1B A( A+B> (2.16)

for A =s+1iQLy and B = iQLy .
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2.2 Electron-nuclear spin interactions

In this section, we give a microscopic derivation of the nuclear-spin interactions that will be
considered througout this thesis. The interaction of a relativistic electron with the electromag-
netic field created by a nucleus is described by the Dirac Hamiltonian

Hp = a-m+ fmc* + 4V, (2.17)

where m is the electron rest mass, ¢ = —|e| is the electron charge, m = ¢(p—¢A), ¢ is the speed
of light, p is the momentum, V' and A are the scalar and vector potential of the electromagnetic
field induced by the nucleus, and

0 o 1 0
az(a 0)’ ﬂz(o —1> (2:18)

are the 4 x 4 Dirac matrices with o being the vector of Pauli matrices and 1 the 2 x 2 identity
matrix.

The Dirac Hamiltonian (2.17) acts on a 4-spinor ¢ = (x1,x2)!, where x1 and ys are 2-
spinors describing the electron and the positron, respectively. Using this notation, the Dirac
equation Hpy = Ev, with E = mc? + €, may be written as a pair of coupled equations for the

Xj+

e—dV)xi—o-mx2 = 0, (2.19)
—o-mx1+@2m? —qV+e)xa = 0. (2.20)

Isolating x2 in Eq. (2.20) and inserting into Eq. (2.19) yields the following eigenvalue equation
for the electron:

1
T ———— 0 - |4 = . 2.21
(U T omZ Vi’ T+q )Xl X1 (2.21)

In the non-relativistic limit (¢ — ¢V')/me? — 0, x1 and x2 decouple and Eq. (2.21) reduces to
the Pauli equation Hpy1 = €x1 with the Pauli Hamiltonian

Hp:ﬁ(p—qA)Q—%(VXA)-U—l—qV. (2.22)

In general, one has to take into account the relativistic effect of a coupling between the
electron and positron 2-spinors. It is, however, possible to systematically decouple x; and x2
in orders of 1/mc? by successively applying unitary transformations to the Dirac Hamiltonian
(2.17). This method takes into account relativistic corrections to the Pauli equation and is
known as the Foldy- Wouthuysen transformation. In lowest order, this method leads to an
eigenvalue equation Hpwyi1 = e€x1 for the electron spinor, where Hpw contains the Pauli
Hamiltonian and the first relativistic corrections:

qh i3 qh?

where we have introduced the electric field E = —VV.



2.2. Electron-nuclear spin interactions

The terms of interest are those that couple the nucleus (giving rise to E and A) through
their charge and magnetic moment to the electron (with spin & and momentum p). These

terms are
qh
HSO = —W (E X p) g, (224)
¢*h

Hihf = W (E X A) g, (225)
Hoo = -2 (v < A) (2.26)

ahf — om o, .
Hug = —% A -p, (2.27)

and are referred to as spin-orbit interaction, isotropic hyperfine interaction, anisotropic hyper-
fine interaction, and the coupling of electron orbital angular momentum to the nuclear spin,
respectively.

The spin-orbit interaction manifests itself via a splitting of the electron spin states at
k # 0 (away from the center of the Brillouin zone), even at zero external magnetic field.
This splitting can be due to the bulk inversion asymmetry (BIA) of the crystal, or due to
structure inversion asymmetry (SIA) caused, e.g., by a confinement potential (Winkler, 2003).
In ITI-V semiconductor quantum dots, both effects can be relevant: the zincblende-type crystal
structure of III-V semiconductors lacks a center of inversion symmetry, causing BIA, while
the strong two-dimensional confinement of the quantum dot leads to SIA. However, the spin-
orbit interaction depends on temperature, as it is typically mediated by phonons. At low
temperatures (typically lower than 1K for ITI-V semiconductor quantum dots) the spin-orbit
contribution to the dephasing of the electron spin is typically much smaller than the effect
of the nuclear-spin interactions. We will therefore neglect spin dephasing due to spin-orbit
interactions in this thesis.

The importance of nuclear-spin interactions stongly depends on the system under consid-
eration. For most quantum dots at low temperatures, the main mechanism leading to spin
decoherence of electrons is the isotropic hyperfine interaction (2.25) — see Chaps. 3 and 4 —,
while for holes the anisotropic hyperfine interaction (2.26) and the coupling to orbital angular
momentum (2.27) are most relevant — see Chap. 5. It is convenient to replace the nuclear-spin
interactions (2.25) - (2.27) by equivalent effective Hamiltonians of the form (Abragam, 1961;
Stoneham, 1972)

fo 8T
Ht = 1. 3 2Bo(r)S -1, (2.28)
Ho 3n-S)(n-I)—S-I
Hje = 2 2.2
ahf A “HBIN S+ dJr) ; (2.29)
L-I
Heﬁ _ IU’O 92 o 92.30
ang Ar HBYN 3(1+d/T) ( )

Here, pg is the vacuum permeability, vy = gy pn is the nuclear gyromagnetic ratio, gy is the
nuclear g-factor, up (un) is the Bohr (nuclear) magneton, r is the vector pointing from the
nucleus to the electron, r = |r|, n =r/r, d ~ Z x 1.5 x 1075 m is a length of nuclear dimension
(Z is the effective nuclear charge), S (I) is the electron (nuclear) spin operator, and L is the

9



2. INTRODUCTION: NUCLEAR-SPIN INTERACTIONS IN SEMICONDUCTOR QUANTUM DOTS

electron orbital angular momentum operator. Eqgs. (2.28) - (2.30) will serve as a starting point
for all considerations throughout this thesis.

2.3 Band structure of III-V semiconductors

In this section, we want to sketch how the bandstructure of a III-V semiconductor can in
principle be derived from miscroscopic considerations. We will refrain from showing a complete
derivation, since this is a subject of many excellent textbooks (see, e.g., Winkler (2003) or Yu
and Cardona (2005)), but rather give an idea about which ingredients need to be taken into
account.

Our starting point is the Schrodinger equation for a particle with rest mass myg in a periodic

potential Vj:

2m0

2
(2 +160)) () = Bl (231)

k'runk(r) is the Bloch function of the particle. Applying p? to the Bloch

where 9,k (r) = €’
function, we can rewrite Eq. (2.31) as a function for the lattice-periodic Bloch amplitude

unk(r) alone:

L PR by E,(k
k. = ) 2.32
(g 4 V00) + G D ) k) = E () (2.2
For ITI-V semiconductors, the extrema of the relevant bands are at the I'-point (k = 0), where
we have )
<2p_ + Vo(r)> Uno(r) = Enouno(r). (2.33)
mo

The solutions of Eq. (2.33) form a complete set of basis functions, and once E,o and u,o(r)
are known, we can include the k-dependent terms in Eq. (2.32) perturbatively.

Since spin-orbit coupling plays an important role concerning the bandstructure, we also
need to take into account the Pauli spin-orbit term (2.24). In the basis {uno00} (including spin
o =1,]) we can now express the Hamiltonian

2 27.2
H:2p—%+%(r)+%+miok-p—#§§(ExP)-o, P =p + Rk, (2.34)
as an infinite-dimensional matrix with elements (uno|H |un0). For practical purposes, we will
need restrict ourselves to some finite amount of energy bands (labelled by n) in the vicinity
of the fundamental band gap. Typically, one takes into account the conduction band (CB)
and the heavy-hole (HH), light-hole (LH) and split-off (SO) valence bands (see also Fig. 2.2),
leading to an effective 8 x 8 Hamiltonian (four bands including spin).

The explicit form of the Bloch amplitides at the I'-point depends on the periodicity
of the potential Vj. For III-V semiconductors, Vy has the symmetry of the zincblende lat-
tice. Although it is not possible to derive an explicit form for the functions u,o within the
framework of the so-called k - p theory shown above, their behavior under symmetry oper-
ations can be determined via group theory (Dresselhaus et al., 2008). With this informa-
tion, it is possible to write the Hamoltonian (2.34) up to second order in k in the basis

10



2.3. Band structure of III-V semiconductors

|1/2;£1/2)c conduction band
E,
13/ %3/2),
/ whole sub-band

|3/2 :|:1/2>1, AS()

11/2; £1/2),

k=0

light-hole sub-band

split-off band

Figure 2.2: Band structure of bulk ITI-V semiconductors near the I'-point.

{UCBOT, UCBOJ, UHHOT; UHHO,; ULHO?, ULHOJ, USO07) usoo¢} as

Heg Vi Va2 V3
vi o H Vi Vi

Hg = Loont e o (2.35)
Vo V) Hwim W

vi vl vl Hso

with the 2 x 2 matrices H,, and V,,,. This is the so-called 8 x 8 Kane Hamiltonian and it can be
interpreted as follows: The 2 x 2 Hamiltonians H,, describe the unperturbed electron states in
the band n, while the off-diagonal blocks V;,, couple the bands to each other. An explicit form
of the 2 x 2 blocks is given in Appendix B.1 for the quasi-two-dimensional case of a quantum
well (see, e.g., Winkler (2003) for the bulk case).

It is now possible to project the 8 x 8 Kane Hamiltonian onto the band of interest using
quasi-degenerate perturbation theory (see, e.g., Appendix B of Winkler (2003)). In lowest
order this procedure will lead to a Hamiltonian whose eigenstates are just the unperturbed
states uno (where n is the band we have projected onto), while higher-order corrections to
the wavefunctions will describe hybridization between the bands. We will come back to this in
more detail in Chapter 5.

From the explicit form of the Kane Hamiltonian given in Appendix B.1, we can see that
at k = 0 the HH and LH states are energetically degenerate (see Fig. 2.2). However, it is
possible to lift this degeneracy by confining the crystal to two dimensions, which in practice is
typically achieved by growing thin layered structures of different semiconducting materials (Yu
and Cardona, 2005). Once the degeneracy is lifted, we are left with a good two-level system

11



2. INTRODUCTION: NUCLEAR-SPIN INTERACTIONS

IN SEMICONDUCTOR QUANTUM DoOTS

11/2; £1/2).

13/2;4£3/2).

_—

3/2; £1/2),

11/2;£1/2),

Asgo

k=0

conduction band

heavy-hole sub-band

light-hole sub-band

split-off band

Figure 2.3: Band structure of a III-V semiconductor quantum well near the I'-point.

in the HH and LH sub-bands, which is important when viewed in the context of hole-spin

quantum bits (see Chapter 5).

12



CHAPTER 3

Electrons in llI-V Semiconductors:
Effective-Hamiltonian Approach

3.1 Introduction

We have discussed in Chapter 1 that a promising physical implementation of a quantum bit is to
use the spin states of electrons in confined structures (Loss and DiVincenzo, 1998; Hanson et al.,
2007; Leuenberger and Loss, 2001; Vrijen et al., 2000; Jelezko et al., 2004). A series of recent
experiments on electron spin states in quantum dots (Petta et al., 2005; Koppens et al., 2006),
electrons bound to phosphorus donors in silicon (Abe et al., 2004), NV centers in diamond
(Jelezko et al., 2004; Childress et al., 2006; Hanson et al., 2006), and molecular magnets
(Ardavan et al., 2007) have shown that the hyperfine interaction between confined electron
spins and nuclear spins in the surrounding material is the major obstacle to maintaining
coherence in these systems.

Previous studies of this decoherence mechanism have pointed to the non-Markovian nature
of a slow nuclear-spin environment, leading to non-exponential coherence decay (Khaetskii
et al., 2002; Merkulov et al., 2002; de Sousa and Das Sarma, 2003; Breuer et al., 2004; Coish
and Loss, 2004; Erlingsson and Nazarov, 2004; Yuzbashyan et al., 2005; Deng and Hu, 2006;
Al-Hassanieh et al., 2006; Witzel and Das Sarma, 2007; Yao et al., 2007; Koppens et al., 2007;
Chen et al., 2007; Fischer and Breuer, 2007). These results suggest that it may be necessary to
revise quantum error correction protocols to accommodate such a ‘nonstandard’, but ubiquitous
environment (Terhal and Burkard, 2005). Here we show that virtual flip-flops between electron
and nuclear spins can lead to well-defined Markovian dynamics, giving a simple exponential
decay in a large Zeeman field and for particular initial conditions, i.e., a ‘narrowed’ nuclear-spin
state (Coish and Loss, 2004; Klauser et al., 2006; Stepanenko et al., 2006; Giedke et al., 2006).
Once such a state is prepared, it can be maintained over an astonishingly long time scale,
exceeding hours (Greilich et al., 2007), since spin diffusion processes are highly suppressed
near confined electron spins (Klauser et al., 2008). Recently, great progress has been made in
experimentally realizing such state narrowing (Greilich et al., 2006, 2007; Reilly et al., 2008;
Greilich et al., 2009; Latta et al., 2009; Vink et al., 2009; Xu et al., 2009). Moreover, we
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3. ELECTRONS IN III-V SEMICONDUCTORS: EFFECTIVE-HAMILTONIAN APPROACH

calculate the decoherence time 75, revealing the dependence on many external parameters for
a general system.

3.2 Effective Hamiltonian: Schrieffer-Wolff transformation

We begin from the Hamiltonian for the Fermi contact hyperfine interaction between a localized
spin-1/2 S and an environment of nuclear spins (see Chapter 2),

Hye=bS"+bY wli +S-h, (3.1)
k

with the Overhauser operator defined by
h=>" Al (3.2)
k

Here, Iy, is the nuclear spin operator for the spin at site k with associated hyperfine coupling
constant Ag, b = g*upB is the electron Zeeman splitting in an applied magnetic field B
and 7y, is the nuclear gyromagnetic ratio in units of the electron gyromagnetic ratio (we set
h=1): v = gr,pun/g 1. For an electron with envelope wave function ¢ (r), we have A; =
vo A% |[h(ry,)|?, where A% is the total coupling constant to a nuclear spin of species i at site
k and vg is the volume of a unit cell containing one nucleus. For convenience, we define A =

doivi (Ai)Q, where v; is the relative concentration of isotope i. The envelope function (r)
of the bound electron has finite extent, and consequently there will be a finite number ~ N of
nuclei with appreciable Ay. For typical quantum dots, N ~ 10* — 10, and for donor impurities
or molecular magnets, N ~ 10?2 —103. In Eq. (3.1) we have neglected the anisotropic hyperfine
interaction, dipole-dipole interaction between nuclear spins, and nuclear quadrupolar splitting,
which may be present for nuclear spin I > 1/2. The anisotropic hyperfine interaction gives
a small correction (due to hybridization with the p-type valence bands) for electrons in a
primarily s-type conduction band (Abragam, 1961), such as in ITI-V semiconductors. Nuclear
dipole-dipole coupling can give rise to dynamics in the spin bath, which can lead to electron-
spin decay due to spectral diffusion on a time scale found to be Th; ~ 10 — 100 us for GaAs
quantum dots (de Sousa and Das Sarma, 2003; Yao et al., 2006; Witzel and Sarma, 2006). These
times are one to two orders of magnitude longer than the To we predict for a GaAs quantum
dot carrying N = 10° nuclei (see Fig. 3.3, below). For smaller systems, we expect the decay
mechanism discussed here to dominate dipole-dipole effects substantially. The quadrupolar
splitting has also been measured for nanostructures in GaAs, giving inverse coupling strengths
on the order of 100 us (Yusa et al., 2005), comparable to the dipole-dipole coupling strength,
so quadrupolar effects should become relevant on comparable time scales.

For large b, we divide Hys = Hg + Vi into an unperturbed part Hy that preserves S? and
a term Vg that leads to energy non-conserving flip-flops between electron and nuclear spins

14



3.2. Effective Hamiltonian: Schrieffer-Wolff transformation

(Coish and Loss, 2004):

Hy = Ho+ Vg, (3.3)
Hy = (b+h%) 5 +b3 wli.
k
1
fo — 5 (SJrhf —|— S*th) . (35)

Our goal is to find an effective Hamiltonian that eliminates the flip-flop term Vg at leading

order. We apply a unitary transformation:

H = e’ Hppe 7, (3.6)
where S = —S' to ensure unitarity. We now expand Eq. (3.6) in powers of S, retaining terms
up to O (Vi}), assuming S ~ O (Vg):

_ 1
H = Hy + Vg — [Ho, S] — [V&, S] + 3 [S, [S, Hol] + O (Vi) - (3.7)

To eliminate Vg at leading order, we must choose S to satisfy Vg — [Hp,S] = 0. The S that
satisfies this relation is given by
1

S=1i.

Ve, LoO = [Hy, O], (3.8)

which is of order Vg, justifying our previous assumption: S ~ O (V). Re-inserting Eq. (3.8)
into Eq. (3.7), we find, up to corrections that are third-, or higher-order in V:

H = H+0(V{), (3.9)
H = Hﬁé[s,vﬂ]. (3.10)

Directly evaluating Eq. (3.8) with Hy defined in Eq. (3.4) and Vi defined in Eq. (3.5) gives

1 1 1
S=-) A St — STL . 3.11
2; <b+hz+%—b% b hr— A by R (3.11)

Inserting Eq. (3.11) into Eq. (3.10) gives
H = 1)1 Hy+ ) (H, (3.12)
1 z z
Hy = S(b+h )+bzk:7klk+hT, (3.13)
1 z z

H = —5(b+h )+b§k:7k1k—h¢. (3.14)

Here, the contributions resulting from the term second-order in Vi are given explicitly by

1 1 1
he = =Y ALA I T +17 I 3.15
T 8; k l(b—i—hz—i-Ak/Q—b'Ykkl +lb+hz_Ak/2_b’Ykk>7 ( )

1 1 1
hy = =Y ALA I+ It I ). (3.16
1 8; k l(b—i—hz—Ak/Q—b’ngl +lb+hz+Ak/2—b’ykk> ( )
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3. ELECTRONS IN III-V SEMICONDUCTORS: EFFECTIVE-HAMILTONIAN APPROACH

We can rewrite H in terms of spin operators using [1) (1| = 3 + 5% and |}) (}| = 3 — 5%, which

gives
H = (w+X)S*+D, (3.17)
X = (1-Py)(hy + hy), (3.18)
D = beyka + (hy — hy), (3.19)
w = b+hz+Pd(hT+h¢). (3.20)

In the above expressions, we have introduced the diagonal projection superoperator

PaO = 1) IO, (3.21)
l

where the index [ runs over all nuclear-spin product states |I) = @), |I km@ We now apply the
commutation relation [I;}, ;"] = 2178, and expand the prefactors in Egs. (3.15) and (3.16)
in terms of the smallness parameter

A 1A

Tk« 3.22
bt —b Nb S (3:22)

At leading order in the expansion, we find hy | ~ h%oi, where
© A4y - _
hy' = —E:th_b (I I+ 17 1), (3.23)
1 AR A
P = SN R (P 4L 3.24
! lb_|_hz_b,yk(kl+lk) (3.24)

By commuting the nuclear spin operators, Egs. (3.23) and (3.24) can be rewritten to give

1 A?
O+ 2N k2 2
(R =~ b+ R — by, * (3.25)

This relation allows us to approximate the various terms in Egs. (3.18), (3.19), and (3.20):

X ~ (1-Py) (zh(o))
L AA B
= —§ . (I, "+ 17 L,), (3.26)
k#b+h — by
D =~ §:<byk— Ay )I,j, (3.27)
- 4(b+ h* = by)
2
N z o), 1 Al .
@ & b Pa (21 )+5Zk b e — by b
1 A2
= b+hF+=y — k(I +1)— (I7)?). 3.28
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3.3. Markov approximation

Neglecting further corrections that are smaller by the factor byg/w ~ % ~ 1073 in Eq. (3.26)
2
and terms of order < ), H,{jiﬁb% ~ ]’?,—z in Egs. (3.27) and (3.28), we arrive at

H=(w+X)S*+D, (3.29)
with
w ~ b+ h7, (3.30)
D ~ bzwkl,j, (3.31)
k
I ApAp
X o~ 5; I (3.32)

The terms of order ~ A%/Nb may become important on a time scale 7 ~ Nb/A%. In our
treatment, this time scale is long compared to the bath correlation time 7. ~ N/A in the
perturbative regime A/b < 1, and so neglecting these terms is justified.

3.3 Markov approximation

For large b, Hy leads only to an incomplete decay of the longitudinal spin (S,), (Coish and
Loss, 2004). However, it is still possible for the transverse spin (S5), to decay fully (Deng and
Hu, 2006) through a pure dephasing process, which we now describe in detail. We assume that
the electron and nuclear systems are initially unentangled with each other and that the nuclear
spin system is prepared in a narrowed state (an eigenstate of the operator w: w |n) = wy, |n))
through a sequence of weak measurements (Klauser et al., 2006; Giedke et al., 2006; Stepanenko
et al., 2006), polarization pumping (Ramon and Hu, 2007), frequency focusing under pulsed
optical excitation (Greilich et al., 2007), or by any other means. For these initial conditions, the
dynamics of the transverse electron spin (Sy), are described by the exact equation of motion
(Coish and Loss, 2004):

(Seb = o (S0 =i [ a'B(E=0)(Su. (3.3

with the memory kernel (or self energy)
Y (t) = —itrSy Le " QHQL |n) (n| S_. (3.34)

Here, L and Q are superoperators, defined by their action on an arbitrary operator O: LO =
[H,O0], QO = (1 — |n) (n|trr) O, where try indicates a partial trace over the nuclear spin system
(see Chapter 2.1).
To remove fast oscillations in (Sy), we transform to a rotating frame, in which we define
the coherence factor
xy = 2exp [—i(wy, + Aw)t] (S1), (3.35)

and associated memory kernel

Y(t) = exp [—i(wn + Aw)t] X(2), (3.36)
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3. ELECTRONS IN III-V SEMICONDUCTORS: EFFECTIVE-HAMILTONIAN APPROACH

with frequency shift determined self-consistently through
0 ~
Aw = —Re/ dtX(t). (3.37)
0

Additionally, we change the integration variable to 7 = ¢t — t/. The equation of motion for x;
then reads

t
.%.'t = —Z/ dTE(T).%'t_T. (338)
0

If f](T) decays to zero sufficiently quickly on the time scale 7. < T5, where T5 is the decay
time of x;, we can approximate x;_, = x; and extend the upper limit on the integral to ¢t — oo
(Markov approximation), giving an exponential coherence decay with a small error €(t):

21 = o exp (—t/Ty) + €(t), T% — Im /O T as ). (3.39)

The non-Markovian correction €(t) can be bounded precisely if X(t) is known (Fick and Sauer-

mann, 1990):
oo
/ dt//z (t//)
t/

Eq. (3.40) gives a hard bound on the validity of the Markov approximation, and consequently,

(O] < (O =2 |

0

. (3.40)

any corrections to the exponential decay formula. Fig. 3.1 demonstrates an application of Egs.
(3.39) and (3.40) for decay in a homonuclear spin system, which we discuss below.

We note that the integral in Eq. (3.39) becomes undefined if the memory kernel has an
asymptotic time dependence i(t) ~ 1/t where a < 1, and consequently the Markov approx-
imation breaks down in this case. A weaker version of Markovian violation can occur more
generally for o < 2, in which case the bound, Eq. (3.40), may still be small for times ¢ ~ T,
but grows unbounded in time. This situation occurs, for example, in the ohmic spin-boson
model (DiVincenzo and Loss, 2005).

3.4 Homonuclear system

If only one spin-carrying nuclear isotope is present, then v, = -, independent of the nuclear site.
We then approximate 3(t) to leading order in the perturbation V' = X .S* (Born approximation,
see Appendix A.2) by expanding Eq. (3.34) through iteration of the Dyson identity,

t

—ilQt _ —iloQt Z/ dt e—LoQU=t)| | Qe—iLQY (3.41)
0

where LyO = [V, O]. Higher-order corrections to the Born approximation will be suppressed

by the small parameter A/w, (Coish and Loss, 2004). Inserting the result into Eq. (3.39) we

find:
1 &0 < . .
7 = Re / dte A (X (1) X)), X(t) = e @XMt (3.42)
2 0
Here, (---) = (n|---|n) denotes an expectation value with respect to the initial nuclear state.

Eq. (3.42) resembles the standard result for pure dephasing in a weak coupling expansion, where
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3.4. Homonuclear system

t (N/A)

Figure 3.1: Exponential decay xz; = exp(—t/T2) (solid line) and maximum error bounds
xy £ |€(t)|,,0 (dashed lines), found by numerical integration of Eq. (3.40) with
parameters for a two-dimensional quantum dot (before Eq. (3.50)), I = 3/2 and
A/b = 1/20. For comparison, we show the decay curves for super-exponential forms
exp{— (t/T%)?} and exp{— (t/T2)*} (dot-dashed lines) and rapidly decaying bath
correlation function C'(t)/C(0) (dotted line, see Egs. (3.42) and (3.43)).

X (t) would represent the bath operator in the interaction picture with an independent bath
Hamiltonian. However, for the spin bath there is no such weak coupling expansion, and X ()
appears in the interaction picture with w, the same operator that provides an effective level
splitting for the system. Additionally, the general result for a heteronuclear system including
inter-species flip-flops cannot be written in such a compact form.

Previously, it has been shown by Coish and Loss (2004) that a Born-Markov approximation
to second order in Vg leads to no decay. In contrast, a Born-Markov approximation applied
to the effective Hamiltonian leads directly to a result that is fourth order in Vg — as can be
seen from Eq. (3.42) — describing dynamics that become important at times longer than the
second-order result. It is not a priori obvious that the effective Hamiltonian, evaluated only to
second order in Vg, can be used to accurately calculate rates to fourth order in V. We have,
however, verified that all results for the decay rates that we present here are equivalent to a
direct calculation expanded to fourth order in Vi at leading order in A/b < 1 (see Chapter 4).

If the initial nuclear polarization is smooth on the scale of the electron wave function,
the matrix elements of operators like [ ,f[ ;7 can be replaced by average values. Neglecting
corrections that are small in A/Nb < 1, this gives (see also Appendix A.3):

C(t) = (X(H)X(0)) = 73 AFAFe A=A, (3.43)

4w?2 oy

Above, we have introduced the coefficients
ce =I(I+1)— ((m(m=£1))) (3.44)

and the double angle bracket indicates an average over I} eigenvalues m (Coish and Loss,
2004).
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3. ELECTRONS IN III-V SEMICONDUCTORS: EFFECTIVE-HAMILTONIAN APPROACH

In the limit N > 1 we can include the term k& = [ in Eq. (3.43) and perform the continuum
limit ¥ — f dk with small corrections. For an isotropic electron wave function of the form

¥(r) = ¥(0) exp {—% <1>q} (3.45)

To

containing N nuclei within radius rg in d dimensions, the hyperfine coupling constants are

Ap = Agexp {— <%>q/d} , (3.46)

where k is a non-negative index, and we choose Ag to normalize A according to A = fooo dk Ay
(Coish and Loss, 2004) — see also Appendix A.1.

After performing the continuum limit, C(¢) will decay, with characteristic time 7. given
by the inverse bandwidth of nuclear flip-flop excitations 7. ~ 1/Ag ~ N/A. For large b, 1/T%
will be suppressed due to the smallness of X (see Eq. (3.32)), whereas 7. remains fixed. At

distributed according to

sufficiently large b, it will therefore be possible to reach the Markovian regime, where 7, is short
compared to Ty: 7./To < 1. Evaluating the time integral in Eq. (3.42), we find the general
result to leading order in A/w,, (see Appendix A.3):

m-ieer (3 (5) aan
o= )T, "

In Eq. (3.47), A/N sets the scale for the maximum decay rate in the perturbative regime, the
coefficients cy set the dependence on the initial nuclear polarization p (e.g., with I = 1/2,
we have cyc. = (1 — p?)/4), AJw, < 1 gives the small parameter which controls the Born
approximation, and f(d/q) is a geometrical factor (plotted in Fig. 3.2). f(d/q) is exponentially
suppressed for d/q > 1 (f(r) o< (1/3)>~1(1/r)", r > 1), but f(d/q) — oo for d/q —1/2 — 0.
Due to this divergence, no Markov approximation is possible (within the Born approxima-
tion) for d/q < 1/2. We understand the divergence in f(d/q) explicitly from the asymptotic
dependence of C(t) at long times:

Ct) < 1/8249,  t> NJ/A,  d/g<2. (3.49)

Surprisingly, there is a difference of nearly two orders of magnitude in 1/75 going from a
two-dimensional (2D) quantum dot with Gaussian envelope function (d =2, ¢ = 2, d/q=1) to
a donor impurity with a hydrogen-like exponential wave function (d = 3, ¢ = 1, d/q = 3), if
all other parameters are fixed (see Fig. 3.2).

We now specialize to an initial uniform unpolarized spin bath, which is nevertheless nar-
rowed: w|n) = b|n), with equal populations of all nuclear Zeeman levels, i.e., ((m)) = 0 and

((m?)) = %I(I +1). For a 2D quantum dot with a Gaussian envelope function (d = g = 2) we
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Figure 3.2: Geometrical factor f(d/q) from Eq. (3.48), where d = 1,2,3 is the dimension
and ¢ characterizes the electron envelope function ¥(r) = ¥(0)exp [— (r/r¢)? /2].
The dashed line at d/q = 1/2 indicates the limit of applicability of the Markov
approximation.

find, from Egs. (3.47) and (3.48):

1 7 (II+1)A\* A
E_§<_§F_>N' (3.50)

There are two remarkable features of this surprisingly simple result. First, the condition for
the validity of the Markov approximation, T5 > 7. ~ N/A will be satisfied whenever A/b < 1,
which is the same condition that validates a Born approximation. Second, 1/T5 has a very
strong dependence on the nuclear spin (1/75 o I*). Thus, systems with large-spin nuclei such
as In (I, = 9/2) will show relatively significantly faster decay (see, e.g., Fig. 3.3).

3.5 Heteronuclear system

For sufficiently large b, i.e. |yx — Y| b > |Ap — Ag/| ~ A/N, heteronuclear flip-flops between
two isotopic species with different ~y, are forbidden due to energy conservation. In this case,
1/T; is given in terms of an incoherent sum,

1
—=r=YT; 3.51
TQ - (3] ( )

where I'; is the contribution from flip-flops between nuclei of the common species i. Assuming
a uniform distribution of all isotopes in a 2D quantum dot with a Gaussian envelope function,
we find (see also Appendix A.3)

iN2 7
T, — 1 _ 2L <M> A (3.52)
T3

21



3. ELECTRONS IN III-V SEMICONDUCTORS: EFFECTIVE-HAMILTONIAN APPROACH

0.8 T T T
— T
---- F75As
~ 06 ¢ -- Trnga -
|
@m FGQGa
% 0.4 b — Fus,usln i
D
~
— 0.2
N~
| ~
0
100 150 200 250 300

b=g*usB (ueV)

Figure 3.3: Decay rates for an In, Ga;_,As quantum dot with In doping x = 0.05. Here, we have
assumed N = 10° and used values of v; and A’ for GaAs from Ref. (Paget et al.,
1977): ATAs = 86 eV, A%Ca = 74 pev, A"Ca = 96 eV, visps = 0.5, vesg, =
0.3(1 — x), vrigy = 0.2(1 — x). The hyperfine coupling for In in InAs was taken
from Liu et al. (2007): A"~ A" AT = 170 pieV, vpy = /2.

The quadratic dependence on isotopic concentration v; is particularly striking. Due to this
dependence, electron spins in GaAs, where Ga has two naturally occurring isotopic species,
whereas As has only one, will show a decay predominantly due to flip-flops between As spins.
This is in spite of the fact that all isotopes in GaAs have the same nuclear spin and nominally
similar hyperfine coupling constants (see Fig. 3.3). Interestingly, we note that the relatively
large flip-flop rates for In and As, due to large nuclear spin and isotopic concentration, respec-
tively, may partly explain why only Ga (and not In or As) spins have been seen to contribute
to coherent effects in experiments by Ono and Tarucha (2004) on electron transport through
(In/Ga)As quantum dots: The same effect may also explain why polarization appears to be
transferred more efficiently from electrons to As (rather than Ga) in GaAs quantum dots.

3.6 Conclusions

We have shown that a single electron spin can exhibit a purely exponential decay for narrowed
nuclear-spin bath initial conditions and in the presence of a sufficiently large electron Zeeman
splitting b. This work may be important for implementing existing quantum error correction
schemes, which typically assume exponential decay of correlation functions due to a Markovian
environment. In the limit of large Zeeman splitting b > A, where a Born-Markov approximation
is valid, we have found explicit analytical expressions for the decoherence time 75, giving
explicit dependence’s on the electron wave function, magnetic field, bath polarization, nuclear
spin, and isotopic abundance for a general nuclear spin bath. Moreover, within the Born-Markov
approximation, we have found a divergence in the decoherence rate 1/T5 for a one-dimensional
quantum dot, indicating a breakdown of the Markov approximation in this case.
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CHAPTER 4

Electrons in llI-V Semiconductors:
Direct Approach

4.1 Introduction

In the previous chapter, we have seen that, in the absence of refocusing pulses, and at time
scales that are short compared to the relevant time scale for the nuclear dipolar interaction, the
spin of a confined electron interacting with a narrowed nuclear-spin environment decoheres due
to dynamics induced by flip-flop processes between the electron and nuclear spins mediated by
the hyperfine interaction. In the presence of a large Zeeman splitting due to an applied magnetic
field, direct electron spin-flips are energetically forbidden, giving rise to pure dephasing of the
electron spin. Under these conditions, the electron-spin dynamics pass through various stages
with a zoo of different decay laws, obtained by various methods (see Fig. 1.1(b)): an exact
solution for a fully-polarized nuclear system and leading-order generalized master equation
(GME) have both shown a short-time (partial) power-law decay (Khaetskii et al., 2002, 2003;
Coish and Loss, 2004), an effective-Hamiltonian and short-time-expansion approach shows
that the initial partial decay is followed by a quadratic decay shoulder (Yao et al., 2006; Liu
et al., 2007), and a Born-Markov approximation applied to the same effective Hamiltonian — as
shown in the previous chapter — shows that the majority of the decay is typically exponential
in the high-field (perturbative) regime (Coish et al., 2008; Cywinski et al., 2009a,b). Finally,
an equation-of-motion approach has shown a long-time power-law decay to zero (Deng and
Hu, 2006, 2008).

In this chapter, we show that each of these results can be obtained in a systematic way
from a single unified approach, by extending the generalized master equation (GME) intro-
duced by Coish and Loss (2004) to higher order. In addition to recovering previous results at
all time scales, we find important qualitatively new features, including a modulation of the
decay envelope (even for a fully isotropic hyperfine interaction). Moreover, we give sub-leading
corrections (in the inverse electron Zeeman splitting 1/b) to the decoherence rate 1/T5 cal-
culated in Chapter 3. These corrections suggest an interesting non-monotonic dependence of
1/T5 on b. Neither the envelope modulations, nor the sub-leading corrections to 1/T5 can be
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found from dynamics under the effective Hamiltonian alone. The results presented here there-
fore show limits to the validity of some previous approaches based on high-order expansions of
a leading-order effective Hamiltonian, and should be directly compared and contrasted to the
results presented in Chapter 3.

4.2 Hamiltonian and generalized master equation

We consider the Hamiltonian for a localized electron spin-1/2 (with associated spin operator
S), interacting with a bath of nuclear spins Iy via the Fermi contact hyperfine interaction. We
allow generally for a Zeeman splitting b = gupB of the central spin S and site- (or species-)
dependent Zeeman splitting by in the bath for a nuclear spin I at site k. The Hamiltonian
for this system is (setting i = 1)

H=0b5"+bY wli+S-h; h=> Al (4.1)
k k

where the hyperfine coupling constant at site k is given by Ay = voA* |¢(rk)|2 if the nucleus
at site k is of isotopic species jj, with associated total hyperfine coupling constant A%, t(ry) is
the electron envelope wavefunction, evaluated at site ry (the position of the k™ nuclear spin),
and vg is the atomic volume.

In Eq. (4.1) we have neglected the nuclear dipole-dipole interaction, which can give rise to
additional internal dynamics in the nuclear spin system, and consequent decay of the electron
spin (Klauder and Anderson, 1962; de Sousa and Das Sarma, 2003; Witzel and Sarma, 2006; Yao
et al., 2006; Cywiniski et al., 2009a). Dipole-dipole-induced nuclear spin dynamics are highly
suppressed in the presence of an inhomogeneous quadrupolar splitting ! (Maletinsky et al.,
2009), or Knight-field gradient in a small quantum dot (the “frozen-core” or diffusion-barrier
effect, see Ramanathan (2008) for a review). The relevant decoherence rate due purely to the
hyperfine interaction is enhanced for a small dot (1/7% ~ 1/N for a quantum dot containing
N nuclear spins), whereas the dipole-dipole-induced nuclear dynamics are suppressed for a
small dot due to the frozen-core effect. Thus, there will always be some dot size N where the
nuclear dipolar interactions can be neglected, even up to times that are long compared to the
electron-spin decoherence time.

'"Hyperfine-induced long-range nuclear pair flips have a bandwidth of ~ A/N for large electron Zeeman
splitting b > A, whereas the short-range nuclear dipolar interactions induce excitations with a narrow bandwidth
~ 0 Ann, where d Ay is the typical difference in nearest-neighbor hyperfine coupling constants. In the presence
of a nonuniform gradient in the Zeeman energy or secular (I7-preserving) quadrupolar splitting, we expect
hyperfine-mediated pair flips to be allowed, while dipolar pair flips are suppressed, at least in the regime where
A/N Z AFEnax and AFEn, > 6Apn ~ (1/N)1/dA/N, where d is the dimensionality of the dot, AFEy, is the
typical difference in the quadrupolar splitting or Zeeman energy between neighboring nuclei and AFEmax is
the maximum difference in quadrupolar splitting or Zeeman energy between any two nuclei in the dot. The
inequalities will be satisfied for a range of AEy, and AFEmnax whenever the gradient in quadrupolar or Zeeman
energy is nonuniform on the scale of the dot. This will be true, e.g., for local disorder due to random doping of In
atoms in a In, Gai_,As quantum dot. For a uniform gradient, we estimate A Fmax ~ Nl/"lAEnn7 which saturates
the bounds. While this estimate demonstrates the existence of such a regime, a more complete calculation taking
both hyperfine interaction and nuclear dipolar interactions fully into account would be required to establish the
complete range of validity.
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4.2. Hamiltonian and generalized master equation

4.2.1 Initial conditions

We choose product-state initial conditions

p(0) = ps(0) ® pr(0), (4.2)

where pr(g) = trg(np is the reduced density matrix for the nuclear (electron) system. Such
an initial state can be prepared through fast strong pulses applied to the electron spin or by
allowing an electron to tunnel rapidly into a localized orbital (Coish and Loss, 2004).
Typically, nothing will be known about the nuclear-spin system at the beginning of an
experiment, and the density matrix p;(0) will be well-characterized by a completely random
(infinite temperature) mixture. Randomized initial conditions for the nuclear-spin bath result
in a rapid Gaussian decay of the transverse electron spin in the presence of a strong Zeeman
splitting b (Khaetskii et al., 2002; Merkulov et al., 2002; Schliemann et al., 2002, 2003; Coish
and Loss, 2004; Petta et al., 2005). This rapid decay, due to static fluctuations in the initial
conditions, can be removed by performing a measurement of the z-component of the slowly-
varying nuclear field A* (Coish and Loss, 2004). There have been several theoretical proposals
(Stepanenko et al., 2006; Klauser et al., 2006; Giedke et al., 2006) to measure the nuclear-
spin system into an eigenstate of h* and there are now several experiments where similar
state preparation has been achieved through dynamical pumping (Greilich et al., 2007; Reilly
et al., 2008; Greilich et al., 2009; Vink et al., 2009; Latta et al., 2009; Xu et al., 2009). After
preparing the nuclei in an eigenstate of the operator h*, the nuclear system will be described

most generally by an arbitrary mixture of g degenerate h*-eigenstates |n;) (i =1,2,...,9):
p1(0) = sz‘z‘ i) (ngl + sz‘j i) (nl, (4.3)
i i#j
where
h¥|n;y = hi |n;) Vi. (4.4)

In this paper, we will assume that there is no ‘special’ phase relationship between the different
h*-eigenstates, which allows us to approximate p7(0) by the diagonal part of Eq. (4.3)

p1(0) ~ Zﬂn’ i) (nil (4.5)
%
where, for any particular i, the state |n;) is given by a product of I} -eigenstates:

ns) = @ |1mi, ) (4.6)
Jikj

with spin operator Igj associated with the nuclear spin of isotopic species j at site kj:
I,fj ‘Ijmkj> = m}cj ‘Ijmkj>, and where I; < m%ﬂj <.
We will find it convenient to define the average of an arbitrary function of I?-eigenvalues

f7(m) for the subset of nuclear spins of species j by:
((F(m))) = Zmi (nal f7(I5,) Ina) (4.7)
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where we assume a uniformly polarized nuclear-spin system throughout this article, making the
average on the right-hand side independent of k;. Specifically, this condition will be satisfied
whenever a sufficiently large number g > 1 of degenerate h*-eigenstates contribute to the
average so that ), p; can be replaced by the same probability distribution ) P;(m) for all
sites k; (see also Appendix B of Coish and Loss (2004)):

I;

Z pii (il f1(I5)) Ina) =Y Py(m) f7 (m). (4.8)

m=—1I;

4.2.2 Generalized master equation

In this section we derive an exact equation of motion for the transverse components of the
electron spin alone, taking the dynamics of the coupled electron-nuclear spin system into
account (see also Chapter 2.1). Our starting point is the von Neumann equation for the full
density matrix p = —i[H,p] = —iLp. To find the reduced dynamics of the electron spin
alone, we rewrite the von Neumann equation in the form of the Nakajima-Zwanzig generalized
master equation (Fick and Sauermann, 1990; Breuer and Petruccione, 2002). Introducing a
projection superoperator P that preserves the initial condition Pp(0) = p(0), the Nakajima-

Zwanzig generalized master equation can be written as

Po(t) = —iPLPp(t)—i/tdt/Z(t—t’)Pp(t’), (4.9)
0
Y(t) = —iPLQe "t Q'QLP. (4.10)

Additionally, the projector P must satisfy P? = P and is typically chosen to preserve all system
variables S%: trS%p(t) = trS*Pp(t). Here, Q is the complement projector: Q = 1 — P. For the
special case of the Hamiltonian (4.1) and the initial condition (4.5), we choose the projection
superoperator P = pr(0)tr; and find that the exact equation of motion for the transverse
electron spin (S+ = S* £45Y) is of the form (Coish and Loss, 2004)

TS = (S, =1 [ aSe—e) (.0, (4.11)

() = tr[S4X(t)S_pr(0)], (4.12)
where w, = b+ hZ.

4.2.3 Rotating frame

We define the coherence factor z;, which measures the transverse components of the electron
spin in a frame co-rotating with the spin at frequency w,, + Aw through

xp = 2e " nt AWt (g ) (4.13)

and the associated self-energy

S(t) = e~ HwntAW)tyy(p), (4.14)

26



4.3. Self-energy expansion

with Lamb shift Aw due to virtual excitations of the bath:
00 ~
Aw = —Re/ dt¥(t). (4.15)
0
This gives an equation of motion for z;:
t ~
i’t = —iwat — Z/ dt'Z(t - t,).%'t/. (416)
0

Eq. (4.16) is an exact equation of motion for the coherence factor x;, and therefore serves as
an important starting point for systematic approximations in the rest of this article.

4.3 Self-energy expansion

In the absence of an exact closed-form expression for 3(t), we must resort to an approximation
scheme. For a large electron-spin Zeeman splitting b, and due to the large difference between
the magnetic moments of electron and nuclear spin (vy; ~ 1073), it is appropriate to separate
the Hamiltonian (4.1) into an unperturbed piece that preserves S# and a flip-flop term, which
induces energy non-conserving flip-flops between electron and nuclear spins: H = Hy + Vj,

where
Hy = wS +bY wli, w=b+h (4.17)
k
1
Ve = 5 (hTS_+h7S4). (4.18)

We can then write () in powers of Vi by performing a Dyson-series expansion (see Eq. (2.14))
of Eq. (4.10) and inserting the result into the definition (4.12) (Coish and Loss, 2004):

St =231 + 5@+ 0 (V). (4.19)

Progressively higher-order terms in the expansion involve a larger number of flip-flops between
the electron and nuclear bath spins. Consequently, higher-order terms are suppressed by the
energy cost for such flip-flops, provided by the electron spin splitting b for an unpolarized
nuclear bath. In particular, up to factors of order unity and an overall common prefactor, the
size of the 2(n + 1)*-order term is given by (see also Appendix A of Coish and Loss (2004)):

S+ (7) o <w>n (4.20)

For a nuclear spin of order unity (I ~ 1), the condition for the validity of a perturbative
expansion in terms of Vg, i.e., the condition for convergence of the series in Eq. (4.19), is then
given approximately by (Coish and Loss, 2004; Deng and Hu, 2006; Coish et al., 2008)

b= A

~Y )

(4.21)

which is the same condition as for the Born-Markov approximation in Chapter 3.
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In the Born approximation, the self-energy f)(t) is replaced by the leading-order non-
vanishing term in the expansion of Eq. (4.19): 3(t) ~ £®)(t). To understand the evolution of z;
within the Born approximation, it is convenient to introduce the function 1(t) = [ dt'S3)(¥'),
which allows us to rewrite the equation of motion (4.16) as (Fick and Sauermann, 1990)

iy = —i((0) + Aw)ar + %R(t), (4.22)
where R(t) = i fot dt'p(t — t')zy. In a standard Born-Markov approximation, the dynam-
ics induced by R(t) are neglected. The real part of ¢(0) cancels any remaining precession:
—Rey)(0) = Aw (see Eq. (4.15)) and the imaginary part of ¢(0) gives rise to a purely exponen-
tial decay of z; with decay rate I' = —Imt(0). It has been shown by Coish and Loss (2004) that
the decay rate for this system within a Born-Markov approximation vanishes: I' = 0. Within
a Born approximation, all non-trivial dynamics in the rotating frame are therefore induced by
the non-Markovian remainder term R(t). The remainder term R(t) has been investigated in
detail by Khaetskii et al. (2002, 2003) and Coish and Loss (2004) and leads to a partial decay
of the coherence factor of order |R(t)| ~ O [% (%)2} on a time scale ~ N/A, with long-time
power-law tails (Coish and Loss, 2004). In the rest of this chapter, we include the effects of the
Born approximation in inducing the Lamb shift (4.15), but neglect the < O(1/N) corrections
due to R(t) in the perturbative regime. Additionally, we will go beyond the Born approxima-
tion by including the fourth-order correction to the self-energy in the expansion of Eq. (4.19),
which we show induces a more dramatic decay, albeit at a longer time scale.

We now approximate the self-energy by including all terms at second and fourth order in
electron-nuclear spin flip-flops
(1) ~ (1) + 5@ (1), (4.23)

Inserting (4.23) into (4.16) we find, neglecting the dynamics with amplitude suppressed by
~ 1/N in the perturbative regime due to R(t):

t
iy = —i / dt'SD (t — )y, (4.24)
0 - )
Aw ~ -Re / At (t). (4.25)
0
The integro-differential equation (4.24) is difficult to solve, in general. However, in terms

of Laplace-transformed variables, this equation becomes an algebraic equation, which can be
solved directly. Introducing the Laplace transform of some function f(t),

f(s) = /OO dte ' f(t), Re(s) >0, (4.26)
0
we rewrite Eqgs. (4.24) and (4.25) as
z(s) = iR (3) (4.27)
Aw ~ —ReX®(s=07). (4.28)

28



4.3. Self-energy expansion

Im|s]

Figure 4.1: Contour used to evaluate the Bromwich inversion integral (in the rotating frame
defined by Eq. (4.13)). The dynamics of the coherence factor x; are determined by
a single pole at sy = —1/T5 and three branch cuts (see main text). The pole is
offset from the branch cuts by the Lamb shift Aw and the excitation bandwidth
(separation between branch points) is given by the size of the hyperfine coupling
to a single nucleus at the center of the quantum dot, A/N.

Here, the initial value of the coherence factor is denoted by z¢g = x¢|—9. We have calculated
the self-energy ¥ in Appendix A.4, including terms up to fourth order in V.

The dominant contributions to ¥(s) occur for |s| < |w,| in the rotating frame (high-
frequency, s ~ iw, in the lab frame). We have expanded the second- and fourth-order self-
energies in this limit, as described in Appendix A.4. Corrections to this expansion are smaller
than the retained contributions by a factor of A/Nw,, < 1. For explicit calculation, it is useful
to specialize to the case of a homonuclear system (where v, = 7 for all k) and a two-dimensional
quantum dot with Gaussian envelope function, leading to coupling constants (Coish and Loss,
2004; Coish et al., 2008) Ay, = (A/N)e */N. Performing the continuum limit (3~, — [ dk) and
evaluating the relevant energy integrals for a uniformly polarized nuclear spin system leads to

S (s —iAw) = ia[F(s)Jy(s)+ F_(s)J_(s)—s], (4.29)
Aw e~ —5@(s = 0*) = %(q + cf)wiﬁ, (4.30)

with ,
== <w—i> : (4.31)

and where cx = I(I + 1) — ({m(m + 1))) are the coefficients introduced by Coish and Loss
(2004) with ((---)) indicating an average over the mixture of I}-eigenvalues, described by Eq.
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Figure 4.2: Comparison of the contribution from the pole at sg in Fig. 4.1 with exponentially de-
caying residue (blue dashed line) with the full fourth-order result, obtained numer-
ically (red solid line). For comparison, the re-exponentiated short-time quadratic
decay is also shown (black dotted line) with a parabolic decay having the same
time scale (orange dash-dotted line). We take the initial condition z¢ = 1, assume
an unpolarized nuclear spin system [with w, = b, cx = 2I(I + 1), which follows
from <<m2>> = I(I +1)/3 if all Zeeman levels have equal population], and have
chosen I =3/2 and A/b=1/3.

(4.7). Additionally, we have introduced the functions

ro = () (ail) (srnid). )
Ji(s) = log (sii%)—log(s). (4.33)

After inserting (6.18) into (4.27), we find that the Laplace-transformed coherence factor
has three branch points, and if the principle branch is chosen for all branch cuts and at large
electron Zeeman splitting (b > A), there is one pole at s = s¢ (see Fig. 4.1). These non-analytic
features determine the dynamics of the coherence factor (see below). The equation-of-motion
method adopted by Deng and Hu (2006, 2008) bears some similarity to the current approach.
However, the excitation bandwidth (distance between branch points) found by Deng and Hu
(2006, 2008) is half that found here (A/2N rather than A/N), leading to a difference (by a
factor of 2) for relevant decay time scales. We comment on other differences, below.

4.4 Spin dynamics

We find the time-dependent coherence factor by evaluating the Bromwich inversion integral

1 y+ioco .
;= lim — dse®*x(s), 4.34
¢ =0+ 271 /y—ioo () ( )
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Figure 4.3: Long-time decay. At long times, the exponential decay envelope is modulated by
branch-cut contributions at a frequency given by the Lamb shift Aw. Parameters
are as in Fig. 4.2.

which can be rewritten in terms of an integral over the closed contour C'z and branch-cut
integrals 3;, j = 0,4, — (see Fig. 4.1):

o = o 7@ dse'ta(s) - Ejjﬁj@)
= Res [e*z(s),s = s0] — Zﬁj(t) (4.35)

In Eq. (4.35), we have applied the residue theorem to write the integral over C'p in terms of a
residue at the pole sg.
Since the rotating frame is chosen to give sg = —1/T5 purely real, we find the general result

zy = Poe 1T =Y " Bi(t), (4.36)

with Py given by Eq. (4.46), below. The coherence factor is characterized by two terms: an
exponential, which dominates in the perturbative regime (A < b, see Fig. 4.2), and a sum of
branch-cut integrals, which give rise to modulations of the decay envelope and a dominant

long-time power-law decay (see Fig. 4.3).

4.4.1 Envelope modulations and long-time decay

From direct asymptotic analysis of the branch-cut integrals, we find B+ () oc 1/t3, while Bo(t) o
1/t? at long times. Since the pole contribution decays exponentially, the leading long-time
asymptotics of x; are thus given by 5y(t). Evaluating the prefactor, we find the long-time limit
(valid for ¢ > max [1/Aw, (6a/Aw) In|NAw/6aAl]):

6oz e tAwt

Bo(t)w_(zwaA/N—iAw)Q 2 (4.37)
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which gives the long-time behavior of the coherence factor with initial condition z¢p = 1 (see
Fig. 4.4):

Ccos (Awt + ¢

Re[z] ~ (t2 ), (4.38)
where
6c
c = - , (4.39)
(2raA/N)” + Aw?

AwN

¢ = —2arctan (27TaA> . (4.40)

The modulations at a frequency Aw in Eq. (4.38) can be understood on physical grounds in
the following way: The short-time dynamics of the electron spin are controlled by nuclear spins
near the center of the dot, which are coupled most strongly. The effective precession frequency
of the electron spin is therefore renormalized by the shift Aw due to virtual flip-flop processes
with nuclei near the center for most of the decay envelope. The long-time decay, however,
is controlled by weakly-coupled nuclei far from the center of the dot, which cannot strongly
shift the electron-spin precession frequency. The long-time dynamics therefore occur at the
‘bare’ precession frequency w,,. The difference in frequency between the dominant (short-time)
and sub-dominant (long-time) behavior leads to a relative beating at the frequency difference
Aw. We note that the physical origin of this envelope modulation is completely different from
the more typical case of electron spin-echo envelope modulation (ESEEM), which is often
observed in systems with an anisotropic hyperfine interaction (Rowan et al., 1965; Mims, 1972;
Childress et al., 2006; Witzel et al., 2007). The modulations described here occur even in
the present case of a purely isotropic interaction and without spin echoes. The two cases can
be experimentally distinguished through a difference in the magnetic-field dependence of the
modulation frequency. Finally, we note that the modulations found here are reminiscent of
modulations in branch-cut contributions that have been highlighted previously for the spin-
boson model (DiVincenzo and Loss, 2005).

Another striking feature of Eq. (4.38) is the long-time power-law tail. This differs from the
long-time exponential decay found by Liu et al. (2007) and Cywinski et al. (2009a,b) using
re-summation and re-exponentiation techniques. The same long-time power-law decay (o 1/t2)
has previously been predicted by Deng and Hu (2006, 2008) based on an equation-of-motion
method, but without mention of the phase shift or envelope modulations predicted by Eq.
(4.38). To compare the results given here directly with those of Deng and Hu (2006, 2008), we
consider the case of I = 1/2 with an unpolarized nuclear-spin bath. This gives

c = L(HO (%)2 ) (4.41)

(A/N)?
(4 st

Although the power law found here matches that reported by Deng and Hu (2006, 2008), and
the modulations or phase shift can be ignored in the limit A/b < 1, the prefactor C' (which

p = —14+0
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Figure 4.4: Comparison of the full numerical branch-cut integral — ). Re [3;(t)] with the long-
time asymptotic expression given by Eq. (4.38). Parameters are as in Fig. 4.2.

is? C = O[(b/A)?] in the work of Deng and Hu (2006, 2008)) is qualitatively different. In
particular, here we find that the power-law contribution with modulations can have substantial
weight (of order unity) in the perturbative regime A < b. This is clear from Fig. 4.4, where we
show that the branch-cut contributions can contribute approximately 10% of the total decay
amplitude.

4.4.2 Decay shoulder

For small ¢, we perform a Taylor-series expansion of x;:

. 1.
Tt :xt’tﬁo-k +xt’t*>0+t+ §xt‘tﬁo+t2+.... (443)
From Eq. (4.24) and the initial value theorem we find |, o+ = 0 and #|,_o+ = —iX® (¢t =
0) = —ilimy_ oo s (s). Inserting Eq. (A.53) for ¥4 (s) and choosing zo = 1 gives:
t? 2w3
RS Tg\/ I (4.44)
T cre- (i A7)

Eq. (4.44) gives the same short-time decay reported by Liu et al. (2007), which was taken
to describe a Gaussian coherence decay: x; ~ xgexp [—(t/T27 A)Q]. Here we note that the
Gaussian approximation is only valid for times less than the actual decay time (¢ < 7) in the
perturbative regime (b 2 A) since the dominant decay is exponential in this regime for a typical
(two-dimensional parabolic) quantum dot, as we have shown in Chapter 3 and illustrated here
in Fig. 4.2. Re-exponentiation also fails for the fourth-order solution at lower magnetic field,
as we show in Sec. 4.5, below.

2 A/b in our notation is equivalent to N/Q in the dimensionless units of Deng and Hu (2006, 2008).
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4. ELECTRONS IN III-V SEMICONDUCTORS: DIRECT APPROACH

For a uniform unpolarized nuclear spin system, and for an electron with Gaussian envelope
function in two dimensions, we find

5 ()6

We compare the initial decay found using this formula with the full non-Markovian solution in
Fig. 4.2. While the short-time decay shoulder is well-described by a Gaussian, the full decay
envelope is much better described by the dominant exponential solution. At larger Zeeman
splitting b, the distinction between Gaussian and exponential becomes significantly more pro-
nounced.

4.4.3 Exponential decay

We evaluate the residue at the pole sg in Fig. 4.1, giving

1
Py = T

(4.46)

s=—1/T>

For a two-dimensional parabolic quantum dot, with an unpolarized nuclear system, we find
Ph=1+0 <[%]2 In [%]) Thus, when A < b, a Markov approximation is justified (resulting
in a dominant exponential decay), in agreement with the results presented in Chapter 3.

In the Markovian regime, the decay rate for the exponentially decaying pole can be deter-
mined through (Coish et al., 2008) 1/T5 = —Im>~®*(01). From the self-energy given in Eq.
(A.53) of Appendix A.4, this gives

I meqpen

T,  4w?

> ARALS(Ap — Ay — Aw). (4.47)
kK’

We note that the decoherence rate vanishes in the limit of full polarization p — 1 since
1/Ty o< cyc_ and, e.g., cyc_ o< (1 — p?) for I = 1/2. This is consistent with the exact solution
in this limit given by Khaetskii et al. (2002).

The Markovian decay rate (4.47) depends on the density of states for pair flips at an energy
determined by the Lamb shift Aw o A/w,. The presence of Aw in the energy-conservation
condition can be understood physically as arising from the rapid initialization that we assumed,
giving rise to the product-state initial condition (4.2). At the instant the flip-flop interaction Vi
is ‘turned on’, the electron spin experiences only the bare precession frequency w,. However,
after an interaction time scale t ~ 1/w, (see Appendix A.6), the renormalized precession
frequency wy, + Aw gives the electron energy splitting, and so the correct energy-conservation
condition for nuclear-spin pair flips contains the difference of these two quantities (i.e., Aw).
The dependence on Aw shown in Eq. (4.47) results in an interesting (in general, non-monotonic)
dependence of 1/T5 on magnetic field 3. In contrast, the effective-Hamiltonian approach that

3This non-monotonic dependence of 1/T> on the electron-spin splitting is reminiscent of a similar effect
found in the spin-boson model. There, a non-monotonic dependence of the decoherence rate as a function of
energy splitting is found when properly accounting for renormalization factors (DiVincenzo and Loss, 2005).
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Figure 4.5: Decoherence rates I'; from Eq. (4.50) and total decoherence rate 1/75 = ) . T
for an electron spin in a GaAs quantum dot containing N = 10° nuclei with g-
factor |g| = 0.4. The decoherence rate shows a non-monotonic behavior, reach-
ing a pronounced maximum. This is in contrast to the leading-order result de-
veloped in Chapter 3 and in contrast to the results from other higher-order ex-
pansions (Cywinski et al., 2009b). We have used hyperfine coupling constants
A%®CGa = 74 uev, A"Ga = 96 uev, A”As = g6 peV and relative abundances
Voo, = 0.3, vng, = 0.2, vrs 4, = 0.5, which have been estimated by Paget et al.
(1977) (see also Table 1 of Coish and Baugh (2009)).

was adopted in Chapter 3 and by Yao et al. (2006), Liu et al. (2007), and Cywiriski et al.
(2009a,b) incorporates the leading-order frequency shift as an additive constant directly into
the electron-spin Zeeman splitting, and so it does not enter into the formula for 1/75. The
Lamb shift that comes out of the same procedure used here, but starting from the effective
Hamiltonian, has a higher-order dependence Aw o (A/wy,)? (see the discussion following Eq.
(A.25)), so the effective-Hamiltonian treatment does not recover the correct magnetic-field
dependence given by Eq. (4.47), although the leading-order Aw ~ 0 behavior is recovered
correctly. This is not surprising, since the effective Hamiltonian is only strictly valid to leading
order in A/w,. Through explicit calculation at higher orders, we have checked that the leading
correction to the Markovian decay rate at sixth order in Vg is O {(A/wn)ﬂ (see Appendix
A.5), and so the expression given here is at least correct up to and including terms of order
@ [(A/wn)?’].

Specializing to a two-dimensional quantum dot with Gaussian envelope function and eval-

uating the energy integrals in the continuum limit gives

1 87TC+C_ A 5 3 2
— = ——(" =3 2¢7)O(1 — 4.48
T2 3(C+ _}_67)2 N( € + € ) ( E)? ( )
where
crtce | A
_ 41 4.49
€ 5 o (4.49)
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Figure 4.6: Total decoherence rate 1/T5 = . T'; (solid line) with I'; from Eq. (4.50) for an
electron spin in a In,Ga;_,As quantum dot containing N = 10° nuclei with g-
factor |g| = 0.5 and In doping x = 0.3. We show individual contributions from
I'7s 04 (dotted) and I'r, (dashed). Contributions from the gallium isotopes are not
visible on this scale. For this plot, we have taken hyperfine coupling constants for
the gallium and arsenic isotopes as in Fig. 4.5 and have used AP = 47—
A™ =110 eV from Liu et al. (2007) (see Table 1 of Coish and Baugh (2009)).

First, we note that the sub-leading contribution to 1/7% in Eq. (4.48) (x €3) is suppressed only
by one power of A/w,, (up to corrections of order unity). Second, this sub-leading correction has
the opposite sign of the leading (~ €?) term, potentially leading to a non-monotonic dependence
of 1/T5 on the electron Zeeman splitting when e ~ 1. This non-monotonic dependence can be
understood in the following way: As the electron Zeeman energy decreases from a large value
b > A, the perturbative Lamb shift Aw o 1/b increases, eventually reaching the edge of the
band of single nuclear pair-flip excitations when Aw ~ A/N, at which point there are no more
energy-conserving flip-flop processes. For still lower magnetic fields, higher-order processes are
required to conserve energy, but we find that these processes are further suppressed by the small
parameter ¢, c_ for a polarized nuclear spin system (c;c_ o (1 —p?) for nuclear spin I = 1/2)
(see Appendix A.5). The qualitative non-monotonic magnetic-field dependence described by
Eq. (4.48) will therefore apply at least in the case of a polarized nuclear spin system, even
when higher-order terms in Vg are taken into account.

It is straightforward to extend the analysis of this section to the case of a heteronuclear
system. Provided the difference in nuclear Zeeman energies exceeds the excitation bandwidth
(|(7i —v;)b] > A/N), the decoherence rate is given by a sum of contributions from each nuclear
species i: 1/T5 = ), T';, where, for a two-dimensional quantum dot with Gaussian envelope
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function, we find

Ai
I, = mla (e —3e+2) O —ea), (4.50)
NAw (cf +c) AF A
o : Aw=Y pt T 4.51
€ AT T T TR Wl N (451)
and where we have introduced
cici A\ 2
- - (2 4.52
i 24 <wn> ’ (4.52)

with coefficients ¢, = I'(I* + 1) — ((m’(m’ £ 1))) for each isotopic species i. We show the
magnetic-field dependence of the decoherence rate 1/T5 from Eq. (4.50) in Fig. 4.5 for a GaAs
quantum dot, and in Fig. 4.6 for an InGaAs quantum dot with a typical indium doping of
x = 0.3. The dependence of the 1/T5 curve on indium doping x for an InGaAs quantum dot
is illustrated in Fig. 4.7, where we see that the position of the maximum in the 1/75 curve
depends strongly on the concentration of the large-spin isotope (indium). An experimental
confirmation of this dependence of the maximum in 1/7% as a function of indium doping would
be a strong confirmation of this theory.

4.5 Non-perturbative regime: b < A

Although the expression we have given for the self-energy is strictly valid only in the pertur-
bative regime (b > A), here we explore the non-Markovian dynamics of this solution outside
of the regime of strict validity and comment on where the results become unphysical.

We find the positions of poles and evaluate residues and branch-cut integrals numerically
to find the coherence factor in this regime. We consider the case of an unpolarized homonuclear
spin system with spin I = 3/2, appropriate to GaAs. As the electron Zeeman splitting b is
lowered from b > A, we find there is a critical value of b (near b ~ 2A), below which there is
a second pole (at s = s1) with exponentially-decaying residue. The coherence factor x; is then
given by a sum over two pole contributions and three branch-cut integrals:

z=y Bt)- > B (4.53)

1=0,1 7=0,+,—

For b = 2A (top panel of Fig. 4.8), there are two exponentially-decaying pole contributions,
giving rise to a bi-exponential decay with strong envelope modulations corresponding to the
difference in the imaginary part of the two poles. At smaller Zeeman energy A/2 < b < A
(e.g., b = A in the center panel of Fig. 4.8), the pole at s = sy leaves the continuum band and
merges with the imaginary axis, leading to a constant contribution Py(t) = Py, independent
of t. For still lower Zeeman splitting b < A/2 (b = A/2 in the lower panel of Fig. 4.8), the
second pole at s = s1 leaves the continuum band at lower frequency and also merges with the
imaginary axis. In this regime, the only decay in the fourth-order solution is due to the small
contribution from branch cuts, although envelope modulations remain.

37



4. ELECTRONS IN III-V SEMICONDUCTORS: DIRECT APPROACH

04 ———————————

0.3 r

0.2 +

1/Ty (x106s71)

Figure 4.7: Decoherence rate 1/T5 for an electron spin in a In, Ga; _, As quantum dot containing
N = 10° nuclei with g-factor |g| = 0.5 and In doping of * = 0, z = 0.3, and
x = 0.5. Hyperfine coupling constants are as given in the caption of Fig. 4.6.
The exponential decay rate shown here will be an accurate description of the full
decay in the Markovian regime Ty 2> 7., where 7, is the bath correlation time. This
regime is reached without nuclear polarization (p = 0) whenever the perturbative
self-energy expansion is valid (see Chapter 3): A < b (1. ~ N/A for A < b).
At finite polarization, 1/T will be further reduced (e.g., 1/T5 o 1 — p? for a
system with nuclear spin I = 1/2), resulting in a dominant exponential decay
even at lower electron spin splitting. Thus, at least for large nuclear polarization
p — 1, the qualitative behavior shown here will accurately describe the magnetic-
field dependence of coherence decay. The behavior at b < A cannot be accurately
determined for p = 0 without including higher-order corrections.

The effects in the two lower panels of Fig. 4.8 demonstrate the danger of re-exponentiation
of short-time behavior for a system where strong non-Markovian (history-dependent) effects
become important. The non-decaying fractions shown in Fig. 4.8 are, however, unphysical
consequences of extending the solution to a regime of electron Zeeman splitting where it does
not apply. We expect higher-order corrections to the self-energy to broaden the continuum band
as higher-order nuclear pair flips are included, resulting in several exponential decay time scales
as the electron Zeeman energy is lowered. Nevertheless, we have found that processes that can
broaden the continuum band will be suppressed even at small electron Zeeman splitting b < A,
provided the nuclear-spin system is polarized (see Appendix A.5), and so some of this behavior
will survive at least for a polarized nuclear-spin environment. Whether perturbation theory can
be controlled at any polarization for b < A through an adequate resummation of relevant terms
and short-time approximation, as suggested by Cywiniski et al. (2009a,b), is still unclear with
the present method.
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Figure 4.8: Decay envelopes calculated from numerical evaluation of branch-cut integrals and
pole contributions for a two-dimensional quantum dot with Gaussian envelope func-
tion (solid lines). Dashed lines show the contributions from the dominant pole
at s = sg. When the electron Zeeman splitting b is below some critical value
b < b. ~ A, a second exponentially-decaying pole appears, leading to a biexponen-
tial decay with strong envelope modulations (top, b = 2A4). When b is decreased
further, the dominant pole moves to the real axis (middle, b = A). At still smaller
values of b, the sub-dominant exponential pole has a vanishing decay rate (bottom,
b= A/2), leading to sustained oscillations. All plots correspond to an unpolarized
narrowed nuclear bath with I = 3/2. Insets illustrate the approximate relative
positions of poles (circles) and branch points (crosses) in each case.
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4.6 Conclusions

We have investigated transverse-spin dynamics for an electron confined to a quantum dot,
interacting with a bath of nuclear spins via the Fermi contact hyperfine interaction. Using
one unified technique, we have recovered results that have previously been reported using
several different methods. These results include an initial partial decay, followed by a quadratic
shoulder, a dominant exponential decay (discussed in Chapter 3), and a long-time power-
law tail. Our results for the long-time behavior differ from those given by Yao et al. (2006),
Liu et al. (2007), and Cywiniski et al. (2009a,b). Here, we have found a long-time power-law
decay (~ 1/t?), in contrast to the long-time exponential decay found by those authors. While
the decay law ~ 1/t matches that found previously by Deng and Hu (2006, 2008) using
an equation-of-motion approach the prefactor found in the present work has a qualitatively
different dependence on magnetic field. In contrast to earlier works, which argue in favor of a
regime of Gaussian decay (Yao et al., 2006; Liu et al., 2007), here we find that re-exponentiation
of the short-time quadratic decay shoulder is never justified. In the perturbative regime b > A,
the system is Markovian, being well-described by a single-exponential decay (see also Chapter
3). As the electron Zeeman splitting is lowered to b < A, we find strong non-Markovian effects
(sustained oscillations and multiple decay rates), which once again invalidate re-exponentiation
of the short-time decay shoulder.

In addition to recovering previous results, we have found qualitatively new behavior, in-
cluding modulations of the decay envelope and sub-leading corrections to the decoherence rate
for the dominant exponential decay. Our calculation gives an interesting non-monotonic depen-
dence of the decoherence rate 1/T5 on magnetic field. These two results (envelope modulations
and a non-monotonic dependence of the decoherence rate on magnetic field, both of which
should be readily accessible in experiment) are not recovered in dynamics under a leading-
order effective Hamiltonian, such as in Chapter 3, suggesting caution should be exercised in
interpreting results of high-order expansions involving the effective Hamiltonian.
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CHAPTER 5

Holes Iin llI-V Semiconductors

5.1 Introduction

In Chapters 3 and 4 we have discussed the spin decoherence of an electron confined to a
quantum dot and interacting with a narrowed bath of nuclear spins via the Fermi contact
hyperfine interaction. We have seen that preparing the nuclear spins in a narrowed state can
prolong the electron-spin coherence time significantly: up to and beyond microseconds (see
Figs. 4.5 and 4.6). If, however, no special effort is made to control the nuclear environment,
the electron-spin coherence times are much shorter, typically on the order of nanoseconds
(Merkulov et al., 2002; Khaetskii et al., 2002; Coish and Loss, 2004; Petta et al., 2005).

In this chapter, we want to describe another promising approach to the problem of short
coherence times, which we have already mentioned in Chapter 1, i.e., to encode quantum
information not into the spin of an electron but into the spin of a heavy hole. Recent experi-
ments have shown initialization and readout of single hole spins in self-assembled quantum dots
(Heiss et al., 2007; Ramsay et al., 2008; Gerardot et al., 2008), and control over the number
of holes in single gated quantum dots (Komijani et al., 2008), prerequisites for single-hole-
spin dephasing-time measurements. Ensemble hole-spin dephasing times have recently been
measured in p-doped quantum wells (Syperek et al., 2007). Hole-spin coherence times in III-
V semiconductor quantum dots have been anticipated to be much longer than electron-spin
coherence times due to a weak hyperfine coupling relative to conduction-band electrons (Flis-
sikowski et al., 2003; Shabaev et al., 2003; Woods et al., 2004; Bulaev and Loss, 2005; Laurent
et al., 2005; Bulaev and Loss, 2007; Serebrennikov, 2008; Burkard, 2008). In this chapter, we
shown that, in contrast, the coupling of a heavy hole (HH) to the nuclear spins in a quantum
dot can be rather strong, potentially leading to coherence times that are comparable to those
for electrons. However, in the quasi-two-dimensional (Q2D) limit, this interaction takes-on a
simple Ising-like form,

H=>Y A}s.I, (5.1)
k

where AZ is the coupling of the HH to the k' nucleus, s, is the hole pseudospin—% operator,
and If is the z-component of the k'™ nuclear-spin operator Ij. The form of this effective
Hamiltonian, which should be contrasted to the Heisenberg-type interaction (3.1) of an electron
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with nuclear spins, has profound consequences for the spin dynamics. Coherence times can be
dramatically extended by preparing the slowly-varying nuclear field in a well-defined state
(“narrowing” the field distribution) (Coish and Loss, 2004; Giedke et al., 2006; Stepanenko
et al., 2006; Klauser et al., 2006; Reilly et al., 2008; Greilich et al., 2006, 2007). For an electron
spin interacting with nuclei via the contact hyperfine interaction, narrowing is effective only up
to the time scale where slow internal nuclear-spin dynamics or transverse-coupling (“fip-flop”)
terms become relevant. As we will explain below, heavy holes confined to two dimensions have
negligible flip-flops, potentially leading to significantly longer spin coherence times. The strong
coupling of the HH to the nuclear spins is not due to confinement but is also present in bulk
crystals, while the Ising-like interaction is a feature of Q2D systems.

5.2 Nuclear-spin interactions

5.2.1 Hamiltonians

For a relativistic electron in the electromagnetic field of a nucleus with non-zero spin at position
R, there are three terms that couple the electron spin and orbital angular momentum to the
spin of the nucleus (see Chapter 2.2): the Fermi contact hyperfine interaction (hY), a dipole-
dipole-like interaction (the anisotropic hyperfine interaction, h’g), and the coupling of electron
orbital angular momentum to the nuclear spin (h]?f) Setting & = 1, these interactions are
described by the following Hamiltonians (Stoneham, 1972):

po 8T
3(ng - S)(ny -I) —S -1,
pk = KO YSYi , 5.3
27 4rx Tk ri’(l—{—d/rk) (5-3)
L. -1
Pk — Ho . k' 7k 5.4
Az 15k 7“2(1 +d/ry) (5-4)

Here, v5 = 2up, 7, = 95, 4N, 4B is the Bohr magneton, g;, is the nuclear g-factor of isotopic
species ji, un is the nuclear magneton, rpy = r — Ry is the electron-spin position operator
relative to the nucleus, d ~ Z x 1.5 x 107> m is a length of nuclear dimensions, Z is the
charge of the nucleus, and ny = ry/ri. S and Ly = ry X p denote the spin and orbital angular-
momentum operators of the electron, respectively.

Nuclear-spin interactions are typically much weaker than the spin-orbit interaction. It is
therefore appropriate to form effective Hamiltonians with respect to a basis of eigenstates of
the Coulomb and spin-orbit interactions. The 8 x 8 Kane Hamiltonian, which describes the
band structure of a III-V semiconductor, provides such a basis (Winkler, 2003; Yu and Car-
dona, 2005). The Kane Hamiltonian is usually written in terms of conduction-band (CB) and
valence-band (consisting of HH, light-hole (LH), and split-off sub-band) states. We derive an
approximate basis of eigenstates in the HH sub-band by projecting the 8 x 8 Kane Hamiltonian
onto the two-dimensional HH subspace.

To form effective Hamiltonians, we must approximate the crystal-Hamiltonian eigenfunc-
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tions given by Bloch’s theorem for a single band n:

Uy (1) = \/le GRTy (), (5.5)

where N4 is the number of atomic sites in the crystal, and the Bloch amplitudes u,x,(r) have

the periodicity of the lattice.

We will approximate the k = 0 Bloch amplitudes g, (r) within a primitive unit cell by a
linear combination of atomic orbitals — see Eq. (5.15), below. Near an atomic site, the CB Bloch
amplitudes have approximate s-symmetry (angular momentum ! = 0), whereas the HH and
LH Bloch amplitudes have approximate p-symmetry (I = 1). Adding spin, the z-component of
total angular momentum of a HH is m; = +3/2, whereas a LH has mj = £1/2. In the Q2D
limit, i.e., going from the bulk crystal to a quantum well (whose growth direction we take to be
[001]), a splitting Ary develops between the HH and LH sub-bands at k = 0 (see Fig. 2.3). We
estimate Aryg ~ 100meV for a quantum well of height a, ~ 5nm in GaAs, much larger than
the hyperfine coupling (see Appendix B.1). The splitting Ary is essential since it produces a
well-defined two-level system in the HH sub-band, and we can restrict our considerations to
the manifold of m; = £3/2 states.

5.2.2 Interactions in an atom

Before addressing confinement in quantum dots, we illustrate that the interaction of an electron
in a hydrogenic p orbital with the spin of the nucleus (which we choose to be at Ry = 0) is
generally non-zero. Moreover, when projected onto the manifold of m; = £3/2 states, this
interaction takes-on a simple Ising form. Although our final analysis will apply to any III-V
semiconductor, we will take GaAs as a concrete example.

The effective screened nuclear charges Z.g “felt” by the valence electrons (in 4s and 4p
orbitals) in Ga and As atoms have been calculated by Clementi and Raimondi (1963). The
4s orbitals and 4p orbitals (with orbital angular momentum my = +1) are given in terms
of hydrogenic eigenfunctions with the replacements Z — Zeg by Wano(r) = Rao(r)Y (6, )
and W14 (r) = Ry (r)YE(0, @), respectively. Including spin and evaluating matrix elements
of the Hamiltonians (5.2)-(5.4) with respect to hydrogenic 4s states leads to effective spin
Hamiltonians of the form (Abragam, 1961; Stoneham, 1972) h‘lls = AsS - I, and, due to the
spherical symmetry of the wavefunction, h3® = hé‘* = 0. The same procedure with the 4p states
leads to effective Hamiltonians h‘llp = 0 (since p-states vanish at the origin) and h;lp + hép =
Aps. I, where s, = :I:% corresponds to my = £3/2. A; and A, denote the coupling strengths
of electrons in 4s and 4p orbitals, respectively. Evaluating all integrals exactly gives

Ap_1<M

3
— = Zeff(fi,48)> , k = Ga, As. (5.6)

As 5

Quite significantly, after inserting the values for Z.g given by Clementi and Raimondi
(1963) into Eq. (5.6), we find that the ratio of coupling strengths is fairly large — on the order
of 10%: A,/As ~ 0.14 for Ga, and A,/As ~ 0.11 for As. Since h§ and h% do not contribute to
the hyperfine interaction of an electron in an s orbital, research on hyperfine interaction for
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electrons in an s-type conduction band has focused on the contact term h’f, neglecting the other
interactions. The fact that h’f, in contrast, gives no contribution for an electron in a p orbital
has led to the claim that electrons in p orbitals (and holes) do not interact with nuclear spins.
Eq. (5.6) shows that hg and hlg can contribute significantly. Furthermore, while the interaction
of a 4s-electron with the nuclear spin is of Heisenberg type, within the manifold of m; = +3/2
states, the interaction of a 4p-electron is Ising-like at leading order (virtual transitions via the
my = +1/2 states may lead to non-Ising corrections). This result is a direct consequence of

the Wigner-Eckart theorem and the fact that the Hamiltonians (5.2)-(5.4) can be written in
k

the form h¥ = vk .T;, where v¥ are vector operators in the electron (spin and orbital) Hilbert

space.

5.2.3 Interactions in a quantum dot

We now return to the problem directly relevant to a HH in a two-dimensional quantum well.
We consider an additional circular-symmetric parabolic confining potential in the plane of the
quantum well defining a quantum dot. Neglecting hybridization with other bands, which we
estimate to be typically on the order of 1% (see Appendix B.1), the pseudospin states for a

HH within the envelope-function approximation read

|Wo) = [¢; unmos)|o), (5.7)

where |¢; unmos) and |o) (0 = %) denote the orbital and spin states, respectively. The orbital

wavefunctions are given explicitly by

(r|¢; unnos) = +/vo ¢(r)unmos(r). (5.8)

Here, vg is the volume occupied by a single atom (half the volume of a two-atom zinc-blende
primitive unit cell), and ¢(r) = ¢.(2)¢,(p) is the envelope function. The radial ground-state
envelope function is a Gaussian:

2

0(0) = = exp (—57) | (5.9)

where p = (z,9), p = |p|, | = lp[1 + (B./By)?]~'/4, B, is the component of an externally
applied magnetic field along the growth direction and By = ®¢/7l3 where ®g = h/|e] is a flux
quantum. A typical dot Bohr radius of [ = 30nm gives By ~ 1.5 T.

In a solid, the HH is delocalized over the lattice sites of the crystal. The nuclei do not interact
solely with the fraction of the HH in the same primitive unit cell (‘on-site’ interaction), but also
with density localized at more distant atomic sites (long-ranged interactions). We neglect the
long-ranged interactions, which lead to corrections on the order of 1% relative to the on-site
interaction (see Appendix B.3). If the envelope function varies slowly on the length scale of a
primitive cell, we find (combining k5 and hf) Al = Agf vo|p(Ry)[?, where

Agf __Ho V$Vi < (5.10)

300529k+1>
4
p.c

7"2(1 +d/rg)
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Here, (- )p.c. denotes the expectation value with respect to umgmo,(r) over a primitive unit cell
(o0 = =+ give the same matrix elements), and 6y, is the polar angle of rj. The magnetic moment
of a HH is inverted with respect to that for an electron. This results in a change of sign in Eqgs.
(5.2)-(5.4) and leads to the minus sign in Eq. (5.10) and of the values in columns (i) and (ii)
of Table 5.1.

5.2.4 Non-Ising corrections

There will be small corrections to the form of the effective Hamiltonian given in Eq. (5.1). Eval-
uating off-diagonal matrix elements of (5.3) and (5.4) with the approximate Bloch amplitudes
(5.15) yields non-Ising terms, whose associated coupling strengths Aﬁ we find to be small:
Aﬁ < 0.06 A{L. Higher-order virtual transitions between the m; = +3/2 states via the LH
sub-band are suppressed by ~ AZ /Arn < 1. Hybridization with other bands can also lead to
non-Ising corrections. For unstrained quantum dots, we find that these corrections are small:
typically on the order of 1% of the values given in Table I (see also Appendix B.1). Strain
can lead to considerably stronger band mixing and, hence, to significantly larger non-Ising
corrections to Eq. (5.1).

5.3 Spin Decoherence

Now that the effective Hamiltonian (5.1) has been established, we can analyze the dephasing
of a HH pseudospin in the presence of a random nuclear environment. In an applied magnetic
field, pseudospin dynamics of the HH are described by the Hamiltonian

H = (bJ_“th) Sz—i-b”Sx, (5.11)

where h, =), AZI i is the nuclear field operator, b = g upB., is the Zeeman splitting due to
a magnetic field B, along the growth direction, and b = g up By is the Zeeman splitting due to
an applied magnetic field B, in the plane of the quantum dot. g, and g are the components of
the HH g-tensor along the growth direction and in the plane of the quantum dot, respectively
(we assume the in-plane g-tensor to be isotropic).

If no special effort is made to control the nuclear field, the field value will be Gaussian-
distributed in the limit of a large number of nuclear spins (Coish and Loss, 2004). The variance
for a random nuclear-spin distribution is (see Appendix B.4)

(B2 = o = ﬁ S 1) (A2, (5.12)

where N = 7l?a, /vg is the number of nuclei within the quantum dot. The nuclear-field fluctua-
tion o therefore inherits a magnetic-field dependence from [ (see Eq. (5.9)). A finite nuclear-field
variance will result in a random distribution of precession frequencies experienced by the hole
pseudospin, inducing pure dephasing (decay of the components of hole pseudospin transverse
to B).
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Figure 5.1: Dephasing of HH pseudospin states (solid lines in (a) and (c)). The decay is Gaus-
sian for an out-of-plane magnetic field B, (a) (see Eq. (5.13)) and given by a
slow power law at long times (~ 1/v/t) for an in-plane magnetic field B, (c) (see
Eq.(5.14)). We have chosen |B| = 10mT in (a) and (c). Magnetic-field dependen-
cies of the relevant coherence times are shown for a field that is out-of-plane (b) and
in-plane (d). We have assumed g = 0.04 (Marie et al., 1999) and a zero-field lateral
dot size g = 30nm and height a, = 5nm, leading to N = wl%az/vo = 6.5 x 10°
nuclei within the dot at B, = 0. We have taken vy = a?i/& where a7, = 5.65 A is
the GaAs lattice constant. The dashed lines in (a) and (c) show the dephasing of
CB electron spin states in the high-field limit, |B| > oc/gepn, where g is the elec-
tron g-factor, and o, is obtained from Eq. (5.12) by replacing A% by the electron

hyperfine coupling constants Al

First, we consider the case b = 0. For a hole pseudospin initially oriented along the x
direction, we find a Gaussian decay (see Fig. 5.1 (a)) of the transverse pseudospin in the
rotating frame (34), = exp(—ibt) ((sz), + 7 (sy),):

2
(34); = %exp <_;TJ2_>’ T = %. (5.13)
This is the same Gaussian decay that occurs for electrons (Merkulov et al., 2002; Khaetskii
et al., 2002; Coish and Loss, 2004). Here, since the magnetic field is taken to be out-of-plane, we
must take account of the diamagnetic “squeezing” of the wavefunction. This squeezing affects
the number N of nuclear spins within the dot and hence, the finite-size fluctuation o. The
coherence time 7, (B.) = 1/0(B.) = 7.(0) [1 + (B./By)? Y% then decreases for large B, (see
Fig. 5.1 (b)). This undesirable effect can be avoided for confined electron spins by generating
a large Zeeman splitting through an in-plane (rather than out-of-plane) magnetic field. This
option may not be available for a HH where, typically, g < g..
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j A (ueV) | AL (neV)

) G) | (i) (v)

9Ga -7.1 -13 | 40 74

1Ga 9.0 -17| 51 94

5 As -8.2 -12 | 59 89

Ao =3 vjAh (a=eh) |80 -13| 52 86

Table 5.1: Estimates of the coupling strengths for a HH (A%) and a CB electron (A?) for the
three isotopes in GaAs. Columns (i) and (iii) show values obtained from a linear
combination of hydrogenic eigenfunctions, using free-atom values of Z.g calculated
by Clementi and Raimondi (1963). Column (iv) gives the accepted values of Al
from Paget et al. (1977). Column (ii) shows the rescaled values from column (i) (see
text). In the last row we give the average coupling constants weighted by the natural
isotopic abundances: vesg, = 0.3, vr1gy = 0.2, v = 0.5.

The situation changes drastically for an in-plane magnetic field (b; = 0). In this case, since
the hyperfine fluctuations are purely transverse to the applied field direction, the decay is given
by a slow power law at long times (see Fig. 5.1 (c)) and the relevant dephasing time increases
as a function of the applied magnetic field (see Fig. 5.1 (d)). In the limit b > ¢ and for a HH
pseudospin initially prepared along the Z-direction, we find

cos (b”t + % arctan(t/T”)) - ﬁ
o1 + (L)2]1/ ’ = 52

7

(82); >~ (5.14)

The derivation of Eq. (5.14) is directly analogous to that for the decay of driven Rabi oscillations
(Koppens et al., 2007).

5.4 Estimates of the coupling strengths

To estimate the size of Ai, we need an explicit expression for the HH k = 0 Bloch amplitudes.
We approximate uppoq(r) within a Wigner-Seitz cell centered halfway along the Ga-As bond
by a linear combination of atomic orbitals, following Gueron (1964):

winos(r)] = Na, (0WSi (v +d/2) + /T — a2, (r — 4/2)). (5.15)

rews

Here, d = %(1,1,1) is the Ga-As bond vector, a is the lattice constant, o, describes the
relative electron sharing at the Ga and As sites in the HH sub-band, and N,,, is a normalization
constant, chosen to enforce [(, d*r|ummos(r)|* = 2, where the integration is performed over the
Wigner-Seitz cell defined above. To simplify numerical integration, we replace the Wigner-Seitz
cell by a sphere centered halfway along the Ga-As bond, with radius given by half the Ga-Ga
nearest-neighbor distance. We find the electron sharing in the CB from the densities given by
Paget et al. (1977) to be a? ~ 1/2 (see Appendix B.2) and assume the same (a2 = 1/2) for Eq.
(5.15). Using Z.g for free atoms (Clementi and Raimondi, 1963), we evaluate Eq. (5.10) with
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5. HOoOLES IN III-V SEMICONDUCTORS

the ansatz (5.15), by numerical integration, giving the values shown in Table 5.1, column (i).
We check the validity of this procedure by writing the CB Bloch amplitudes as in Eq. (5.15),
replacing the 4p-eigenfunctions by 4s-eigenfunctions. Evaluating the coupling constants for the
CB (A%) from h¥ gives the numbers in column (iii). The accepted values of A from Paget et al.
(1977) are shown in column (iv) for comparison. Our method produces A? to within a factor
of two of the accepted values. Our procedure, which relies on free-atom orbitals, most likely
under-estimates the electron density near the atomic sites, which should be enhanced in a solid
due to confinement. Assuming the relative change in density going from a free atom to a solid
is the same for the CB and HH band, we rescale the results in column (i) by the ratio of the
values in columns (iv) and (iii), giving column (ii). Due to the approximations involved, we
expect the values in columns (i) and (ii) only to be valid to within a factor of two or three.

5.5 Conclusions

We have shown that the interaction of a quantum-dot-confined heavy hole with nuclear spins
is stronger than previously anticipated. We have estimated the associated coupling strength
to be on the order of 10ueV in GaAs — only one order of magnitude less than the hyperfine
coupling for electrons. However, the interaction turns out to be Ising-like which has profound
consequences for hole-spin decoherence. Since no flip-flop terms occur in the effective Hamilto-
nian (5.1), the main source of decoherence is given by the broad frequency distribution of the
nuclear spins. Recent theoretical and experimental studies have shown that state-narrowing
techniques are capable of strongly suppressing this source of decoherence, which makes the
heavy hole an attractive spin-qubit candidate.

Very recently, experimental results on hole-spin relaxation in self-assembled quantum dots
have been released (Gerardot et al., 2008; Eble et al., 2009). Gerardot et al. report an extremely
weak coupling of HH spin states, which is explained by our theory to be a direct consequence
of the Ising-like nuclear-spin interaction (negligible flip-flop terms). Eble et al., in contrast,
find very short hole-spin relaxation times on the order of 15 nanoseconds. This is due to the
strong strain present in the particular dots used in this experiment, resulting in a considerable
HH-LH mixing and a highly non-Ising interaction (large flip-flop terms).
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CHAPTER 6

Holes in Il1I-V Semiconductors:
Narrowed Nuclear-Spin Bath

6.1 Introduction

In the previous chapter, we have discussed the interaction of a heavy hole (HH) confined to a ITI-
V semiconductor quantum dot (QD) with the spins of the nuclei residing in the host material.
We have seen that the for HHs, the form of the nuclear-spin interaction is predominantly Ising-
like, in contrast to the Heisenberg-type interaction of electrons. We have found an ensemble-
hole-spin decoherence due to the inhomogeneous broadening of the nuclear magnetic field
(Overhauser field), whose associated decoherence time dramatically depends on the direction
(and magnitude) of the externally applied magnetic field.

Several possibilities to suppress decoherence due to inhomogeneous broadening have been
proposed (see Chapter 1), one of which is to prepare the nuclear spins in a so-called narrowed
or frequency-focused state (Coish and Loss, 2004; Klauser et al., 2006; Stepanenko et al., 2006).
On the experimental side, enormous progress has been achieved in preparing such narrowed
states (Greilich et al., 2006, 2007; Reilly et al., 2008; Greilich et al., 2009; Latta et al., 2009;
Xu et al., 2009; Vink et al., 2009), which have been shown to persist over astonishingly long
timescales exceeding hours (Greilich et al., 2007). As we have discussed in Chapters 3 and 4, for
electrons interacting with a narrowed nuclear bath, spin decoherence happens due to nuclear
pair flip processes induced by the transverse hyperfine interaction, and the associated single-
spin decoherence time 75 can be several orders of magnitude longer than the ensemble-spin
decoherence time T4 (Coish et al., 2008; Cywinski et al., 2009b). For HHs, with their predom-
inantly Ising-like coupling to nuclear spins (Fischer et al., 2008), this transverse interaction
(perpendicular to the Ising axis) can be expected to be very small, potentially leading to very
long single-hole-spin decoherence times T5.

In this chapter, we study the spin dynamics of a HH confined to a III-V semiconductor QD
and interacting with a narrowed nuclear-spin bath. We show that band hybridization leads to
non-Ising (transverse) terms in the hyperfine Hamiltonian, whose magnitude depends on the
geometry of the QD. This transverse coupling induces nuclear pair-flip processes, leading to
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6. HOLES IN III-V SEMICONDUCTORS: NARROWED NUCLEAR-SPIN BATH

fluctuations of the Overhauser field and to exponential single-hole-spin decoherence. We show
that for typical unstrained quantum dots the associated timescale T5 has a lower bound on
the order of tens of microseconds and that it can be tuned over many orders of magnitude
by changing external parameters such as the applied magnetic field. Thus, it is in principle
possible to operate hole-spin QDs in a regime where the hyperfine interaction is practically
switched off and where other decoherence mechanisms, such as nuclear dipole or spin-orbit
interactions, will become relevant and, hence, experimentally observable.

6.2 Hybridized states

We start from the 8 x 8 Kane Hamiltonian describing states in the conduction band (CB),
heavy-hole (HH), light-hole (LH) and split-off (SO) bands of bulk III-V semiconductors (see
Appendix C of Ref. Winkler (2003)). The Kane Hamiltonian can be ‘folded down’ to an effective
2 x 2 Hamiltonian whose eigenstates describe the spin states in the band of interest, where the
admixture of neighboring bands is taken into account perturbatively (Winkler, 2003). Using
this procedure, we find the following hybridized HH pseudospin states (see Appendix B.5):

W) =~ N(lulj.iH; oW |£un) F Aes [ugy; 685 |1 £oB) £ Aun [uiy; ¢i§>liLH>>- (6.1)

Here, we have assumed a parabolic confinement potential Vop = m”wﬁ(:cQ +y2)/24+m w2 22 /2
defining the QD, where m | = mo/(v1—272) and m|| = mo/(71+72) are the HH effective masses
along the growth axis z (taken to be along [001]) and in the zy-plane, respectively, 71 and o
are the Luttinger parameters, my is the free-electron mass, w, = h/(m_a?) with quantum-well
height 2a,, w) = h/ (m||L2) with quantum-dot radius L, and N enforces proper normalization
of the wavefunctions. The condition for the validity of Eq. (6.1) is given by a, < L, which is
needed for the perturbation expansion on the Kane Hamiltonian. The amount of CB and LH
admixture is determined by the dimensionless prefactors

. P V3 s a.L
= ifcB—F=—) ALH = — B LHT2 2
V2LE, 2/2 7 —a?’

where P is the interband momentum, F, is the fundamental band gap, and

Bep = An+7y2) V2 —299)"* By = [1 _ <V2>2] ﬂ (6.3)

(1 +7+ '72)2 1+ (’71 — 2’72)7 Y1 ,-yi’/2

AcB (6.2)

come from envelope-function overlap integrals of the form (¢%%;|k+k,|¢13) and account for the
difference in effective masses between the bands.
Near the I'-point, the spin-orbit-coupled states can be approximated by

luce+)|£cB) = [s)] 1,4), (6.4)
lupmL) |Frm) ~ pL)| 1,4),
luLn+)|FLn) =~ ﬁ(\/i\l?zﬂ T4 F o) L), (6.6)
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6.3. Nuclear-spin interactions and effective Hamiltonian

in terms of s- and p-symmetric Bloch states (|p+) = (|p) £ i|p,))/V/2) and real-spin states
| 1,)) with respect to the growth axis (Winkler, 2003). The envelope functions appearing
in Eq. (6.1) are defined via their position representations (r|¢5) = ¢, (2)¢h(z,y) (i = 0,1,
j = 0,4), where ¢3(z,5) = 3(@)60(1), 0E (@) = (Bh(@)6L(y) + idl(x)6h(y))/V2, and
¢" () is the n'™™ harmonic-oscillator eigenfunction along the z-direction in band «. Due to
terms appearing in the Kane Hamiltonian which are linear in the crystal momentum k and
which couple neighboring bands, the admixture of CB and LH states features ezcited-state
envelope functions. This has profound physical consequences which will be discussed below.
For a quantum dot with L = 10nm and a, = 2nm, we estimate |[Acg| ~ 0.02, [A\pg| ~ 0.11 for
GaAs. The split-off-band contribution to the HH states is very small has thus been neglected
in Eq. (6.1).

6.3 Nuclear-spin interactions and effective Hamiltonian

As we have already discussed in Chapter 5, there are three interactions that couple the HH —
whose pseudospin states have been derived in Eq. (6.1) — to the spins of the surrounding nuclei:
the Fermi contact interaction h¥, the anisotropic hyperfine interaction h%, and the coupling
of orbital angular momentum to the nuclear spins h’§ , which are represented by the following
Hamiltonians (setting 7 = 1) (Stoncham, 1972):

po 8T
b = T 5 157, 0(ri) S - T, (6.7)
[ U : 6.8
27 Y 75 r3(1+d/rg) (6:8)
L, -1
pk — Ho N ek TR (6.9)

57 ar S d )

Here, v5 = 2upg, 7j, = 9j.4N, 1B is the Bohr magneton, g;, is the nuclear g-factor of isotopic
species ji at lattice site k, p v is the nuclear magneton, ry = r — Ry is the electron-spin position
operator relative to the k™ nucleus with spin I, d ~ Z x 1.5 x 107 m is a length of nuclear
dimensions, Z is the charge of the nucleus, and ny = ry/ri. S and Ly = ry X p denote the spin
and orbital angular-momentum operators of the HH, respectively.

In order to derive an effective spin Hamiltonian for the HH, we take matrix elements
(U |hEW.) (1,7 = %, i = 1,2,3) with respect to the hybridized HH wavefunctions (6.1).
Due to the d-function in Eq. (6.7), only the CB admixture contributes to the Fermi contact
interaction, since p-states vanish at the positions Ry of the nuclei. On the other hand, the terms
in Eq. (6.1) associated with HH and LH states contribute to matrix elements of Egs. (6.8) and
(6.9), while the CB admixture does not contribute due to symmetry (h5) and vanishing orbital
angular momentum (h’g ). Adding up all contributions, and taking into account a Zeeman term
due to a magnetic field B along the z-direction (Faraday geometry), we find the following
effective spin Hamiltonian describing the hole-nuclear-spin interactions:

H=(b+h*)S*+ %(h*S* +h~ST). (6.10)
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6. HOLES IN III-V SEMICONDUCTORS: NARROWED NUCLEAR-SPIN BATH

Here, b = gpupB is the Zeeman energy of the HH, g;, is the HH g-factor along the magnetic-
field direction z, and up is the Bohr magneton. The Overhauser-field components are defined
by
W= AiLp,  hE=> ALIE (6.11)
k k
where I éc =17+ ifg and where A} and A;t denote the longitudinal and transverse hyperfine
coupling of the HH to the k"™ nuclear spin, respectively.
The hybridized states in Eq. (6.1) are predominantly HH-like. We have shown in Chapter
5 that taking matrix elements of the Hamiltonians (6.7)-(6.9) with respect to pure HH states
(i.e., neglecting band hybridization) results in an Ising Hamiltonian h*S*. The longitudinal
coupling constants are thus dominated by the HH contribution, A} ~ A?HH, and the transverse
(non-Ising) terms in Eq. (6.10) are only due to hybridzation with CB and LH states, Af =
Alch,CB + Af’LH. Explicitly, the longitudinal and transverse coupling constants are given by

Af i = Affrvoldo(zi) Lo (e, yi) P, (6.12)
Af,CB ~ Adgvoldo(zi) % (21, yr) b (. Yi ) (6.13)
A;ct,LH ~ Af%vold1 (2i) P 6% (T, i) D+ (Th, i) (6.14)

respectively, where vg is the volume occupied by one nucleus and A* is the hyperfine coupling
strength of isotope ji associated with band «. Introducing the average A, = > y VjAé, where
vj denotes the abundance of isotope j, we estimate Agp ~ —13ueV (Fischer et al., 2008),
Acp =~ 0.02ueV, and App =~ 0.05pueV for a GaAs QD with L = 10nm and a, = 2nm. In
contrast to the interaction of an electron with nuclear spins, the hole-nuclear-spin interaction
given in Eq. (6.10) is highly anisotropic. Acg o |Ac|? and Apg o |ALg|? have a strong
dependence on the QD geometry, therefore the non-Ising terms in Eq. (6.10) can be ‘tuned’ to
be more CB or LH-like.

6.4 Hole-spin dynamics

We now study the dynamics of the transverse spin component ST describing the coherence
of the HH pseudospin states. To this end, we use the Nakajima-Zwanzig master equation (see
also Chapter 4)

t

(SHYy = i (S — i / dt' St — )(S ), (6.15)

0
where w = b+ h*, w|n) = wy|n), and |n) denotes a narrowed state of the nuclear-spin system.
S(t) = tr{ST(t)S~|n)(n|} is the self-energy (or memory kernel) describing the transverse-
spin dynamics, where i](t) = —iPLQe "LQQLP, P is a projector onto a product state of HH
and nuclear spins, Q = 1 — P, and LO = [H, O] for some operator O acting on the total
Hilbert space of HH and nuclear spins (Coish and Loss, 2004). It is convenient to perform a
Laplace transform f(s) = fooo dte st f(t) on the integro-differential equation (6.15), yielding
an algebraic equation of the form

{(ST)o

+ o) —
ST (s +iwy) = 5 i%(5 + ion)

(6.16)
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Figure 6.1: Decoherence rate 1/T5 from Eq. (6.21) as a function of the HH Zeeman energy
wpn = gnupB + plApp. For L = 10nm and a, = 4nm, we estimate N ~ 7.3 x 104.
Inset: 1/T5 for Zeeman splittings up to 10ueV, corresponding to magnetic fields of
B ~ 1T or a polarization p ~ 1 (axes in the same units as in the main figure).

in the frame rotating with frequency w,. Egs. (6.15) and (6.16) are exact equations describing,
in general, non-Markovian dynamics of the transverse HH-spin component. The structure of the
self-energy 3(s) is, however, very complex, so we have to resort to an approximation scheme.
The energy scales associated with the transverse coupling V = (htS~ + h~S1)/2 are much
smaller than those associated with the longitudinal coupling Hy = (b + h*)S* (see above),
and we expand the self-energy in powers of hole-nuclear-spin flip-flop processes induced by V:
Y(s) = 2P (s) + W (s) + O(VF). Odd orders in V vanish because of the Zeeman mismatch
between HH and nuclear spins which energetically forbids such processes. For a nuclear spin I
of order unity, the smallness parameter which controls this expansion is given approximately
by A Jwy (see Appendix A of Coish and Loss (2004)), where A| = /A%y + A? ;. For a GaAs
QD with L = 10nm and a, = 2nm, A; < w, = ghupB + plA, (A, = |Agg|) for an external
field B 2 0.5mT or a nuclear-spin polarization p > 0.5%.

We evaluate the second- and fourth-order self-energy contributions explicitly, following the
procedure described in Appendix A.4 for the electron case. We find, for a homonuclear system
in the frame rotating with frequency wy,,

, +c_
23 (s 4 iwy,) —%Z]Afﬁ (6.17)
Wn, A
B ‘Ai ’2’Ai 2
S (s + i) o~ —i S LA L (6.18)
n 4(4)121 e S + Z(Azl — Az2)

where the sums run over all nuclear sites k. We have introduced ¢y = I(I +1) — ((m(m £ 1))),
where [ is the nuclear spin, m = —1I,...,I, and the double angle bracket indicates averaging
over the I} eigenvalues m (Coish and Loss, 2004).
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6. HOLES IN III-V SEMICONDUCTORS: NARROWED NUCLEAR-SPIN BATH

We emphasize that the structure of the self-energies (@ and (%) bears some similarity
with our previous results on electron-spin decoherence (compare directly with Egs. (A.50) and
(A.53)). However, there are two important differences compared to the electron case: (i) The
appearance of different coupling constants A? and A in Egs. (6.17) and (6.18) is due to the
anisotropy of the hyperfine Hamiltonian (6.10) and provides an additional smallness factor
Al /A, < 1 to the self-energy (6.20). (ii) The spatial dependence of the transverse coupling
constants differs from the longitudinal ones due to the appearance of excited-state envelope
functions. In particular, this means that nuclear spins at the edge of the QD (rather than in its
center as in the electron case) couple most strongly to the HH along the transverse direction
— an effect which manifests itself directly in the appearance of a distinct minimum in the
decoherence rate 1/T5 (see Fig. 6.1).

We now evaluate the second- and fourth-order self-energy in the continuum limit (changing
sums to integrals), following Coish et al. (2010). Since a, < L (see above), we can perform a
two-dimensional limit by averaging over the z-dependence in the hyperfine coupling constants
A7 and A,f. From Eq. (6.17), we see that the second-order self-energy ¥ is purely real,
leading to no decay but a frequency shift Aw = —ReE(z)(s + iwy), or

ct + - A_i

Aw =
YTTIN W,

(6.19)

where N is the number of nuclear spins enclosed by the envelope function. The fourth-order
self-energy becomes (see Appendix B.6)

, _ e AL A r(logz)? y(log y)?
S (s + iwy,) ~ N A o2 dx/ St i(e—1) (6.20)

in the continuum limit, where z = exp{—r?}, y = exp{—r3}, and r; = \/2? + y?/L (i = 1,2).
2~ |AL CB‘2 +| AL LH\Q since the overlap term vanishes under
4

Here, we have approximated ]Ai
spatial averaging. The appearance of polynomial prefactors r*, represented by the log functions
in the numerator of Eq. (6.20), is a direct consequence of the excited-state envelope functions
describing the distribution of transverse coupling constants Af within the quantum dot.

The transverse-spin dynamics of the HH are described by the non-analytic structure of the
right-hand side of Eq. (6.16) (see also Chapter 4.4 and in particular Fig. 4.1). Inserting the
self-energies ¥(2 and ©* into Eq. (6.16), we find one pole at s ~ iAw — I', whose negative
real part gives decoherence rate of the HH: T' = 1/T5 ~ —ImX® (iw, +iAw +0*) (see Chapter
4.4.3), where 07 denotes a positive infinitesimal. Evaluating Eq. (6.20), we find

1 _ AL A%t
= =T 2L AL g aflog 2 (a + €)[log(x + €)]2, (6.21)

T2 4N Az w2 €

where € = N|Aw/Apnn|. The integral in Eq. (6.21) can now be evaluated numerically for any
value of € (i.e., of wy,).

In Fig. 6.1, we show the hole-spin decoherence rate 1/T5 as a function of the Zeeman energy

n = gt B+pI Axn (0 < p < 1is the degree of nuclear-spin polarization). The non-monotonic
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Figure 6.2: Maximum of the decoherence rate 1/T5 as a function of the QD height a,. For
increasing a., the maximal value of 1/T5 decreases (see main plot) and the position
of the maximum is shifted (see inset).

behavior of 1/T, for small w, appears when €  1/w, approaches unity. We emphasize that
the range of validity of this result is given by ¢ < 1, which is much less restrictive than the
condition A, /w, < 1 suggested by the self-energy expansion:

cie_ AL Ay Al

= — —. 6.22
¢ 16 A, w, < Wn, ( )

For electrons, we have found non-monotonic behavior of 1/T5 as well (see Fig. 4.5), albeit
with a different dependence on € and around magnetic fields of several tesla. In contrast, for
holes, the non-monotonicity occurs at much lower fields (B ~ 0.1mT for the parameters used
in Fig. 6.1), and the rate 1/7% features an additional dip which is a footprint of the excited-
state envelope functions appearing in Eq. (6.1). The huge difference in energy scales has very
important consequences for the tunability of the hole-spin decoherence rate: by increasing the
externally applied magnetic field (or the degree of nuclear-spin polarization), it is possible to
decrease 1/T over many orders of magnitude within the experimentally accessible range of
magnetic fields (see inset of Fig. 6.1). This means that this system offers the possibility to
entirely ‘turn off” hyperfine-associated spin decoherence. As a consequence, hole-spin quantum
dots may be operated in a regime where other interactions, such as spin-orbit or direct nuclear
dipole interactions, will be the dominant source of spin decoherence and will therefore become
experimentally observable. We emphasize that Eq. (6.21) is still valid at B = 0, as long as
e <1 (i.e., for non-zero nuclear-spin polarization).

The degree of band hybridization, and therefore the decoherence rate 1/T5, depends on the
geometry of the QD, i.e., on L and a,. For flat QDs the amount of LH admixture to the HH
states (6.1) is decreased, leading to smaller non-Ising terms in the Hamiltonian (6.10). On the
other hand, the envelope wavefunction of a flat dot encloses less nuclear spins (for fixed L).
These two effects lead to an increase of the maximal decoherence rate for smaller a, (see Fig.
6.2), and a shift of its position as a function of B (see inset of Fig. 6.2).
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6.5 Conclusions

We have shown that in HH quantum dots, band hybridization leads to a hole-nuclear-spin
coupling which is transverse to the growth axis of the semiconductor and which depends on
the geometry of the QD. If the nuclear spins are prepared in a narrowed state, this transverse
coupling induces an exponential hole-spin decoherence due to hyperfine-mediated nuclear-pair-
flip processes. We have shown that the associated decoherence time 75 can be tuned over many
orders of magnitude by sweeping an external magnetic field from sub-millitesla to tesla ranges.
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CHAPTER

Electrons in Carbon Nanostructures

7.1 Introduction

In Chapter 1 we have discussed the idea of spin-based quantum computation and the related
problem of short decoherence times, which are typically due to interactions with the ubiquitous
nuclear spins. For III-V semiconductor quantum dots, with their high abundance of spin-
carrying nuclear isotopes, the associated decoherence times are quite short, usually of order
nanoseconds (Merkulov et al., 2002; Khaetskii et al., 2002; Coish and Loss, 2004; Petta et al.,
2005), if no manipulations on the nuclear system are performed.

One way of overcoming the problem of short decoherence times is to build quantum dots
from semiconductors with lower abundances of spin-carrying isotopes, potentially resulting in
weaker nuclear-spin interactions. Carbon structures naturally consist of 99% 2C with nuclear
spin 0 and only of 1% 3C with nuclear spin %, and are therefore promising materials for building
quantum dots featuring long spin decoherence times. This extraordinary property of carbon
materials, as well as their comparatively weak spin-orbit interactions, has led to proposals of
fabricating quantum dots in graphene ribbons with armchair boundaries (Trauzettel et al.,
2007) and in carbon nanotubes (CNTs) (Bulaev et al., 2008).

Although it was not yet possible to experimentally realize a single-electron quantum dot
in graphene, Coulomb-blockade measurements in gated graphene quantum dots have already
been carried out successfully (Schnez et al., 2009; Ponomarenko et al., 2008). Experiments
on single electrons in CNTs have advanced even more (Tans et al., 1997; Bockrath et al.,
1997; Kong et al., 2000; Minot et al., 2004; Jarillo-Herrero et al., 2004; Mason et al., 2004;
Biercuk et al., 2005; Cao et al., 2005; Sapmaz et al., 2006; Onac et al., 2006; Griber et al.,
2006; Jgrgensen et al., 2006; Meyer et al., 2007; Kuemmeth et al., 2008; Steele et al., 2009).
Very recently, first measurements on nuclear-spin interactions and electron-spin dynamics in
CNTs have been performed by Churchill et al. (2009a,b), reporting an unexpectedly strong
hyperfine interaction of order A ~ 100 ueV in C enriched CNTs. Furthermore, theoretical
and experimental NMR studies on fullerenes (Pennington and Stenger, 1996) have been carried
out as well as ab initio calculations on hyperfine interaction in small graphene flakes (Yazyev,
2008).
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barrier 2

barrier 1 barrier 2

Figure 7.1: Sketch of the systems under consideration throughout this work: (a) a single elec-
tron confined to a quantum dot defined by two barriers on a graphene ribbon; (b)
a single-electron quantum dot defined in a carbon nanotube. Externally applied
magnetic fields are indicated by the red arrows.

In this chapter we analytically calculate the interaction of a single electron confined to a
graphene ribbon or a CNT (see Fig. 7.1) with the spins of the surrounding *C nuclei. For
CNTs we find an interesting interplay between isotropic and anisotropic hyperfine interactions
which depends on the CNT geometry and which leads to a highly anisotropic Knight shift
and an unusual alignment of the nuclear spins around a CNT circumference (in the ground
state). Furthermore, we calculate the decoherence dynamics of the electron spin and find that,
even without manipulating the nuclear spins, the hyperfine-associated decoherence times can
be on the order of tens of microseconds or longer, depending on the relative abundance of 13C
nuclei. These timescales are much longer than the ones typically found for III-V semiconductor
quantum dots, making carbon-based quantum dots promising spin-qubit candidates.

7.2 Bonds and bands

The carbon atom features six electrons: two core electrons and four valence electrons. In a
solid, the four valence electrons (which are in 2s and 2p states) form the bonds with the
nearest-neighbor atoms. In two-dimensional graphite, or graphene, each atom has three nearest
neighbors, and three of the four valence electrons form sp-hybridized bonds (called o-bonds)
with those neighbors, while the fourth electron is in a so-called w-state perpendicular to the
o-bonds (Saito et al., 1998). The m-electrons in graphene determine the band structure near
the Fermi energy, while the o-electrons form more remote bands. A conduction-band electron
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Figure 7.2: Definitions used throughout this work: a; and as denote the basis vectors of the
honeycomb lattice, R; are the relative nearest-neighbor positions, ¢ and t are the
circumferential and transverse vectors, respectively, and 6 = 0, is the chiral angle
between ¢ and aj.

is therefore in a m-state.
A CNT can be regarded as a graphene sheet that had been rolled up along some direction
c, defining a symmetry axis t of the CNT. The circumferential and translational vectors are

defined in terms of the basis vectors a; and ay as (see Fig. 7.2)
c =naj; +mas, t=ta; + teas. (7.1)

Here, n,m € Ny are the chiral indices, and t; = (2m + n)/dgr, t2 = —(2n + m)/dg with dr
being the greatest common divisor of 2n +m and 2m + n. We denote the chiral angle between
c and a; by 0 = 0,,,.

The curvature of the CNT causes a geometrical tilting of the o-bonds which results in an
sp-hybridization of the conduction-band states. Kleiner and Eggert (2001) have studied this
effect perturbatively in lowest order in the small parameter 27w /L, where L = v'n? + nm + m?
is the circumference of the CNT in units of the lattice constant a ~ 2.5 A. For typical CNTs
we have 2w /L < 1. However, the parameter can approach unity for ultra-small nanotubes. At
this point, our theory breaks down.

The wavefunction of a conduction-band electron in a periodic crystal is given by Bloch’s

1 eik-r

theorem: \IlkO' = \/?A

the Bloch amplitude uk,(r) has the periodicity of the lattice. Similar to our treatment of

uks (1), where Ny is the number of atomic sites in the crystal and

heavy holes in Chapter 5, we approximate the Bloch amplitude uy,(r) at the K and K’ points
(the minima of the conduction band) by a linear combination of hydrogenic orbitals, u,(r) =
> r 7m(r —R), where (Kleiner and Eggert, 2001)

w(x) = Nom {2, (1) + 57 (e (0) 030, 1) + €05(30, e (1))}, (7:2)
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7. ELECTRONS IN CARBON NANOSTRUCTURES

and the sum runs over all lattice sites in the CNT. In the above, 95 represents a hy-
drogenic 2s orbital, tap,, 19,. and 1y, are, respectively, the 2p orbitals along the trans-
verse, circumferential, and radial direction of the CNT, and N,,, normalizes the Bloch am-
plitude to two atoms per unit cell. 6/, is the angle between ¢ and Ry, and we can write
sin(36.,,,) = (n —m)(2n? + 5nm + 2m?) /2L3 and cos(36),,,,) = 3v/3nm(n +m)/2L? in terms of
the chiral indices (Kleiner and Eggert, 2001). The hydrogenic orbitals consist of a radial and an
angular part, e.g., Yas(r) = Roo(r)YL (9, ). We will choose a local coordinate system at each
lattice site, such that g, 92, , and 19, correspond to hydrogenic 2p orbitals in z-, y-, and
x-direction, respectively (see below). The radial components of the hydrogenic orbitals depend
on an effective screened nuclear charge Z.g ‘seen’ by the electron (Clementi and Raimondi,
1963).

Our choice of the Bloch amplitude implicitly assumes that the electron is tightly bound to
the nuclei, i.e., that the radial component of 7(r) drops off fast on the scale of the nearest-
neighbor distance. We have estimated that |7(r + Ryp.)[?/|7(r)[?> ~ 1073 for any nearest-
neighbor lattice vector Ry, ., justifying our assumption.

In a quantum dot, the electron is delocalized over many lattice sites and its Bloch amplitude
is modulated by an envelope function ®, defined by the confinement potential (see Bulaev
et al. (2008) for the envelope function of a quantum dot defined by a rectangular confinement
potential in a semiconducting CNT). Including the spin states |o0) = | 1,{), we write the
electron states as

0,) = B3 110) o), (7.3)

where, in the envelope-function approximation, (r|®,;u,) = P,(r)us(r). Since we did not
include spin-orbit interactions in our model, the orbital wavefunction is independent of the
spin state, and we may omit the subscript o: ®,(r) = ®(r) and u,(r) = u(r).

7.3 Nuclear-spin interactions

7.3.1 Carbon nanotubes

As we have seen in Chapter 2.2, there are three terms that couple the spin of the confined elec-
tron to the nuclear spins in the CNT: the Fermi contact interaction, the anisotropic hyperfine
interaction and the coupling of electron orbital angular momentum to the nuclear spins. These
interactions are represented by the Hamiltonians

po 8w
Rk = 3 V5 5(ry) S - I, (7.4)
3(ng - S)(ny -I) —S -1
pE = B0 o , 7.5
2 4777 i r2(1+d/rk) (7.5)
L. -1
Bk — Ho . k' "k 7.6

respectively, where v = 2upg, v, = gj. 14N, B is the Bohr magneton, g;, is the nuclear g-factor
of isotopic species ji, un is the nuclear magneton, g is the vacuum permeability, rp. = r — Ry
is the electron-spin position operator relative to the nucleus, d ~ Z x 1.5 x 10~ m is a length
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7.3. Nuclear-spin interactions

of nuclear dimensions, Z is the charge of the nucleus, and ny = rg/r;. S and Ly = rp X p
denote the spin and orbital angular-momentum operators (with respect to the k™ nucleus)
of the electron, respectively. The cutoff 1 4+ d/rp comes from the Dirac equation (see Chapter
2.2) and avoids unphysical divergences from expectation values of the Hamiltonians hg and hlg.
In the problem considered here, this cutoff may be omitted for the following reasons: (i) The
expectation values of h’; and hl?f with respect to an s-state vanish identically due to the spherical
symmetry of the wavefunction and the vanishing orbital angular momentum, respectively. The
expectation values with respect to a p-state are non-zero, but the p-wavefunction goes to zero
sufficiently fast at the position of each nucleus, thus avoiding a divergence. (ii) As mentioned
above, the electron wavefunction does not extend significantly to the nearest-neighbor lattice
sites. Hence, within our tight-binding approximation, the orbital 7(r) centered around some
nucleus cannot cause a divergence at the position of a nearest neighbor.

We note that the orbital angular momentum Lj which appears in Eq. (7.6) is associated
with the electronic motion around the &™ nucleus and is described by the Bloch part of the
electron wavefunction. On the other hand, it has been shown by Latil et al. (2001), that inter-
atomic currents can occur along the nanotube circumference to which another orbital angular
momentum £ may be associated which is described by the envelope part of the electron wave-
function. However, the hyperfine coupling strength is defined via the Bloch part of the electron
wavefunction and therefore a consideration of the coupling between the valley degrees of free-
dom via envelope-function-associated angular momenta is beyond the scope of the analysis
presented here.

We will consider CNTs and graphene with different abundances of the nuclear isotopes 12C
and 3C. While 2C does not carry a nuclear spin, the nuclear gyromagnetic ratio of 3C is
non-vanishing and given by yis¢ = 7.1 x 10727 J/T.

The Fermi contact interaction (7.4) yields a finite contribution for s-states, but vanishes
for p-states. The anisotropic hyperfine interaction (7.5) and the coupling of orbital angular
momentum (7.6) vanish for s-states because of their spherical symmetry and zero orbital
angular momentum, but yield a finite contribution for p-states. Therefore, when considering
CNTs, all three interactions (7.4) - (7.6) have to be taken into account because of the sp-
hybridized electron states (7.2), while for graphene, only the interactions (7.5) and (7.6) are
relevant, due to the purely p-type wavefunction (corresponding to the limit n,m — oo in Eq.
(7.2)).

We first calculate matrix elements of the interactions (7.4) - (7.6) with respect to the elec-
tron wavefunction (7.3), which will lead to effective spin Hamiltonians and to the associated
coupling strengths in the CNT case. Throughout this section, we will consider a CNT that
consists only of spin-carrying '3C isotopes. The possibility of different nuclear isotope abun-
dances will then be taken into account in Sec. 7.5. From the CNT results, it will be possible
to perform the ‘graphene limit’, which we postpone to Sec. 7.3.2.

We start with the Fermi contact interaction and calculate

2p1075713
(Ul PY|Wor) = fc Z lu(ry)[*|@(r)[*(0]S - I |o"), (7.7)
k

assuming that the electron-spin density does not depend on the lattice site, which is justified if,
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7. ELECTRONS IN CARBON NANOSTRUCTURES

e. g., the envelope function ®(r) describes the ground state of the quantum dot. The effects of a
site dependence of the electron-spin density have recently been considered by Pélyi and Burkard
(2009). Evaluating the spin matrix elements leads to the following effective spin Hamiltonian:

=Y AVSs. 1, (7.8)
k
with coupling constants A,(:) = A1v9|®(ry)|? (where vg is the volume of a primitive unit cell)
and the associated coupling strength
MO’YS'Yl3023ff 2 2
A =——FN, ) (7.9)
where we have introduced f,,,,, = 7/ 2\/§L, and ag is the Bohr radius. The normalization factor
Npm can be determined by normalizing Eq. (7.2) to two atoms per unit cell:

L2

We have evaluated Eq. (7.9) for CNTs of different chiralities in Table 7.1. For typical CNTs,
the coupling strength A; is about three orders of magnitude smaller than that for an electron
in a GaAs quantum dot (A4 ~ 90ueV, see Paget et al. (1977)), for two reasons: (i) The
hybridization prefactor Ny, Bnm is on the order of 0.05 and enters quadratically into A;. (ii)
The effective nuclear charge (which enters in third power into A;) is Zg{ ~ 3.2 for carbon, but
Zg'fa ~ 7.1 for gallium and Zé}fs ~ 8.9 for arsenic (Clementi and Raimondi, 1963).

The sign of the isotropic interaction is positive for all nanotube diameters, in contrast
to results reported previously by Semenov et al. (2007), where spin relaxation of conduction
electrons has been calculated numerically and a sign change of the hyperfine coupling constant
A; has been found for small nanotube diameters. This is due to the fact that Semenov et al.
(2007) have included the coupling of the 1s core electrons to the nuclear spins, which, however,
is irrelevant for the hyperfine interaction of a conduction electron and, hence, for the electron
spin dephasing considered here.

Now we look at the anisotropic hyperfine interaction. Due to symmetry, the s-part of the
hybridized wavefunction does not contribute. Taking matrix elements (¥,|h5|¥,/) just like

above, we arrive at an effective Hamiltonian

Hy = > (APD 5717 + APV SV + AP 717 ), (7.11)
k

with coupling constants A,(f’j) = Aévo|<1>(rk)|2 and the coupling strengths

j _ HoYsT30Z

2 120ma? N2, (7.12)
where
A =1— % B2 (7.13)
Ny = =g 5 O S () + 5 05 (30, (7.14)
A, = —% + B2, sin?(36.,,) — % B2, cos*(36.,). (7.15)
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(10,0) (20,0) (5,10) (9,15) (5,5) (10,10) (20,20)
A, | 019 005 012 005 026  0.07 0.02
Az | 059 060 059 060 058  0.60 0.61
AY | 029 —0.30 —0.30 —030 —029 —0.30 —0.30
A3 | =030 —0.30 —0.30 —0.30 —0.30 -0.30 —0.30

Table 7.1: Estimated hyperfine coupling strengths (in peV) for nanotubes of different chirali-
ties (n,m).

We see that the coupling induced by the anisotropic hyperfine interaction is different in all
three spatial directions. Recall that we have labeled our axes such that z, y, and z refer to
the translational, circumferential, and radial directions, respectively. We show typical values
for Ag in Table 7.1. The direction of strongest hyperfine interaction is radial to the nanotube.
The fact that AY ~ —2A4Y ~ —2AZ for the CNTs in Table 7.1 comes directly from the angular
integration in the expressions (¥, |h§|¥,/), leading to Eq. (7.11): the admixture of /9, and
thap, to the m-orbital in Eq. (7.2) is very small, such that the integration approximately reduces
to the 1y, term (the 1), term does not contribute by symmetry). It is interesting to note the
competing signs: the Fermi contact interaction (expressed via Aj) enhances the anisotropic
hyperfine interaction along the radial direction, but reduces it along the circumferential and
transverse directions. Furthermore, the signs of the hyperfine coupling along different directions
indicate ferro- and antiferromagnetic alignment of the nuclear spins with respect to the electron
spin (in the ground state). We will come back to this in Sec. 7.4.

Finally, we address the coupling of electron orbital angular momentum. Calculating matrix
elements of h%, it is straightforward to see that this interaction vanishes identically by applying
the operators L; to the hydrogenic orbitals appearing in Eq. (7.2), then evaluating (U, |hE|W,)
and summing up all contributions.

7.3.2 Graphene

We consider the ‘graphene limit’ corresponding to let n,m — oo in all expressions in Sec. 7.3.1.
Then B, — 0 and N,,,, — 1 and, denoting quantities related to graphene with a tilde,
AT 3
A =0, A;:Ag:—%:—%. (7.16)
Inserting numbers, this yields A3 = Ay ~ —0.3pueV and A% ~ 0.6 ueV. Note that in our
notation the x-direction is perpendicular to the graphene plane.

Surprisingly, these numbers are not much different from those estimated for A% in Sec. 7.3.1.
Naively, one might have expected a weaker hyperfine interaction in graphene (as compared to
CNTs) due to its flatness and the vanishing contact interaction (7.4). As it turns out, however,
even for small CNTs the contact interaction is only a small correction to the anisotropic
hyperfine interaction (7.5), so that the latter is the main hyperfine contribution for both CNTs
and flat graphene.
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Figure 7.3: Alignment of the nuclear spins (in the ground state) due to the anisotropic Knight
shift. The electron is assumed to be prepared in the eigenstate of S* with eigenvalue
+1/2, see Eq. (7.19), and points along Z at each nuclear-spin site.

7.4 Hyperfine-induced anisotropic Knight shift

In Secs. 7.2 and 7.3, we have formulated the hyperfine problem in terms of a local coordinate
system at each nucleus. In this section, we want to look at the Knight shift of the '*C nuclear
spins due to hyperfine interaction with the conduction electron. The isotropic Knight shift due
to interaction with both the sp-hybridized conduction-band electron and the 1s core electron
has been studied by Yazyev and Helm (2005). Electron-spin resonance spectra of '3C in 7-
electron radicals have been analyzed by Karplus and Fraenkel (1961).

From our considerations in Sec. 7.3.1 it is clear that the Knight shift induced by the
anisotropic hyperfine interaction (~ Ag /N) exceeds the isotropic Knight shift (~ A;/N) by
roughly one order of magnitude (N is the number of nuclei in the dot). The Knight shift in
CNTs (and graphene) is therefore highly anisotropic.

We introduce the following global coordinate system: & = xzcos( — ysin(, § = zsin{ +
ycos (, Z = z, such that the Zg-plane cuts out a cross section of the CN'T and ( is the coordinate
describing the position on this cross section (see Fig. 7.3).

The electron is assumed to be prepared in a fixed state and to be delocalized over the CNT
cross section. At each lattice point occupied by a 2C nucleus, the nuclear spin will align itself
in such a way that the hyperfine energy is minimized in the ground state of the nuclear spins.
This ground state can only be achieved for temperatures that are small with respect to the
energies associated with the Knight shift: kg7 < (A; + Ag)/N ~ 1peV...1neV, where kp is
the Boltzmann constant. We write the Hamiltonian describing the hyperfine interaction of one
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nucleus with the delocalized electron as
H, = ST AT = ST AT, (7.17)

where ST = (5%,5Y,5%), A = diag(A®, AY, A%), I = (1*,1¥,1*)T, ST = ST Rt, A = RAR?,
and I = RI, with the rotation R given by

cos¢ —sin¢ 0
R=|sin¢ cos¢C 0. (7.18)
0 0 1

The operators carrying a tilde hence describe the interaction in the global coordinate system

(Z,9,2), and the coupling tensor is given by

Agcos? ¢+ Aysin® ¢ (Ay — Ay)sin¢ cos¢ 0
A= (A; — Ay)sin¢ cos¢ Agycos’(+ Aysin®¢ 0
0 0 A,

Here, A; = Ay —i—Ag is the sum of isotropic and anisotropic hyperfine couplings along the (local)
j-direction (j = z,y, 2), see Egs. (7.9) and (7.12). Recall that A, > 0 and A,, A, < 0 for CNTs

(see Sec. 7.3.1). For an electron spin in an eigenstate of S, the interaction reads
HY = (AzzI™ + AzgI7)S* (7.19)
with Azz = A, cos? ¢ + Ay sin? ¢ and Azy = (Ay — Ay)sin cos (.

In Fig. 7.3 we show the alignment of the nuclear spins (assuming the nuclear spins to be
in their ground state) due to the anisotropic Knight shift induced by the hyperfine interaction
with a conduction electron whose spin is prepared in the eigenstate of S% with eigenvalue +1/2,
i.e., pointing along the z-direction at each nuclear site. We have assumed that the electron is
evenly distributed around the CNT cross section, which can be seen to be justified from the
envelope functions calculated by Bulaev et al. (2008) for semiconducting CNTs subject to
a rectangular confinement potential. We observe an interesting interplay between ferro- and
antiferromagnetic coupling along the two spatial directions, which is a direct consequence of
the CNT geometry and the strong anisotropy of the hyperfine interaction. In particular, the
hyperfine interaction does not vanish when we average over the CNT circumference. This could
lead to other interesting effects. For instance, it has been shown by Braunecker et al. (2009a,b)
that in a Luttinger liquid, a non-vanishing average hyperfine field can lead to a transition
into a helically ordered phase (along the tube axis) of the nuclear spins below some critical
temperature.

7.5 Electron-spin decoherence

7.5.1 Carbon nanotubes

Based on our analysis in Sec. 7.3, the electron-spin dynamics in a CNT are described by the
following hyperfine Hamiltonian:

Hy=h-S, hj=> Al (7.20)
k
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Figure 7.4: Electron-spin decoherence time 7. in a (20,0) CNT as a function of the relative
13C abundance Ny3/N, under the condition of a magnetic field B, 2 5mT along
the symmetry axis of the CNT. We have chosen a completely unpolarized nuclear
system (p = 0) and N = 6 x 10°, see text below Eq. (7.23). Inset: Electron-spin
dynamics in CNTs with 13C abundances of 1% (solid blue curve) and 99% (dashed
red curve), in the frame rotating with w + pNy3, see Eq. (7.22).

where Ai = Ajuo|®(rg)|? and A; = A; + Ag, see Egs. (7.9) and (7.12).

We assume that an external magnetic field B, has been applied along the symmetry axis of
the CNT (see Fig. 7.1 (b)), and that the induced Zeeman splitting between the spin states is
larger than the hyperfine coupling strength: b = gugpB, > A;. Assuming g ~ 2, this corresponds
to very moderate fields of B, 2 5mT. Within this limit, relaxation-induced decoherence is
suppressed by the small parameter A;/b, and the main source of decoherence is pure dephasing
due to nuclear-field fluctuations along the CNT symmetry axis. The relevant Hamiltonian is
given by the z-part of Eq. (7.20) and the Zeeman term:

H=(b+h.)S". (7.21)

Assuming that all nuclei carry non-zero spin, the dynamics of the transverse spin is then given
by a Gaussian decay with timescale given by v N /A, where N is the total number of nuclear
spins in the quantum dot (Coish and Loss, 2004).

One advantage of carbon-based nanostructures is the low natural abundance of the spin-
carrying isotope '3C. In order to investigate this advantage, we allow for arbitrary '3C abun-
dances: we denote the total number of nuclei in the quantum dot (defined via the envelope
function, see below) by N, and by N and Ny3 the number of 12C and '3C nuclei, respectively,
such that N = Ny + Nj3. This generalization has two relevant effects: (i) Summing over all
N nuclei, we get >, A7 = nA., ie., the total hyperfine coupling is weakened by the ratio
n = Ni3/N. (ii) The polarization p of the nuclear-spin system (0 < p < 1) is determined only
by the distribution of spin-up and spin-down 3C nuclei, while being unaffected by the 2C
nuclei.
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For Ni3 > 1 we can use the central limit theorem (compare with Coish and Loss (2004))
which yields the following Gaussian dynamics for the transverse electron spin (written in the
frame rotating with frequency (w + pnA./2)/h, where w = b — by with the nuclear Zeeman
energy by = gnun B):

(ST = (S§H)ge ¥/, (7.22)

Here, ST = S% 4 iSY, with the electron-spin operators SJ = 0;/2 and the Pauli operators o;.
The characteristic timescale for the decay is given by (Coish and Loss, 2004)

o N
V1 —p?2 VNisA,

We can see from Eq. (7.23) that the decoherence time 7. has an interesting non-linear depen-

Te

(7.23)

dence on the abundance of C nuclei.

The total number N of nuclei in the quantum dot is determined by the quantum-dot
confinement. Assuming a rectangular confinement along the symmetry axis (Bulaev et al.,
2008) and a (20,0) CNT of length 300 nm, we estimate N ~ 6 x 10°. We show the electron-spin
decoherence time 7. as a function of the relative '3C abundance in Fig. 7.4 for a completely
unpolarized nuclear bath (p = 0). We see that decoherence times of several tens of microseconds
can be expected for higher '3C abundances. For the natural '3C abundance of about 1%, we
estimate 7, 2 200 us from Eq. (7.23). The inset of Fig. 7.4 shows the Gaussian decay of the spin
coherence (Eq. 7.22) for CNTs containing 1% (solid line) and 99% (dashed line) *C nuclei.
We note that further increase of the decoherence time 7, say by a factor of z, would require
isotopic purification and the reduction of the natural *C abundance by about a factor of 2.
The decoherence law in Egs. (7.22) and (7.23) of course breaks down at the point when only
a few nuclear spins are present in the dot.

7.5.2 Graphene

For an electron confined to a graphene quantum dot, the contact interaction vanishes identically
(A, = 0, see Eq. (7.16)), and only the anisotropic hyperfine interaction contributes to spin
decoherence. We assume an externally applied magnetic field B, perpendicular to the graphene
plane (see Fig. 7.1 (a)), giving rise to a Zeeman splitting b = g1 By, where g, ~ 2 is the
electron g-factor in the out-of-plane direction. If the Zeeman splitting is much larger than the
energy associated with the transverse hyperfine terms, b> 1215 , Ag, the electron-spin dynamics
are governed by a Gaussian decay similar to the CNT case (7.22), but with a characteristic
timescale given by

2h N
7 (7.24)

B \/1 —p2 \/ngzig.

For a quantum dot with width W = 30nm and length L = 30nm, we estimate the total

number of nuclei to be N ~ 4 x 10°. We show 7, as a function of the relative 13C abundance
in Fig. 7.5: for higher 13C abundances, decoherence times 7. > 1us can be expected, while for

~

the natural *C abundance of 1%, we estimate 7. > 80us.
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Figure 7.5: Electron-spin decoherence time 7. in graphene as a function of the relative 3C
abundance Ni3/N, under the condition of a magnetic field B, 2 5mT perpendic-
ular to the graphene plane. We have chosen p = 0 and N = 4 x 10° (see text in
Sec. 7.5.2). Inset: Electron-spin dynamics in graphene with '3C abundances of 1%
(solid blue curve) and 99% (dashed red curve), in the rotating frame.

7.5.3 Comparison and discussion

It is interesting to note that the electron-spin decoherence times in graphene are shorter than
in CNTs. Naively, one would assume that the CN'T curvature and the associated hybridization
would lead to an enhancement of the nuclear-spin interactions due to the contact interaction
(7.4). As it turns out, however, the contact interaction in a CNT has a competing sign as
compared to the anisotropic hyperfine interaction along the CNT symmetry axis and, hence,
effectively reduces the total hyperfine coupling strength along the direction of the external
magnetic field. For ultra-small CNTs it might happen that the total hyperfine coupling along
the symmetry axis approaches zero '. This, however, is beyond the validity of our theory.

For typical CNTs, the dominant contribution to the nuclear-spin interactions in CNTs
comes from the anisotropic hyperfine interaction. This is because the amount of s-orbital
admixture in the hybridized wavefunction of a conduction-band electron is rather small: on
the order of a few percent.

In our considerations throughout this section, we have neglected the hyperfine terms which
are transverse to the externally applied magnetic field, i.e., radial and circumferential in the
case of a CNT, and in-plane in the case of graphene. This gives a good first approximation
of the decoherence time, as long as the external magnetic field is large enough to suppress
spin flips induced by the hyperfine terms transverse to the external field. For both CNTs and
graphene, magnetic fields of order B 2 5mT are sufficiently strong to achieve this.

We emphasize that this result is different from the ones given by Yazyev and Helm (2005) and Semenov
et al. (2007), where only the isotropic hyperfine interactions of the nuclear spins with the 1s and 2s electrons
have been considered.
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Ay [peV] A3 [peV] A9 [peV]
our values (CNT) 0.05 0.6 -0.3
our values (Graphene) 0 0.6 —0.3
Yazyev (2008) (Graphene flakes) —0.2 0.6 —-0.3
Pennington and Stenger (1996) (Cgp) 0.1 0.9 —0.5
Goze-Bac et al. (2002) (CNT) 0.04 0.9 —0.5

Table 7.2: Comparison of our hyperfine coupling strengths with the values from previous
publications for comparable systems. We give our values for a (20,0) zigzag nanotube
and for graphene. See Sec. 7.6 for a detailed discussion.

7.6 Comparison with previous work

In Table 7.2 we compare our results for the hyperfine interaction in graphene and CNTs with
those given in earlier publications for comparable systems. The values given by Yazyev (2008)
for the hyperfine interactions in small graphene flakes were derived from DFT calculations
including the o-bands. The values for the anisotropic hyperfine interaction are similar to our
results but a non-vanishing (and even negative) value for the isotropic hyperfine interaction is
reported, which is, however, associated with the coupling between the nuclear spins and the 1s
core electrons, which is irrelevant for the dephasing of the conduction electron. Pennington and
Stenger (1996) give estimates for the hyperfine interaction in fullerenes and report coupling
constants which are slightly larger than our values. The relatively large value for the isotropic
hyperfine interaction can be explained by the stronger curvature in Cgg molecules, leading to
stronger sp-hybridization of the electron states, as compared to CNTs. Goze-Bac et al. (2002)
have estimated the hyperfine interaction in CNTs based on measurements of the chemical shift
of 13C.

Churchill et al. (2009a) have estimated the hyperfine interaction in carbon nanotubes from
transport measurements in double quantum dots, but do not comment on the anisotropy of
the interaction. A hyperfine coupling strength of ~ 100 eV for pure ¥C CNTs is reported in
their work, in clear contrast to our results. Currently, this discrepancy is not understood. One
possible explanation (Trauzettel and Loss, 2009) for this might be that the theory developed
by Jouravlev and Nazarov (2006) for standard GaAs quantum dots and used by Churchill
et al. (2009a) to deduce the hyperfine coupling strength gets modified by the valley degeneracy
occurring in CNT and thus this could lead to different conclusions. Another possible explana-
tion raised by Churchill et al. (2009a) could be that the effective electron-nuclear interaction
gets greatly enhanced by electron-electron interactions and the one-dimensional character of
the system. A similar renormalization was recently noticed in the context of nuclear magnetic
ordering in CNT by Braunecker et al. (2009a,b). Clearly, this is an interesting open problem,
which, however, requires separate study.
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7.7 Conclusions

We have calculated the nuclear-spin interactions and the resulting spin dynamics of an elec-
tron confined to a CNT or graphene quantum dot. In graphene, only the anisotropic hyperfine
interaction couples the electron to the nuclear spins, due to the purely p-type electron wave-
function. In a CNT, curvature induces an sp-hybridization of the electron orbital, opening a
new channel of spin decoherence via the Fermi contact interaction. However, for typical CNTs,
the Fermi contact interaction is only a small correction to the anisotropic hyperfine interaction,
the latter being the main source of nuclear-spin-induced decoherence of the electron spin. We
found the total hyperfine coupling strength of an electron with the 2C nuclei to be less than
1 ueV for both graphene and CNTs quantum dots — about two orders of magnitude smaller
than the hyperfine interaction of an electron in a GaAs or InAs quantum dot.

We have used a simple model for the sp-hybridization in CNTs, from which we have derived
the hyperfine interaction. We have checked, however, that a numerical tight-binding band
structure calculation yields hybridization on the same order of magnitude as the geometrical
approach used in this work (Schmidt, 2009). Nevertheless, a more rigorous band structure
calculation including also the influence of the CNT o-bands would be desirable in the future.

For CNTs, we have found an interesting interplay of hyperfine couplings along different
spatial directions, leading to a highly anisotropic Knight shift and an alignment of the 3C
nuclear spins around the CN'T in the ground state of the nuclear spins. This result is particularly
interesting when viewed in context of the hyperfine-induced nuclear phase transition predicted
by Braunecker et al. (2009a,b) for a Luttinger liquid, which requires a non-vanishing mean
value of the hyperfine field. The strong anisotropy of the hyperfine field that we have found
in our work thus gives further evidence that such phase transitions could occur in CNTs.
We emphasize that this anisotropy is present in CNTs of any chirality, in particular also in
metallic CNTs. The results presented here have been used very recently in the context of
transport though CNT quantum dots (Palyi and Burkard, 2009), taking also into account the
valley degrees of freedom.

Furthermore, we have estimated typical electron-spin decoherence times in CNT and
graphene quantum dots. We have shown that relaxation-induced decoherence due to nuclear
spins can be suppressed by applying a magnetic field of order 5mT to the system, leaving only
pure dephasing due to fluctuations of the nuclear magnetic field. We have estimated that for
a (20,0) zigzag CNT quantum dot containing N ~ 6 x 10° nuclei, and for a magnetic field
> 1 s,

~

applied along the CNT symmetry axis, the associated decoherence time is of order 7.
depending on the relative *C abundance. We emphasize that our analytical treatment of the
hyperfine problem applies to CNTs of any chirality. For a graphene quantum dot containing
N = 4 x 10° nuclei, and for a magnetic field applied perpendicular to the graphene plane, the

decoherence time is of order 7. > 0.5 us, again depending on the relative *C abundance.

The hyperfine interaction in the systems we have considered here is rather weak. Therefore,
it could, in principle, be that other mechanisms, such as spin-orbit interactions, limit the
lifetime of spin-state superpositions on timescales comparable to those we have estimated here
(see Bulaev et al. (2008) for details).

The decoherence times we have estimated throughout this work are among the longest
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reported so far. This makes quantum dots based on carbon materials attractive spin-qubit
candidates. In particular, the tunability of the average hyperfine coupling strength via the
abundance of spin-carrying '3C nuclei could be used to achieve an optimal balance between a
long electron-spin decoherence time and a sufficiently strong coupling to control the electron-

spin state by manipulating the nuclear-spin system.
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CHAPTER

Conclusions and Outlook

In this last chapter we will take a step back and have a look at how the results presented in this
thesis can been seen from a more general perspective. Our starting point in Chapter 1 had been
the question whether or not it might be possible to build a (spin-based) quantum computer one
day. We have discussed the problem of short decoherence times in detail throughout this thesis
— one of the main obstacles towards viable quantum computation — and we have also discussed
several strategies to circumvent this problem, each having certain practical advantages and
disadvantages.

Electron-spin quantum dots in III-V semiconductors, in particular GaAs quantum dots,
are by now understood very well, both theoretically and experimentally, and an enormous
experimental progress has been observed over the last years. By now it is not only possible to
initialize and readout single-spin states in such systems, but also to manipulate single spins
coherently and to couple and decouple two qubits on demand. Thus, in principle, all basic
prerequisites for using confined electron spins in III-V semiconductors as viable qubits are
fulfilled. One essential remaining problem is to couple an array of many electron-spin qubits in
such a way that individual spins can be addressed and that two-qubit operations can be carried
out coherently on any pair of electron spins of the array. There has been a lot of progress in this
direction, but the larger the array of qubits gets, the more challenging it becomes to construct
and operate gates to carry out the desired qubit operations.

Another problem to work on would be to initialize the nuclear spin bath in a perfectly
narrowed state. So far, a narrowing of the broad nuclear-spin frequency distribution to a
couple of narrow peaks has been achieved, but it would be very desirable to go down to one
single delta-peak. In this case, it would be experimentally possible to observe the well-defined
exponential decoherence we have described in Chapters 3 and 4. On the other hand, quantum
error-correction schemes relying on such an exponential decay, should be generalized to be able
to handle also other types of decay, such as super-exponential or power-laws.

The idea to use confined hole spins as qubits is very recent and, thus, theoretical and exper-
imental progress is not as advanced as compared to electrons. However, as we have described
in Chapter 5, holes couple to nuclear spins in such a way that decoherence can be suppressed
very effectively, even without preparing the nuclear spin bath in a narrowed state. However,
there are several theoretical and experimental challenges. For instance, as we have discussed,
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strain can lead to an enhancement in the off-diagonal nuclear-spin coupling and thus to shorter
decoherence times. It would be therefore desirable to fabricate strain-free hole-spin quantum
dots by gating a two-dimensional hole gas (2DHG) just like in the electron case. It turns out,
however, that this is experimentally slightly more challenging than in the electron case, and it
was so far not possible to operate a gated quantum dot in the single-hole regime. A promising
alternative might be nanowires which are grown in alternating layers of a donor and an accep-
tor material in such a way that they consist of a stack of quasi-two-dimensional discs which
could then be gated to define either electron or hole quantum dots. On the theoretical side, it
would be important to identify the main sources that lead to hybridization of the heavy-hole
band with the neighboring bands and to be able to quantify the amount of mixing in terms of
the relevant physical parameters. Since the strain in self-assembled quantum dots is typically
neither uniform nor linear (i.e., it cannot be described by a linear strain tensor), this problem
is technically very challenging.

Once it has been made possible to fabricate strain-free single-hole quantum dots and to ini-
tialize and readout its spin states, it would be necessary to implement schemes for single-qubit
and two-qubit operations (such as 7/2 rotations and vVSWAP operations) with inspiration
from the electron case. This would open up the possibility of, e.g., applying hole-spin-echo
pulse sequences. Nuclear state narrowing should be possible just as in the electron case, allow-
ing for the possibility to study the weak off-diagonal hole-nuclear-spin coupling in detail and
to explore its dependence on, e.g., strain or the quantum-dot geometry.

Carbon nanostructures offer the big advantage of a low abundance of spin-carrying nuclear
isotopes, as we have seen in Chapter 7 for the case of graphene and carbon nanotube quantum
dots. Graphene has been realized experimentally only a couple of years ago, and so far no
experimental studies on electron-spin decoherence in graphene quantum dots have been carried
out. One problem is that it is hard to fabricate graphene ribbons with well-defined boundaries
(e.g., zig-zag or armchair), and it would be a major experimental step to find ways to change
this. Although spin blockade measurements have been carried out in both graphene and carbon
nanotube systems, it has not yet been possible to confine a single electron in these systems,
which would be a prerequisite for exploring their single-spin physics. Another open question
is the role of the valley degrees of freedom in carbon systems. There are some indications
that this additional pseudospin might also couple to the nuclear spins, potentially leading to
faster spin decoherence. An interesting topic to study theoretically would be the question how
the anisotropy of the hyperfine interaction affects the spin decoherence in both graphene and
CNTs. Furthermore, a more rigorous derivation of the sp-hybridized electron wavefunctions in
CNTs, e.g., based on k - p calculations, would be desirable.

Whether or not a quantum computer will exist one day is unclear from today’s point of
view. What can be said is that there is a long way to go still, and a lot of fundamental research
will still be needed.
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APPENDIX A

Additional details on ‘Electrons In
l1I-V semiconductors’

A.1 Effective-Hamiltonian approach: Continuum limit

In this section, we describe how the dimensionality d and envelope wave function shape pa-
rameter ¢ are defined. For further details on the definition of these quantities, see Coish and
Loss (2004). For a homonuclear spin system, the hyperfine coupling constants are given by

Ay, = Avo [(re) [, (A1)

where A is the total hyperfine coupling constant, vg is the volume occupied by a single-nucleus
unit cell, and ¢(r) is the electron envelope wave function. We assume an isotropic electron

st = v0es {3 (2)'}. (A2

ap

envelope:

where ap is the dot Bohr radius, defined as the radial distance enclosing N nuclear spins, and

ri is the radial distance enclosing k spins. In d dimensions:

vol(k:spi'ns) _wk (1 d' (A.3)
vol(N spins)  vgN aB

Inserting Eqgs. (A.3) and (A.2) into Eq. (A.1) yields

Aj, = Agexp {— (%)q/d} . (A.4)

To determine the k = 0 coupling Ay, we enforce the normalization

D Ap=Av Y () = A/d3r lp(r)|? = A. (A.5)
k k

s [T {- (4)" (49
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Making the change of variables u = ( ﬁ) a/d , we find

A= Ay— N/ duuile uonNilr@), (A7)
q q

which gives the final form for Ay:
A k7
Ay = ————exp{ — <—> . (A.8)
a6
g \4

A.2 Effective-Hamiltonian approach: Born approximation

In this section we give further detail on the Born approximation. We begin from the equa-
tion of motion for the transverse spin in the rotating frame z; after applying the Markov
approximation, neglecting the correction €(t) (following Eq. (3.38)):

Ty = —i/oode](T)xt, (A.9)
0

N(t) = eTiwntAwltyg) (A.10)

2(t) = —iTrS LQe RLQ|n) (n|S_. (A.11)

In general, it is not simple to find the exact form of the self energy (memory kernel) ¥(¢).
Fortunately, it is possible to generate a systematic expansion in the perturbation V' = X.5%
1/b, valid for sufficiently large Zeeman splitting b > A (Coish and Loss, 2004):

N(t) =2@ @)+ 2@ @)+, (A.12)

where X(™(t) indicates a term of order ~ O(V") ~ O {(%)n] The expansion is performed
most conveniently in terms of the Laplace-transformed variable

Y(s)=LI[X(t)] = / dte st %(t). (A.13)
0
We expand the propagator
< 1
—iLQt| __
L [e ] = i (A.14)

by dividing the full Liouvillian into unperturbed and perturbed parts: L = Ly + Ly, where Ly
and Ly are defined by their action on an arbitrary operator O through LoO = [Hy, O] and
LyO = [V, 0]. To obtain an expansion in terms of the perturbation Ly, we now iterate the
Dyson identity in Laplace space:

1 1 ) 1 1
— = - —1 - Ly Q -
s+i1LQ  s+ilgQ s+ ioQ s+ iLoQ

+0(L3). (A.15)

Inserting the iterated expression (A.15) into the Laplace-transformed version of Eq. (A.11), we
find the self energy in Born approximation (to second order in V) is

Ly |n) (n|S_| . (A.16)

1
2) _ .
Y (s) iTr [S+ (1 ZLOQs—i—iLO) XLVs—i—z'Lo
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We have simplified the above expression using the following identities for the projection super-
operators Q=1— |n) (n|Try and P=1-Q:

PLoP = LoP, (A.17)
PLy [n) (n| = 0, (A.18)
QLQ = QLo, (A.19)

which can be proven directly. To further reduce the above expression, we evaluate the action
of Ly and Ly on the electron spin operator S_:

1 1
LyS.=—LkS., LS. = <—§Lj + LD> S_, (A.20)

where

LtO=[X,0],, L}O=[w,0] LpO = [D,0], (A.21)

+

and here we denote anticommutators with a ‘+’ subscript: [A4, B], = AB + BA. This leads to

@y L i+ 1 + 1 +
¥ (s) 4Tr1 <1+2LWQ3—%L$> XLXS—FZ'(LD—%L:S)LXMHM . (A.22)
Now, noting that

Qln) (n| =0,  Qlk) (k| = |k) (k[ — [n) (n|, (A.23)

we can evaluate Eq. (A.22) directly, giving

. i S+ £6wnk
S

- S + 10wpk

1 1
A.24
" (s + 1 (0Dgn + S0wnr) e (6Dkn — %5%’9)) .

where 0Dy, = D — D,,, dwpr = wy, — wg, and wg, Dy are the eigenvalues associated with
eigenstate |k): w|k) = wy |k), D |k) = Dy |k). Additionally, we have denoted Xy, = (k| X |n).
From Egs. (A.9), (A.10), and (A.13), the electron-spin decoherence rate within a Born-

Markov approximation will now be given by

1
= —Im Y@ (s = i(wp + Aw) + 07), (A.25)
2
where 07 denotes a positive infinitesimal. Our goal here is to find the leading-order dependence

of 1/T5 on 1/b for large Zeeman splitting: b > A. We therefore set

Aw=—-ReX® (s = i(w, + Aw) +07) ~ O (% <—>2> ~ 0, (A.26)
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since this term will lead to higher-order corrections in 1/b within the perturbative regime.
Additionally, noting that the matrix element X}, induces a flip-flop for spins at two sites k1 o,
we find |0 Dy | = [0 (Y, — Viy)| and |0win| = |Ak, — Ak, |- In the case of a homonuclear system
Vky = Vky» We can set 6Dy, = 0 in Eq. (A.24). Otherwise, in a sufficiently large magnetic
field b (vi, — V)| > | Ak, — Ak, |, we find a negligible contribution to the decoherence rate for
terms from two different isotopic species (where g, # 7Vk,), i.e., heteronuclear flip-flops no
longer conserve energy, although homonuclear flip-flops (for which v, = 7,) will still occur.
Restricting the sum to homonuclear flip-flops and setting 6D, = 0 in this regime gives

S0 (s +iwa) = =i 3 [X,
j k

271 A.27
s+ i0wn (A.27)

where X fm = (k| X7 |n) and X7 is restricted to run over flip-flops between nuclei of the common
species j at sites denoted by the indices k;, I;:
JoAd

. 1 kAL
X=-3 ; S whg (A.28)

Inserting Eq. (A.27) for a homonuclear system (one isotopic species j) into Eq. (A.25) and
inverting the Laplace transform leads directly to Eq. (3.42) of the main text.

A.3 Effective-Hamiltonian approach: Decoherence rate

Applying Eq. (A.25) (setting Aw ~ 0) with Eq. (A.27) gives the rate
1 ,
Loy,
j ok

which can be found directly from the formula

® 5 (Gwpn) (A.29)

1 1 .

where P indicates that the principle value should be taken in any integral over z. Rewriting
Eq. (A.29) using the definition of X7 given in Eq. (A.28):

1 T c];kjcjlj » . . .
T = Zk§ wsz (Aij)Q(A{j)Q 5(Aij — A{j), (A.31)
J o ki#l

where k; and [; are restricted to run over sites occupied by isotopic species j. The coefficients
cikj give the expectation value of the operator [ ,jj I 125 with respect to the initial state:
e’ = (n] ijFjij |n) = (I7 +1) — (n| I,ﬁj([gﬂ_ +1)|n). (A.32)

With small corrections of order A/Nb < 1, we can replace wy ~ wy, in the denominator of Eq.
(A.31). If the various nuclear isotopes are uniformly distributed with isotopic concentrations
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v;, we allow the sum over kj, [; to extend over all sites k,l at the expense of a weight factor

domuy . (A.33)

kil k1

v; for each index:

Additionally, we assume that the system is uniformly polarlzed on the scale of variation of
the hyperfine coupling constants so that the coefficients cJ can be replaced by average values
d. = (<c§E )) (double angle brackets indicate an average over all sites) and taken out of the
sum. Finally, we change the sums over sites to a double integral using the prescription and
coupling constants described in Appendix A.1, neglecting the small O (1/N) correction due to

> = / dk / dl. (A.34)

k£l

the requirement k # I:

These approximations give

15

1 T Y 00 . . . )

=1z > vidd, /0 dk /0 dl(AL)%(A])?5(A] — A)). (A.35)
"o

Inserting the coupling constants defined by Eq. (A.8) and evaluating the integrals gives

1 s d Al

=T (2 S w2 A.

n= (5w () (a3

with the geometrical factor f(d/q) given by Eq. (3.48) of the main text. Eq. (A.36) reduces to
Egs. (3.47), (3.50), and (3.52) of the main text in the special cases discussed there.

A.4 Direct approach: Self-energy expansion

Here we give the explicit self-energy up to fourth order in V. The full self-energy superoperator

is given by
¥ (s) = 3 (s) + W (s) + O(VP), (A.37)
where
2@ (s) = —iTr {S4 Ly G(s)Ly-S_ps(0)}, (A.38)
with )
G(S) = m, LOO = [HO, O] s LVO = [Vﬂ‘, O] . (A39)
The fourth-order result is
Y@ (s) = iTr {54 (1 — iLoQG(s)) Ly G(s) Ly QG(s) Ly G(s) Ly S_pr(0)} . (A.40)

More explicitly, using Eq. (4.5) for the initial nuclear state we find 2% (s) = 3, py%, )( ),
where

h~ ht ht h~
4 —\s+ 10wy, — Wy, ST 10wk, + W,
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1
2006) = 12 D {1ty Ty o iy V=i, (Gt (G4 o (G, (1= )
k1koks

+ [h—]nlkl [h+]k1k2 [h—]k2k3 [h+]k3nl [Gi]nl;% [G ]nlk2 [Gi]n Ky (1 - 5nzk2)
+ [h*]nlkl [h+]k1k2 [h+]k2k3 [h*]kgnl <1 — 1 <[L6r] koks [LFJL] nlnl) [G+]k2k2>

(G (641, 161, + (61l 1G], 6 ) (1= )

+ (16t + Gl ) 16Tty (Gl + (Gl )|} (A42)

Here, we denote matrix elements [h*],, = (n| h* |k). Further, dwyy = 3 (hZ — hi) and wl, =
(n|w! |n) — (k|w! |k), where w! = b>", 717, and we have introduced

[Galpr = m (A.43)
with
Lo [1) (1] k) (K| (L ] 1) CHLIRY (K| (A.44)
Loy (W Ik) (K| = [Lg]y It <¢||k (K. (A.45)
Lolt) (k) (k| = [ZE] 1) (1l 1k) (' (A.46)
Lol) (k) (K] = P&quwww- (A47)

The dominant contributions to the self-energy occur at high frequency (s ~ iw,) in the lab
frame. For |s — iwy,| < wy, and wy, > dwpk, wy, > w{”k, we have:

(Gl ~ G, = Zin <1+0[NinD, (A.48)

which allows us to approximate Eqgs. (A.41), (A.42) by their high-frequency forms for a uni-

formly polarized system. We additionally go to the rotating frame; from the definition of ¥ in
Eq. (4.14), we have

S(s + iwn) = X(s — iAw), (A.49)
which gives
3 ; L i i i\2
23 (s — iAw) ~ T : vi (¢ +¢-) Zk: (A%)". (A.50)

In the above expression, the sum over ¢ indicates a sum over different nuclear-spin isotopes
with abundances v; and hyperfine coupling constants Ais. The high-frequency form of the
fourth-order self-energy is then:

- , —1 i J i '
W (s —idw) = 162 Z vivjelch Z( k) (4%,)?

ij k1ko

1 1 s 2 1
X 7 . + . i . + . T . i .
S+ 1Ty — 1Y S — AT y — VY45 s+ 1275 s+i2xyy S+ iwyy + iy

N ( s ) 2 1
5 — 127ij s+ i2:czij2 s+ mllg — 145

. (A.51)
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where z%, = (A}, — A{;Q)/Q, ¥i; = b(vi —75), and the coefficients ¢!, are:
i = LI+ 1) — ((m(m £ 1)), (A52)

With the average ((---)) defined in Eq. (4.7). For a homonuclear system, we have ;; = 0 and
xiy = w12 = (Ag, — Ap,)/2, and replace >_, vv; — 1. In this case, assuming a uniformly-

polarized nuclear-spin system, the self-energy is given simply by

i A2 A2
@) (s iAW) = i kA A.
(s —ihw) = —i5 5 Zs —i(Ax — A) (A.53)

This self-energy differs from that found in Chapter 3 at leading order in an effective-
Hamiltonian treatment, where the Lamb shift Aw is incorporated directly into the bare preces-
sion frequency wy,. In addition, we stress that the more general self-energy for a heteronuclear
system (A.51) is not recovered with the effective Hamiltonian (compare with Eq. (A.24)).

Assuming a two-dimensional parabolic quantum dot (with Gaussian envelope function)
leads to coupling constants Ay = (A/N)e */N (see Eq. (3.46) for d = ¢ = 2). Performing
the continuum limit, i.e., replacing Zkl,k& — [ dkidks, and evaluating the resulting energy
integrals, we arrive at Eq. (6.18) of the main text.

A.5 Direct approach: Higher-order corrections

All results in Chapter 4 are valid up to fourth order in the electron-nuclear flip-flop terms
Vie. As the electron Zeeman splitting is lowered from b > A, higher-order corrections to the
self-energy may become relevant. In this section, we give explicit conditions under which higher-
order corrections may be neglected, even for b ~ A. As in Section A.4, the self-energy at any
order may be approximated by its high-frequency form (at s ~ iw,) whenever A/Nb < 1.
This allows for a significant simplification in the high-order expansion in terms of V. With
corrections to the self-energy that are smaller by factors of order 1/N <« 1 and A/Nb < 1, we
find the high-frequency form of the self-energy to be given by

Y(s) >~ —iTry [(GJr Q  + 2Lw> o7 +0p1(0)] , (A.54)
where we have introduced
1 1Q
G, =——— =—-G,.(H H A.
+ S—%LZL—, g 4Wn +( L+ R)a ( 55)

defined in terms of the superoperators (which act on an arbitrary operator O):
HLO=h h_O, HrO = Oh_h,, L0 = {w, 0}, (A.56)

where {, } indicates an anticommutator.
The high-frequency form of the self-energy can now be found directly from Eq. (A.54) with
a more moderate constraint on the electron Zeeman splitting (A/Nb < 1). A direct evaluation
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of Eq. (A.54) at arbitrary order and resummation is non-trivial, but we can generate arbitrary
higher-order terms with the geometric series:

_— —_— 2—---
1—|—0_1 oc+o . (A.57)

Every factor of o is associated with a nuclear-spin pair flip, giving rise to a factor of ¢4 or c_,
which depend on the nuclear polarization, and a factor of the small parameter A/w,. The term
at (2k)™ order in Vi contains k factors of o, and consequently k powers of A/w,,. This suggests
that the sixth-order self-energy can in general give corrections of order ~ (A/ wn)3, which may
modify the sub-leading corrections of this size given by the Markovian decay formula (4.47).
However, by direct calculation using the above expansion, we find the leading contributions to

()

Furthermore, we find that the (%) corrections do not lead to a broadening of the continuum

the Markovian decay rate at sixth order to be

—ImXO (s = iw, +07) = O (A.58)

band. The first non-vanishing corrections to the Markovian decay rate which do lead to a
broadening of the continuum band contain two nuclear-spin pair-flip excitations. These terms
occur first at eighth order in Vg and are suppressed by the factor (c+c,)2, which is smaller
than the fourth-order corrections by a factor cyc_ for a polarized nuclear-spin system (e.g.,
cic_ o (1 —p?) for nuclear spin I = 1/2). This result demonstrates that the qualitative
decrease in the decoherence rate at low electron Zeeman splitting shown in Figs. 4.5, 4.6, and
4.7 will not be significantly modified by higher-order corrections, at least in the case of a large
polarization, where perturbation theory still applies at a smaller value of the electron Zeeman
splitting.

A.6 Direct approach: Interaction time

Here we clarify the time scale at which various terms in the generalized master equation can
become relevant. In particular, we intend to quantify the time scale over which the Lamb shift
attains its full value (the “interaction time” indicated in Sec. 4.4.3). Our starting point is Eq.
(4.9) for the transverse components of the electron spin in the lab frame. After expanding the
self-energy: S(t) = 3" X((¢), this becomes

d

t t
— (S4)y = iwn (Sy), —i / 'SPt — ) (Sy), —i / A’ — ) (Sy), +--- . (A.59)
0 0

The first term on the right-hand side gives rise to a rapid precession of (S ) at the frequency
wy. Going to a rotating frame at this frequency, i.e.,

(S =e ™Sy,  K(t)=emsP(), (A.60)
and neglecting the higher-order corrections ~ X4, etc., we find

%@Ht = _i/o dt' K (t —')(S4)v (A.61)
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At short times ¢t < 1/Aw, where Aw gives the typical amplitude of the right-hand side of
Eq. (A.61), we can approximate the spin expectation value by a constant in the integrand:
(S1)p ~ (S4)o. Within the range of validity of this approximation, integrating the equation of
motion gives

(S )~ e WSy, o(t) = /O dt’ /O dt" K (t"). (A.62)

At times shorter than the self-energy correlation time ¢t < 7. ~ N/A, and for w, > A/N,
the memory kernel can be well-approximated by K (t) ~ —iwp Aw@ent with second-order
Lamb shift Aw® = —Re fooo dtK (t). Inserting this approximation for K (t) and performing the
remaining integrals gives

o(t) ~ —iAw® (1_76“ + z't) . (A.63)

Wn

After a very short time scale (t > 1/w,,), the t-linear term dominates, giving a purely real
phase:
o(t) ~ APt t>1/w,. (A.64)

The long-time limit ¢ > 1/w, is consistent with the earlier assumed short-time approximations
t < Aw~ Aw® and t < N/A, whenever A/N, Aw < wy,.

From the above analysis, the Lamb shift attains its full value on a very short time scale
~ 1/w, provided w,, > Aw. Within the sudden approximation, the interaction time is therefore
determined by t 2 1/wy,.
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APPENDIX

Additional details on ‘Holes In -V
semiconductors’

B.1 Heavy-hole states

In this section we give details on our derivation of an approximate basis of heavy-hole (HH)
eigenstates in a quantum dot. We will approximate the ground-state quantum-dot envelope
function in the HH sub-band by

¢(r) = (bz(z) ¢p(p)7 (B'l)

2

bp(p) = ﬁ exp (—é%) : (B.2)

6. (2) = \/gsm (Z—Z> L 2=00...a], (B.3)

where a, is the width of the confinement potential along the growth direction (for definition of
the other symbols see Eq. (5.9)). We will then estimate the size of the splitting Ay between
the HH and the light-hole (LH) band and the degree of hybridization with the conduction band
(CB), LH and split-off (SO) sub-bands.

We start from the 8 x 8 Kane Hamiltonian given in Chapter 2.3 for bulk zinc-blende-type
crystals, which is written in terms of the exact eigenstates (near k = 0) of an electron in
the CB, HH, LH and SO band, usually denoted by [1/2;£1/2)., |3/2;£3/2),, |3/2;£1/2),,
and |1/2;£1/2),, respectively. We neglect terms that are more than two orders of magnitude
smaller than the fundamental band-gap energy E, I and perform the quasi-two-dimensional
limit by assuming that a confinement potential has been applied along the growth direction. If
the confinement potential is sufficiently strong (i.e., if the quantum well is sufficiently narrow),
the energy-level spacing will be large and the electron will be in the ground state at low
temperatures. Any operator acting on the z-component of the electron envelope function can

Tn terms of the notation used by Winkler (2003), these are the terms proportional to C, Bz,, and Bsiv.
These terms will not lead to considerable corrections for our purposes. However, the terms Ck+ could become
relevant when considering higher-order effects in the spin-orbit interaction, such as the cubic Dresselhaus terms
which were derived by Bulaev and Loss (2005).
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then be replaced by its expectation value with respect to the z-component of the ground-state
envelope function. For the Kane Hamiltonian this means that we can replace powers of the
z-component hk, of the crystal momentum Ak by expectation values. Assuming an infinite
square-well potential of width a, confining the electron along the growth direction, the ground
state is given by Eq. (B.3). Calculating the expectation value of k, and k2 with respect to the
ground state, we find (k,) = 0 and (k?) = 72 /a2. This allows us to write the Kane Hamiltonian
in the following form:
Hep Vi Va2 V3

VlT Hynw Vi V5

i Vi Hwm Ve |

i W W Hso

Hy = (B.4)

where
HCB:<61 Z ) HHH:<§ g ;
ma (G 0) mo (7 p).
=3 f7;» %:%<27?>
v5:¢6<£* _OF>, i=vi( g)
and

A=Eg+ (k2 + k) + (k2))/2m/,

B = —€[(m + ) (K + k) + (7 — 295)(k2)],
C = —el(m — ) (k3 + k) + (1 + 273) (k2)],
D = —eyi (k3 + K + (k) — Aso,

E = Pk.,

F = ey (ki — ky) — 2inshaky),

G = ey (k3 + K — 2(k2)).

Here, € = h?/2mg and my is the free-electron mass, whereas m/ is the effective mass of a CB
electron. Furthermore, k4 = k; & iky, 7} denote the Luttinger parameters, P is the inter-band
momentum, and Ago is the spin-orbit gap between the LH and the SO bands. Experimental
values for these parameters can be found in Table B.1.

We assume a circular-symmetric parabolic confinement potential with frequency wg in the
zy-plane defining a quantum dot. Including a magnetic field along the growth direction, the
ground state is approximately described by the Gaussian given in Eq. (B.2). The envelope
function of the quantum dot is then the product of the in-plane and out-of-plane components,
as given in Eq. (B.1).
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In the quasi-two-dimensional limit, a gap

2./

Bun = (B C) = =2 (2) + (3) - 2042)) (B.5)
develops between the HH and LH sub-bands, lifting the HH-LH degeneracy (see Fig. 2.3). Here,
(---) denotes the expectation value with respect to (B.1). The in-plane level spacing scales like
~ 1/12, where [ is the dot Bohr radius. The in-plane level spacing is much smaller than the
level spacing along the growth direction since, for typical dots, a? < 2. Neglecting (k2) and
<k:§> compared to (k?) in Eq. (B.5) and inserting (k2) = 72 /a? for a square-well potential, we
estimate

22 h?

ALH ~ 3
azmo

~ 100 meV (B.6)

for a, ~ 5nm, using v} ~ 2.06 for GaAs (see Table B.1). The HH-LH splitting is thus much
larger than the typical energy scale associated with the hyperfine interaction (A ~ 90 peV for
CB electrons in GaAs).

To derive the approximate electron eigenfunctions in the HH sub-band of the quantum
well, we start from the Kane Hamiltonian (B.4). We use quasi-degenerate perturbation theory
up to first order in 1/€ (where £ stands for E,, Arn, or Arg + Ago), taking Hup as the
unperturbed Hamiltonian (Winkler, 2003). This leads to a band-hybridized state of the form

(Wi ) = No Z Ao |bnos unoo)- (B.7)

Here, 0 = %, (r|fno; Unoo) = +/V0Pno (T) unoo (r) is the product of envelope function and k = 0
Bloch amplitude in band n (CB, HH, LH or SO), the prefactors AZ describe the degree of band
hybridization, and N, enforces proper normalization.

In first order quasi-degenerate perturbation theory, the hybridization with the CB and
the LH and SO sub-bands is described by the interaction terms Vi, Vy, and V5 in Eq. (B.4),
respectively. We estimate the degree of hybridization by applying these operators to a two-
spinor containing the in-plane ground-state envelope function (B.2) of the HH sub-band. For
the hybridization with the conduction band, we find (for B = 0)

Lo 0p(p)) _ [An dcBps(p)
E, " <¢p(ﬂ)> <)\CB ¢0Bp—(p)>’ (B2

1

dcBp+(p) = \/5(7/)10(,0) + i1 (p))- (B.9)

where

Here, Ynm (p) = () ¥ (y) and 4, (2) is the n'™ harmonic-oscillator eigenstate. The envelope
function of the admixed CB state is a superposition of excited harmonic-oscillator eigenfunc-
tions. The prefactor

L P
\/§Egl0

determines the degree of sp-hybridization. Using values from Table B.1 and assuming a quan-

g = (B.10)

tum dot with dot Bohr radius lp ~ 30nm (B = 0), we estimate )\(ijB ~ 1072, Similarly, we
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(eVA) 10.5* v, | 6.981
E,(eV) | 1.52* 74 | 2.061
Ago (eV) | 0.34* 74 | 2.931

Table B.1: Values of band parameters used in this section; * taken from Winkler (2003); T taken
from Vurgaftman et al. (2001).

estimate )\LH o~ )‘SO ~ 1073, assuming a dot height a, ~ 5nm. The admixture of CB, LH and
SO states to the HH state is thus on the order of 1% and has therefore been neglected in our
considerations.

We emphasize that sp-hybridization will lead to a coupling of the HH to the nuclear spins
via the Fermi contact interaction (5.2). Since the Fermi contact interaction is of Heisenberg-
type, sp-hybridization will directly lead to non-Ising corrections to the effective Hamiltonian
given in Eq. (5.1). The size of these corrections is determined by the degree of sp-hybridization

which is on the order of 1% (see above).

B.2 Estimate of the Fermi contact interaction

In Eq. (5.15), we have approximated the HH k = 0 Bloch amplitudes within a Wigner-Seitz
cell by a linear combination of atomic orbitals. Similarly, we approximate the k = 0 Bloch
amplitude in the CB by

— N, (ac\I1400 +d/2) — /1 — a2U5 (r — d/2) ) (B.11)

ucBo(r) rews

independent of o. Here, W 0(r) = Ryo(r)YY (6, ¢), . describes the relative electron sharing
between the Ga and As atom in the Wigner-Seitz cell chosen to be centered halfway along the
Ga-As bond, and N, normalizes the Bloch amplitude to two atoms in a primitive unit cell.
The radial wavefunction depends implicitly on the effective nuclear charges Z.g(k,4s), where
k = Ga, As.

We will estimate the relative electron sharing in the CB by calculating the electron densities
at the sites of the nuclei from Eq. (B.11) and comparing to accepted values taken from Paget
et al. (1977). We will then estimate the Fermi contact interaction of a CB electron using free-
atom effective nuclear charges taken from Clementi and Raimondi (1963) (Z.g(Ga,4s) ~ 7.1,
Zet (Ga,4p) ~ 6.2, Zeg(As,4s) ~ 8.9, and Zeg(As,4p) ~ 7.4) and normalizing the Bloch
amplitude over a Wigner-Seitz cell.

We approximate the electron densities at the Ga and As sites within a primitive unit cell
from Eq. (B.11):

dGa = |ucBos(—d/2 )’ NN? 2"1’400( )’2 (B.12)
das = [ucpos (+d/2)|? ﬁNéc( al)| W4 (0)]%. (B.13)

We estimate the corrections to the right-hand sides to be on the order of 1% due to overlap
terms. We take the ratio dga/das and equate this with the ratio of the values from Paget et al.
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(1977), df,, = 5.8 x 1073 m™3 and d)y, = 9.8 x 1073! m™3. This allows us to write a. as a
function of the two effective nuclear charges:

dyy ( Zeg(Ga,4s)\? o
ap = |1+ A <57> : B.14
c diz, \ Zem(As, 4s) ( )
Recalling that N,, normalizes the Bloch amplitude to two atoms over a Wigner-Seitz cell, we
write
1 91-1/2
N, = [5 /ws d>r ac\I’%%(r +d/2)—+/1-— a%llffoso(r — d/2)‘ } . (B.15)

For all numerical integrations, we approximate the Wigner-Seitz cell by a sphere centered
halfway along the Ga-As bond with radius equal to half the Ga-Ga nearest-neighbor distance.
Inserting (B.14) and (B.15) into (B.12) and (B.13), we solve the two coupled equations

dca(Ze (Ga), Zeg (As)) — dg, = 0, (B.16)
dps(Ze (Ga), Zeg(As)) — di, = 0, (B.17)

for the two effective nuclear charges. This yields Z.g(Ga) ~ 9.8 and Zeg(As) ~ 11.0. Inserting
these values back into Eq. (B.14), we estimate the electron sharing within the primitive unit
cell to be

o? ~ 0.46. (B.18)

For comparison, inserting free-atom effective nuclear charges into Eq. (B.14) yields a similar
value: /2 ~ 0.54.

Now we estimate the Fermi contact interaction of a CB electron starting from the free-
atom effective nuclear charges Zog(k,4s) obtained from Clementi and Raimondi (1963). We
use a. ~ 1/+/2 and normalize the k = 0 Bloch amplitude to two atoms over a Wigner-Seitz cell,
following Eq. (B.15). From the normalized Bloch amplitudes we estimate the Fermi contact
hyperfine interaction by evaluating

.2
Al = ? 57 lucsos (Ry)[*. (B-19)

Here, Rj = 7d/2 for Ga and As, respectively (j indexes the nuclear isotope). Evaluating for
the isotopes in GaAs, this gives the values shown in column (iii) of Table 5.1.

Replacing the Wigner-Seitz cell by a sphere with radius R equal to half the Ga-Ga nearest-
neighbor distance in our numerical integrations overestimates the expectation value of [7";3(1 +
d/ri)]~t in Eq. (5.10). To estimate the error, we perform an integration over a sphere with
radius R, = (Rs + Rmax)/2, where Rp.x denotes the radius of the smallest sphere that fully
contains the Wigner-Seitz cell. From this, we estimate the relative error to be less than 30%.

B.3 Estimate of the long-ranged interactions

In this section, we estimate the corrections to the HH coupling strength in Eq. (5.10) due
to long-ranged dipole-dipole interactions and long-ranged L - I interactions. To this end, we
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consider a single nucleus interacting with a HH that is delocalized over the lattice sites in
the quantum dot. We start from the Hamiltonians given in Eqgs. (5.3) and (5.4). We define
effective radii aeg (K, 4p) = ao/Zeg (K, 4p), where ag ~ 5.3 x 107! m is the Bohr radius. The
effective radii define an approximate length scale for the spread of the site-localized functions
W4, (r) and are much smaller than the GaAs lattice constant ay, ~ 5.7 x 1071 m. The nucleus
thus effectively ‘sees’ sharp-peaked electron densities centered around the more distant lattice
sites. We choose the nucleus to be at site R, and estimate the interaction with the electron
density at more distant atomic sites by approximating the electron densities by §-functions.
Adding up contributions from A% and h’§ , we arrive at an effective Hamiltonian describing the
long-ranged interactions: Hﬁ = Aﬁszflj, where Alkr = Zl;l 2k Aﬁl is the associated coupling
strength and AF = vg|p(Ry)|? [ ri{6(rr — Rir)(h5 + RhE)} describes the coupling of the
electron density at site R; to the nucleus at site Ry (Ry; = R; — Ry). In order to estimate the
size of the long-ranged interactions relative to the on-site interactions, we take into account
nearest-neighbor couplings for the long-ranged part, i.e., we replace Zl;l;ﬁk — > —pn.- The
interaction with electron density located around more distant nuclei is suppressed by ~ 1/ Rzl.
Assuming that the quantum-dot envelope function varies slowly over the nearest-neighbor
distance (¢(R;) ~ ¢(Ry) for [ nearest neighbor of k), we estimate the ratio of long-ranged and
on-site interactions (Table 5.1, column (i)) to be

i—z ~7x1073, (B.20)
on the order of 1%, where AX = Apvg|p(Ry)|?.

We remark that, in principle, the electron g-factor can deviate from the free-electron g-factor
due to spin-orbit interaction. According to Yafet (1961), this renormalization is negligible for
the on-site interaction, but could become relevant for the long-ranged interaction. However,
for the estimate in Eq. (B.20), we have taken the free-electron g-factor.

B.4 Variance of the nuclear field

Here we calculate the nuclear-field variance for a HH interacting with nuclei in a quantum dot.

In particular, we evaluate

o? = (h), (B.21)
where (---) = Try(pr---) indicates the expectation value with respect to the infinite-
temperature thermal equilibrium density matrix p; and we recall h, = >, AZI ii- For an

uncorrelated and unpolarized nuclear state, we have (IZI7,) = (If) (If,) = 0, k # k', which

gives

0> =Y () W, (B.22)

k

Using ((I7)?) = I* (17 4+ 1) /3 for an infinite-temperature state, Al = A{f”o\tﬁ(Rk)P, and as-
suming that the nuclear isotopic species with abundances v; are distributed uniformly through-
out the dot gives

1 o ,
o? = gfozyjp(p +1)(47)%, (B.23)
J
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where

Io=vg Yy |¢(Re)[" (B.24)
k

Assuming that the envelope function ¢(r) varies slowly on the scale of the lattice, we replace
the sum in Eq. (B.24) by an integral:

w S oR)[ > [ ot (B.25)
k

Inserting the envelope functions (B.2) and (B.3) for a quantum dot with height a, and
radius [ and evaluating the integral in Eq. (B.25), we find

31
Ip=-——. B.26
0= (3.26)
Here, N is the number of nuclear spins within the quantum dot, given explicitly by
l2
N=1"% (B.27)
vo

Inserting Eq. (B.26) into Eq. (B.23) directly gives Eq. (5.12).

B.5 Band hybridization

In this section, we show how to derive the hybridized heavy-hole states from the 8 x 8 Kane
Hamiltonian. In Appendix B.1, we have written the Kane Hamiltonian in the two-dimensional
limit by replacing powers of the crystal momentum k, by expectation values. This is a good
assumption as long as one is only interested in an order-of-magnitude estimate of the degree
of hybridization (such as in Chapter 5). In order to capture the correct parameter dependence
of the degree of band hybridization, however, it is necessary to start from the bulk version of

the Kane Hamiltonian, which reads (Winkler, 2003)
Heg Vi Vo V3
v H Vi Vi
HK - 11. HTH 4 > 5 (B28)
Vo VY Hin Ve
vi WV Hso

where the relevant blocks are given by

B 0 L (-E 0o
HHH:<O B)’ Vl:ﬁ(o E*)’
Vi 2v3J V3F Ve —V6J —V6F
R RVAY S Y S R WV/: ALR/ 3 o

with

B = —¢[(y1 +72) (k2 + k) + (m1 — 272)K2],

E == Pk+,
F = elya(k — k) — 2ivskaky),
J =evysk_k,.
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Here, € = h?/2myg, my is the free-electron mass, ki = k; +iky, v; denote the Luttinger pa-
rameters, and P is the inter-band momentum.

We choose a parabolic confinement potential

mw mw
Vaor = Ve(Waylw,y)s  Vale) = 52522 Viloyy) = =L@ 9%, (B29)

where w; = h/(m_a2) and wy = h/(m) L?) with HH effective masses m, = mq/(y1 — 272) and
m| = mo/(71 + 72) along the growth direction and in the plane of the dot, respectively, and
a, and L denote the accordant confinement lengths.

In order to calculate the hybridized HH states perturbatively, we take the eigenfunction of
Hup + Vot as the unperturbed envelope function, whose position representation is given by

<r‘¢%OH> = ¢%H(z)¢%H(ma Y), (B.30)

with harmonic-oscillator eigenfunctions

1 122 1 1 2%+ 9?2
0 0
10} = ———exXpl —— — opp (T = ——exp —— . B.31
n(2) Ze P{ 5 g}a HH( 7?/) \/—lep{ 9 12 } ( )

The hybridized HH states can now be evaluated by a perturbation expansion as follows: defining
a two-spinor |¥o) = (|¢%), |¢%))¢, the hybridized HH spin states are the components of

1 n n 1 n n
in) = 3 (- - 19 (Vi + 5 190 (] V]

n g

1
IS YA 7 'VT> U,). (B.32
ALH+ASO’ SO>< SO’ 5 ‘ 0> ( )

The summation runs, in principle, over all states in the accordant band. However, due to
the cylindrical symmetry of the dot, only one matrix element per band yields a non-vanishing
contribution to the sum. For instance, (¢} |k+|¢%};) = 0 due to the vanishing angular integral,
but ( OCiB\kiM%OH) # 0. From the overlap integrals, we obtain the factors Scp and Sru (for the
CB and LH contributions) given in Eq. (6.3) of the main text.

The HH-LH splitting Ary is given by the difference in ground-state energies in the HH and
LH bands: Apy = Fug — Evru, where

2 <2’Yl +v m —2’Y2> h? <2’Yl —Y2 71+ 27

Epn = — — + Fig = ——
HH 2 moL? moa? LH 2 moL? moa?

> . (B.33)
This leads to a HH-LH splitting of

. 2h2"}/2 L2 - ag

Apg=—>== B.34
= e (B.34)

Carrying out the perturbation expansion following Eq. (B.32) and inserting the quantities
given above, we arrive at the hybridized states given in Eq. (6.1) of the main text.
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B.6 Continuum limit

Here we show in detail how to calculate the decoherence rate I' = 1/T5 from the fourth-order
self-energy in the continuum limit. We start from Eq. (6.18),

AE 2 4%
cre_ AL PIAG 1

4w? s z(AZ - A7)

SO (s 4 iwy) ~ —i

(B.35)

We now replace sums by integrals according to vo Y., — [ d3r, where vg is the volume oc-
cupied by one nucleus and the integration is carried out over all space. Averaging over the
z-dependence of the coupling constants, A(x,y) = ffooo dz A(z,y, z) we write »@ in terms of
a four-dimensional spatial integral:

; CxC= A%
“U4nIN w2A,

o] 0o 2w 2w 4,.4 27’% 727"%
X/ d7°17“1/ d?“g?“g/ d@l/ d@g "172¢ B € NG (B.36)
0 0 0 0 s+i(e " — e 2)

where we have introduced spherical coordinates x; = r;cos6;, y; = r;sinf;, and where s =
sN/A,. We have also rewritten Nvg = wa,L? (the volume of the QD). The angular integrals
simply contribute a prefactor of 472, The radial integrals can be solved by introducing new

S (s +iwy,) ~

variables z = e~ "1 ,y=e r? such that

4
n o epes AT z(log z)? y(log y)?
Z()(5+zwn)_— AN w2A / / stii—y) (B.37)

From our considerations in Chapters 3 and 4, we know that the right-hand side of the equation

of motion in Laplace space,

(S )o

+ Ly —
ST s +iwn) = s+ 1i%(s + iwy,)

(B.38)

features a pole at s = iAw — I, where T' = —Im¥® (iw,, +iAw — 01) and where 0 denotes a
positive infinitesimal. Evaluating ©*) at s = iw, + iAw — 0T and using

: 1 1.
%lg%) cxin = Pg Fimd(€), (B.39)

where P denotes that the principle value should be taken in any integration involving the

above expression, we arrive at an integral of the form

I—/ dm/ dy f(x,y) ( _y1+Aw—i7T5(x—y+Aw)>, (B.40)

Taking the imaginary part according to I' = —Im»(®) (iwpn, + iAw — 07) leads directly to Eq.
(6.21) of the main text.
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